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Preface



Our society today is facing grave challenges regarding improvement in 
the quality of soil, water, air, and the environment to maintain ecological 
balance. The abnormal growth in industrialization for the generation of new 
products and advances in chemical processes plays an important role in the 
deterioration of the ecological balance and the rise of new pollutants. 

Sustainable development proposes utilization of natural resources in 
a sustainable manner without causing changes in our natural world. As a 
result, modern environmental technologies aim at reducing pollution and 
have gained widespread interest in the recent years with a broad range of 
science and engineering sectors. 

This new title covers the most recent theoretical and practical advance­
ments in clean and healthy environment, and provides an improved under­
standing of the research and development of green technologies, which are 
becoming increasingly important for ensuring sustainability. This research-
oriented book provides vital information on advanced materials and green 
composites from the works of experts in the subject. 

It also expounds environmental chemistry for a sustainable world by 
providing information on different characterization methods as well as new 
techniques. It provides case studies to make the book more interesting and 
provide a general idea of the central themes. The volume also considers the 
most recent developments and applications of clean energy materials. 

The book is written for a broad readership, including postgraduate engi­
neering students, scientists, research scholars, and faculty members who are 
engaged in the area of green technologies and development of sustainable 
materials used in different sectors. 

To summarize, this unique reference book comprehensively reports on 
the most recent research ideas in green technologies and achievements in 
various aspects of sustainable materials from a chemistry and engineering 
point of view. 
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CHAPTER 1



A Study on the Thermal Behavior
of Polymer Composites Based on
Polystyrene for Environmental 
Protection 

OLGA V. ALEKSEEVA, ANDREW V. NOSKOV, and SABIR S. GUSEYNOV 

G.A. Krestov Institute of Solution Chemistry, Russian Academy of Sciences, 
Ivanovo, Russia 

ABSTRACT 

The development of the polymer composites with controllable properties is 
one of priority areas in the modern chemistry and materials science. A prom­
ising method for modifying polymers is in fact associated with inorganic 
particles along with polymer matrix. The produced composites can acquire 
novel physical and chemical properties: thermal, electrical, strength, etc. 

In the present chapter, we describe the study results of the thermal 
behavior of polymer composites based on polystyrene (PS). Inorganic 
particles such as fullerenes, silica, bentonite, and bentonite-magnetite were 
chosen as fillers. As a matter of fact, a solvent casting of main elements from 
targeted solutions was considered for the preparation of the PS/filler film 
composites containing 0–7 wt.% of filler. Pure PS films and PS granules 
were also researched. 

By applying the DSC (differential scanning calorimetry), we can easily 
inspect the polymeric materials (i.e., the phase transitions from the glassy 
state to the elastic state). New data connected to the impact of filler (in low 
weight fraction) on the glass transition temperature, T g, of composites were 
found. 
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To be able to study the (TS) thermal stability of PS/filler composites at 
high temperatures, we have applied the reliable Thermogravimetry (TG) 
method. We have also investigated dependency of the typical thermal destruc­
tion temperatures on nature and concentration of the filler in the composite 
studied. Applying the Van Krevelen method carried out the kinetic analysis of 
the recorded thermo-gravimetric curves. The main parameters determining 
the rate constant of the process (activation energy, pre-exponential factor) 
were found, and their dependences on the composition of the composites 
were analyzed. 

These studies are of great importance for environmental protection, since 
a substantial amount of dangerous elements can be discharged in the course 
of thermal degradation of polymers. 

1.1 INTRODUCTION


During the last decade there has been steadily increasing interest in the 
creation of multifunctional hybrid polymer composites, containing the inor­
ganic micro- and nanoparticles. Modification of the polymer with inorganic 
particles increases its rigidity, impact strength, thermal stability, changes 
electrical and gas barrier properties, as well as can lead to the appearance 
of absorption properties and of biological activity.1–3 Such composites may 
have applications in many sectors and industries such as: 

• Medicine; 
• Food; 
• Building; 
• Electronics. 

A lot of publications deal with various methods of composites production 
and various types of fillers for polymers such as silica,4,5 fullerene and carbon 
nanotubes,6–8 layered silicates,9–11 and metals.12 

Among the most commonly used polymers, polystyrene (PS) can be 
distinguished as matrices for the production of organic–inorganic compos­
ites. Polystyrene is a thermoplastic mass marketable polymer with low cost, 
good film-forming properties, high electrical resistance, ease of machining, 
and resistance to environmental influences.13–15 Polystyrene has attracted 
extensive interest in polymer science due to its use in a range of applica­
tions including packaging, appliances, consumer electronics, construction, 
medical, and various other uses.4,16 
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The expansion of the application fields of such polymers depends on the 
requirements for their operational and technical characteristics, the possibili­
ties of processing by modern industrial methods. An important problem is 
the study of ways of stabilizing polymers and inhibiting thermal destruction 
processes. 

The data on thermal stability are extremely necessary for practical 
purposes; they open up the possibility of obtaining polymer composite mate­
rials with the required set of properties. Changes in polymer composites that 
occur when exposed to high temperatures or oxygen contained in the air lead 
to a change in the physicochemical characteristics of materials. 

One of the most important factor influences in the practical applications 
of polymer composites is the degradability and durability under various 
environmental conditions. As being acknowledged, thermogravimetry (TG) 
is a common method to study the kinetics of polymer degradation. Also, 
differential scanning calorimetry (DSC) is employed to elucidate the decom­
position steps observed in the TG data. Thermal analysis techniques have 
been widely used to study thermal properties of polymer nanocomposites to 
evaluate the response of material after being heated or cooled.17 

An important benchmark used to compare the thermal behavior of 
composites is the glass transition temperature (T g), which is associated with 
RT (relaxation transition). It should be noted that this relaxation transition 
ranges from a glassy state or crystalline to a very high elastic domain. To be 
able to detect the glass transition temperature, we should consider the effects 
of the following parameters: 

• Kinetic flexibility of macromolecules and 
• Fluctuation network formation. 

And it is desired to note that for the 2nd parameter mentioned above, we 
need to keep in mind the chemical composition and structure of the polymer 
chain as well. The T g value can also depend on the sample thickness. 

The incorporation of inorganic of filler into a polymer matrix can bring 
about changes in the thermal characteristics of the resulting composite. 
Changes in the T g as a function of filler content have been reported for 
polymer composites containing a wide variety of filler and polymer mate­
rials. Many researchers reported an increase in the T g as a function of filler 
content.18,19 Other authors5,20 noted that the glass transition temperature 
of polymer composites decreases or passes through a maximum with the 
increase in the inorganic fillers content. 
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Thus, the study of the effect of the filler concentration on the thermal 
characteristics of composites based on polystyrene is an urgent task. Many 
aspects of the role of the filler remain unclear. One can hope that the data 
presented in the current chapter will be of great scientific and practical 
importance. 

1.2 PHASE TRANSITIONS IN THE PS/FILLER COMPOSITES


1.2.1 METHOD AND APPARATUS 

To study the relaxation phase transitions in the pure polystyrene and poly­
styrene/filler composites, we have used a German Differential Scanning 
Calorimeter (DSC) made by Netzsch company with a typical model of DSC 
204 F1. For the preparation of samples (films), the vacuumed samples were 
dried first for about 4 h using a temperature of 313 K. We have then stacked 
the films (samples) with a diameter of 4 mm and a weight of 4–10 mg in a 
special aluminum container. Using two-stage argon flow for the measure­
ments process we have operated Differential Scanning Calorimeter (DSC). 
The above-mentioned two stages are carried out as follows: 

•

 In the first stage our aim was to remove volatiles from the polymer. 
•

 Heating process carried out from room temperature to 423 K. 
•

 Cooling process carried out to 283 K at a rate of 10 K/min. 
•

 In the second stage, the heating process carried out to 293 K. 
•

 We have considered an isothermal regime at 293 K (for 5 min), and 

the heating process up to 423 K. The rate was 10 (K/min). 
•

 As a reference sample, an empty aluminum vessel was considered. 
•

 We have then performed the measurements relative to the measure­

ments carried out relative to the standards defined for two empty 
vessels considering an identical heating program. 

•

 For each sample (film) we have performed three Differential Scan­
ning Calorimeter (DSC). 

•

 For 11 standard samples, the DSC was calibrated. The measurement 
of the temperatures and heat effects of the phase transitions was 
carried out in the range of 187–749 K.21 

For the samples we have done the studies in this book chapter, the content 
of volatiles obtained on a German TG 209 F1 thermal microbalance identical 
to heating rate in an argon media. We have expected to achieve a decrease in 
the weight of the samples by 1 × 10–3 mg (as an error factor). 
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The study of the data obtained by thermo-gravimetric allows us to deter­
mine the weight of substances (minus volatiles weight). 

From the glassy to highly elastic state, the phase transition was character­
ized using the following factors: 

•

 The extrapolated temperature in the phase of transition onset, which 
was determined by the tangent intersection method. This is shown 
by T1. 

•

 The extrapolated temperature in the phase of transition onset, which 
was determined by the tangent intersection method. This is shown 
by T2. 

Temperature of the phase transition (considered as average temperature): 
T̅


Temperature of inflection in the DSC curves (considered as the glass 
transition temperature): T g

Temperature range of the phase transition: ΔT = T2 – T1 
It should be noted that the values of the “characteristic temperatures” are 

attained on the base of the second heating data. 
In the following sections, we describe the results of our studies of phase 

transitions in PS-based composites containing inorganic fillers of various 
natures. 

1.2.2 PS/FULLERENE COMPOSITE FILMS 

In Figure 1.1 we can see Differential Scanning Calorimeter curves for the 
sample of polystyrene and composite filled with fullerene. According to this 
figure, for all tested polymeric samples, a reversible phase transition from 
the glassy state to the elastic state revealed. This displays heat flow in the 
endothermic direction. 

The average characteristics of the glass transition obtained from tree 
experiments for each polymer films are presented in Table 1.1. It was found 
that the C + C  addition affects all characteristic temperatures and tempera­60 70
ture range of phase transition, ΔT, for the composite materials. 

From Figure 1.2 we observe the ratio of T g(comp) or the glass transition 
temperatures for composite films to T g(PS), for original polystyrene film 
versus fullerene content. As can be seen, small additions of fullerene stinkly 
reduce the T g of the composite compared to original polymer sample (film). 
The minimum value of T g is equal to 0.01 wt.% as observed at the concentra­
tion level. Evidently, in such  a condition, the plasticization of polystyrene 
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FIGURE 1.1
 DSC curves for composite films. This is based on polystyrene at various 
fullerene contents, wt. %: 0 (1), 0.01 (2), and 0.1 (3). 

TABLE 1.1 Parameters of Phase Transition from Glassy State to Elastic for Fullerene– 
aPolystyrene Composites with Varying Weight Fractions of C + C60 70. 

Fullerene content,  wt.% T1, K T̅
 , K Tg, K T2, K ΔT, K 
0.0 357.0 361.5 363.8 365.8 8.8 
0.010 328.1 343.8 335.8 355.1 27.0 
0.020 341.6 348.6 345.0 359.3 17.7 
0.035 347.0 358.4 357.4 366.5 19.5 
0.100 365.3 369.1 371.6 373.5 8.2 

aGiven values were obtained by averaging the data of three repeated experiments. 

with the fullerene is expected.22,23 Therefore, molecules of C + C  set60 70
among the chains and weaken interchain interactions in the polystyrene. 
This will cause increment of  mobility of polymer chain segments and low 
value of T g. The apparent augmentation of ∆T (i.e., the temperature range for 
phase transition) or the value of ∆T = T2 −
T1 at low concentration of fullerene 
(please refre to Table 1.1) shows an evident plasticization effect of these 
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additives on thermal properties of the composite. The value of T g apparently 
increases with further augmentation in the (C + C ) content. Any time that 60 70
the fraction of fullerene is identical to 0.1 wt.%, then it is expected that 
the glass transition temperature for the composite overpasses that for the 
original polystyrene. 

FIGURE 1.2
 Ratio of glass transition temperatures for composite films, T g(comp), to one 
for original polystyrene film, T g(PS), versus fullerene content. 

It should be noted that fullerene molecules are likely with strong intermo­
lecular interaction. In essence this is due to the large number of conjugated 
double bonds.23 Intermolecular interactions of polystyrene and fullerene are 
appeared on the values of glass transition temperature in the samples (films) 
with additions of more than 0.01 wt.%. Whenevre fullerenes concentration 
is equal to 0.1 wt.% or more, the effect of intermolecular interactions is the 
controlling factor. It is worth mentioning that the probability of interaction 
between fullerene molecules in the composite is expected to increase as 
well; this signifies the increasing glass transition temperature (as corre­
lates with the original polystyrene). On the other hand, this can lead to the 
physical cross-linking of polystyrene chains. Conversely, at exceptionally 

http:bonds.23


 

 

 

10 Environmental Technology and Sustainability 

low concentration (that means for less than 0.01 wt.%), the probability of 
interaction among fullerene and polystyrene molecules is quite small. This is 
as a consequence that there is one fullerene molecule per 55–60 polystyrene 
macromolecules (or one fullerene molecule per 70,000–80,000 monomeric 
unit) in the composite material. In this mechanism, weakening of interchain 
interactions in polystyrene is controlling. 

In our previous reports,7 we applied an electron microscopy and the X-ray 
diffraction to study the influence of the fullerene additives on the structure of 
the polystyrene films which has been formed by evaporation of the solvent. 
In this study, we have reported that in general, in films without fullerenes, 
packing of aligned chains parallel to each other dominated. From this, we 
have in fact come to a conclusion that a polystyrene molecule, which had the 
shape of a coil in solution, aligned and stretched itself along the surface of 
an aggregate when attached to it. Nevertheless, within composite with 0.035 
wt.% of fullerene (one fullerene per 7–10 polystyrene macromolecules), 
fitment to aggregates occurred in the quite similar manner. Meanwhile, at 
such concentrations the intermolecular interactions between polystyrene 
and fullerene are substantial. However, under the influence of fullerene 
molecules, polystyrene molecules aligned with the formation of ordering 
elements in the arrangement of chains.7 

According to the results of differential scanning calorimeter studies, we 
observed specific heat capacities (CP) for the (samples) films of original poly­
styrene and polystyrene-doped additive mixture C + C  (0.01–0.1 wt.%), in60 70
the range of 290–420 K. The values of (CP) for original polystyrene are equal 
to 1.23 ± 0.03 and 1.95 ± 0.03 J/g/K at 298 and 398 K, respectively. These 
results are in accordance with our reference data which amount to 1.224 and 
1.924 J/g/K, respectively.21 As we have observed from Figure 1.3, the depen­
dence of (CP) of the composite on the fullerene content is nonmonotone. The 
value of (CP) at 298 K slightly decreases from 1.23 to 1.12 J g−1 K−1 when the 
content of C + C  increases up to 0.02 wt.%. Further increment of fullerene 60 70
content leads to the significant increase in heat capacity to 1.40 J/g/K (please 
refer to curve 1). 

Now in curve 2, the reliance of the heat capacity on the content of (C60 + 
C70 ) for filled polymer materials in the elastic state at (398 K) passes through 
a minimum (meanwhile at a concentration of fullerenes equal to 0.01 wt.%). 
The changes observed in (CP) affirm the conclusion indicated above. This 
is more or less about the plasticization of polystyrene by small additions 
of fullerene. According to the results reported in Ref. [22], the increase in 
heat capacity at the content of fullerene (with more than 0.02 wt.%) can be 

http:respectively.21
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FIGURE 1.3
 Dependence of (CP) or specific heat capacity of composite films on fullerene 
content: 1—glassy state at 298 K; 2—elastic state at 398 K. 

correlated with the manifestation of the (polystyrene-fullerene) interactions. 
And this is in fact consistent with the regularities in change of the glass 
transition temperatures.22 

Figure 1.4 indicates the temperature dependence of (CP) for polystyrene 
(sample) films for different content of fullerene. As seen, the value of specific 
heat capacity increases evenly with temperature and increases unexpectedly 
at the transition phase. The dependence “measured values of specific heat 
capacity versus temperature” is described by the following linear equation: 

Cp = a + bT (1.1) 

In Figure 1.5, we can see the temperature-dependent coefficients of the 
(CP), (i.e., b), for the composites at different contents of fullerenes. It can be 
observed that the value of (b) for samples in the glassy state in the tempera­
ture range of 298 K–328 K escalates strongly (while fullerene content in 
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curve 1 increases up to 0.02 wt.% and decreases with additional increase in 
the additives concentration). It should be noted that the observed dependence 
values of (C p) and (b) follow the competing effects of 2 factors (i.e., the 
plasticizing effect of fullerenes reveals itself with small additions). 

In Figure 1.3, we can observe that (C p) decreases while in Figure 1.5, (b) 
increases. The interactions effect among fullerene and polymer molecules 
leads to concentrations more than (0.02 wt.%). At this stage, the values of 
specific heat capacity increased (please refer to Fig. 1.3) and b decreased 
(please refer to Fig. 1.5). In Figure 1.5 (curve 2), it is observed that the 
concentration dependence of the (b) values for the samples in the elastic state 
for the range of 368–423 K is weak. 

1.2.3 PS/SILICA COMPOSITE FILMS 

The observed DSC curves for the pure polystyrene and silica-containing 
polystyrene films are shown in Figure 1.6. It is noted that the reversible 
phase transition from the glassy to highly elastic state appears as a break in 
the thermo-gram. This is in fact observed for all studied polymer materials 
when the temperature is augmented. 

FIGURE 1.4
 Temperature dependence of specific heat capacity (CP) for polystyrene films 
with various content of fullerene: 1—0.0, 2—0.010, 3—0.020, 4—0.035 wt.%. 
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FIGURE 1.5
 Coefficient of temperature dependence of specific heat capacity (CP) for 
polystyrene films. This is for different content of fullerene: 1—glassy state in temperature 
range of 298–328 K; 2—elastic state in range of 368–423 K. 

FIGURE 1.6
 DSC curves for the polystyrene-based composite films at silica concentrations, 
wt. %: 0 (1) and 0.5 (2). 



 

 TABLE 1.2 Parameters of the Phase Transition from the Glassy to Highly Elastic State for 
PS Composites with Various Silica Concentrations.a 

SiO2 content, wt.% T1, K T
 , K Tg, K T2, K ΔT, K 
0.0 341.3 346.4 347.9 353.7 12.4 
0.03 339.6 347.5 347.8 355.5 15.9 
0.1 338.0 344.9 344.4 352.3 14.3 
0.5 334.6 339.8 342.3 345.9 11.3 
1 332.9 341.3 338.0 349.4 16.5 
3 334.8 347.1 341.8 360.2 15.4 
5 350.6 362.9 366.6 373.1 22.5 

aGiven values were obtained by averaging the data of three repeated experiments. 
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̅

According to the work presented in Ref. [24], reliance of this type is 
characteristic of flexible-chain polymers. Meanwhile in Table 1.2 we can 
see the characteristic parameters of the glass transition for the polystyrene 
film and silica-containing composites provided by the analysis of the 
thermo-grams. 

Now let us analyze the data in Table 1.2.  We simply observe that the 
SiO2 concentration in the film (sample) influences the characteristic tempera­
tures of the phase transition. In Figure 1.7, we notice that by the application 
of insignificant amount of silica, the glass transition temperature of the 
composite decreases compared to the original polymer film. 

FIGURE 1.7
 Ratio of the glass transition temperatures of the composite T g(comp) to 
polystyrene T g(PS) at different silica concentrations. 
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The minimum value of glass transition temperatures can be reached 
at the SiO2 concentration in the composite with (1 wt.%). This of course 
shows the plasticizing effect for small additives of silica. Most likely we can 
conclude that SiO2 particles are incorporated among the polymer chains and 
then weaken the inter-chain interaction, causing an increase in the segmental 
mobility of the macromolecular chains and a decrease in glass transition 
temperatures (T g). 

In Figure 1.7 we can clearly observe that further increase in the silica 
concentration in the composite increases the (T g). This might be due to a 
higher probability of the formation of (polymer–filler) bonds maintained by 
a decrease in the mobility of the polystyrene chains segments and an increase 
in glass transition temperatures. 

According to Table 1.2, and based on our studies in this chapter, we 
can easily make a discussion on different characteristic parameters of the 
phase transition such as (T1, T2, T̅
, and ΔT), as well as the glass transition 
temperature (T g). 

In this chapter, we have demonstrated that a complicated pathway of 
changing the (T g) of the polystyrene/silica composite material occurs with an 
increase in the SiO2 content. In general, this is due to nonuniform distribu­
tion of the filling agent molecules in the polymer matrix. 

1.2.4 PS/BENTONITE COMPOSITE FILMS 

Relaxation transitions were studied for the PS/bentonite composites 
containing 0–5 wt.% of filler. The DSC curves for the unmodified and 
bentonite containing polystyrene films recorded upon a second heating are 
shown in Figure 1.8. 

From our studies, we observed that, for all the sample (film) materials, 
an increase in temperature leads to a transition from the glassy state to a 
highly elastic state (please see the kink in the thermogram). Such reliance 
is correlated with a change in the heat capacity of the samples during the 
relaxation transition. 

From Table 1.3 we can observe the following: 

•

 the values of the characteristic temperatures of the relaxation transi­
tion for a polystyrene film (sample). 

•

 the bentonite-containing composites (found by processing 
thermograms). 

•

 the clay concentration in the film which affects the above parameters. 



 

 

 TABLE 1.3
 Parameters of the Relaxation Transition from a Glassy to Highly Elastic State 
for PS/Bentonite Composites with Various Filler Concentrations.a 

Bentonite content, wt.% T1, °С T
 , °С Tg, °С T2, °С 
0.0 64.9 69.8 70.9 74.6 
0.1 68.3 77.3 73.9 87.0 
0.5 71.1 76.1 77.7 81.0 
1.0 72.5 79.9 79.1 87.5 
3.0 79.5 84.4 84.8 89.2 
5.0 80.2 87.0 85.7 93.5 

aGiven values were obtained by averaging the data of three repeated experiments. 
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It should be noted (from Table 1.3) that for unmodified polystyrene, T g is 
70.9°C, whereas higher values of glass transition temperature are observed 
in composites. It is worth mentioning that by the introduction of bentonite 
(5 wt.%) into polystyrene we do expect an increase in the T g around 15°C. 
This effect is somehow related with a decrease in the mobility of segments 
of polymer chains as a result of their interaction with clay. We can observe 
that such a decrease in the mobility of the segments might be local in nature 
and takes place near clay particles. 

FIGURE 1.8
 DSC curves of polystyrene/bentonite film composites with various filler 
concentrations, wt %: 0 (1), 1 (2), and 5 (3). 

̅
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In Figure 1.9 we can see the experimental results. The dependence of the 
(T g) of composite on its composition can be observed clearly in this Figure 
1.9. It can be seen the difference in the glass transition temperature values 
between the composite and the starting polymer. This means: T g(comp)– 
T g(PS), equally increased with increasing in the filler concentration. Our 
analysis of results showed that this dependence can be well described by an 
equation in the form of: 

x
y =

 (1.2)
a bx+


It should be pointed out that for parametric values a = 0.055 ± 0.010 
and b = 0.053 ± 0.004, coefficient of determination R2 is 0.981. It should 
be pointed out  that a similar analytical expression was reported in Ref. [4] 
while studying the glass transition processes of polystyrene/silica compos­
ites in the range of filler concentrations up to 30 wt.%. 

FIGURE 1.9
 The effect of the concentration of the filler on the glass transition temperature 
of the PS/bentonite composite: ♦ experimental data; – fitting curve. 

Therefore, our studies show that: 

•

 The introduction of bentonite into polystyrene leads to an increase in 
the (T g) of the composite compared to unmodified polymer. 

•

 These characteristics of thermal behavior must be considered 
while developing and improving technologies for the production of 
polymer materials with controlled properties. 
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1.2.5 PS/BENTONITE/MAGNETITE COMPOSITE FILMS 

In this paragraph, we describe the research results of relaxation transitions 
in PS-based composites containing two-component filler such as bentonite/ 
magnetite. Figure 1.10 shows the DSC curves for pure PS films recorded 
upon the first and second heating. As can be seen, in case of the first heating, 
an endothermic peak is observed on the thermogram in the temperature range 
of 65–90°C (trace 1), apparently associated with the removal of o-xylene 
residues from the film. This peak is absent upon repeated heating (trace 2), 
which indicates the complete removal of the solvent from the film during the 
first heating. The revealed difference in thermograms for the first and second 
heating takes place for all studied samples of the PS/bentonite/magnetite 
composite films, regardless of their composition. 

The DSC curves for the PS/bentonite/magnetite composites with various 
filler concentrations recorded upon the second heating are presented in 
Figure 1.11. It can be seen, in this case, for all the materials studied, a kink 
is observed in the thermogram, which can be associated with a relaxation 
transition from the glassy state to a highly elastic state and is accompanied 
by a change in the heat capacity of the material during such a transition. 

D
SC

 

Temperature, °C 
FIGURE 1.10
 DSC curves for PS films recorded upon the first (1) and second (2) heating. 



 

 

 TABLE 1.4
 Parameters of the Relaxation Transition from a Glassy to Highly Elastic State 
for PS/Bentonite/Magnetite Composites with Various Filler Concentrations.a 

Filler concentration, wt.% T1, °С T
 , °С Tg, °С T2, °С ΔT, °С 
0.0 66.0 72.0 70.4 77.7 11.7 
0.1 51.3 56.7 57.0 61.8 10.5 
1.0 55.4 59.9 60.3 63.9 12.5 
5.0 64.3 70.3 69.8 76.0 12.7 

aGiven values were obtained by averaging the data of three repeated experiments. 
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FIGURE 1.11
 DSC curves of polystyrene/bentonite/magnetite film composites with various 
filler concentrations, wt %: 0.1 (1); 1 (2); 5 (3). 

The values of the characteristic temperatures found for composites under 
study are given in Table 1.4 which demonstrates that the concentration of 
magnetized clay in the film affects the listed parameters. For unmodified 
polystyrene, the glass transition temperature is 70.4°C. With the introduction 
of the filler in an amount of 0.1 wt.%, the T g value decreases to 57.0°C, 
which indicates the dominant effect of plasticization of polystyrene with 
small additions of magnetized clay. However, with a further increase in the 
concentration of bentonite/magnetite in the composite, the glass transition 
temperature increases, which is apparently associated with a decrease in the 
mobility of polymer chain segments as a result of their interaction with the 
filler. It should be noted that the revealed nonmonotonic dependence on the 
composition of the composite is retained for other characteristic temperatures 
of the relaxation transition (Table 1.4). 

̅
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To explain the results obtained, the thermodynamic model developed 
in Refs. [25,26] based on the configurational entropy model and the Flory-
Huggins theory can be used. The proposed model assumes that the change in 
the glass transition temperature of the composite (Tg

comp) in comparison with 
the glass transition temperature of the matrix polymer (Tg

PS ) is determined 
by the change in entropy: 

[
 
  

1
 
  

Tg
comp


( )<

φ S φ Swhere is the volume fraction of filler particles in composite; ( ) and (0) 
are the entropy of the composite and entropy of the polymer in the absence 
of filler, respectively. 

As follows from eq 1.3, with the introduction of filler nanoparticles into 
the polymer matrix, the glass transition temperature can either increase or 
decrease depending on the sign of the change in the total entropy of the 
system, which, in turn, depends on the contributions of the total entropy 
components. In particular, a decrease in T g can take place when the contri­
bution of the entropy of the specific polymer-nanoparticle interaction is 
small compared to the contributions of the mixing entropy and entropy of 
nanoparticles under conditions of spatial confinement. 

The model developed in Refs. [25,26] predicts that this condition 
can most likely be met at low concentrations of nanoparticles and ceases 
to be met with an increase in the volume fraction of filler. This means 
that the theoretical dependence of the glass transition temperature of the 
composite on its composition has a minimum. As seen from the experi­
mental results presented in Figure 1.12, this minimum predicted by the 
model is observed for the PS/bentonite/magnetite composites researched 
in the current study. 

It should be noted that we found similar non-monotonic dependences of 
the glass transition temperature on the filler concentration for the polystyrene/ 
fullerene composite films (Section 1.2.2 in the current chapter), polystyrene/ 
silica (Section 1.2.3 in the current chapter), as well as for polymethyl meth­
acrylate/fullerene composite.27 

1.3 THERMAL STABILITY OF THE PS/FILLER COMPOSITES  

1.3.1 METHOD AND APPARATUS 

Thermogravimetric analysis for the pure polystyrene and polystyrene/filler 
composites was performed on a TG 209 F1 thermo-microbalance (Netzsch 
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FIGURE 1.12
 Effect of the filler concentration on the glass transition temperature for the 
PS/bentonite/magnetite composites. 

Gerätebau GmbH, Germany) using platinum crucibles in an argon flow (30 
mL/min). The samples of PS/filler composites with a mass of 3–5 mg were 
heated at a heating rate of 10 K/min, and the weight loss was measured. 
The accuracy of the sample mass measurement was 1 × 10−7 g, and the 
accuracy in temperature measurement was 0.1 K. TG measurements for 
the PS granule were also performed. For all data reported, three samples 
were tested. 

1.3.2 MATHEMATICAL MODEL OF THE THERMAL DEGRADATION 
KINETICS 

To better analyze the kinetics of thermal degradation of PS/filler composite 
films, data of TG measurements were used: for instance, 

•

 The values of the main parameters determining the rate constant of 
the process (such as the activation energy and the pre-exponential 
factor) were found and 
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•

 Analyses of their dependences on the composition of the composite 
were considered. 

To analyze thermogravimetric data, kinetic eq 1.4 is usually used: 

da

=
k T( ) f a( ),

 (1.4)

dt


whereas 
α = the mass fraction of the substance that decayed during the process, 
t = time, 
f(α) = the reaction model, and 
k(T) = the rate constant of the destruction depending on temperature 

according to the Arrhenius law: 

k T( ) =
A
exp
( 
 
-

E
a )

 
 
,

 (1.5)
RT



whereas 
A = the pre-exponential factor, E a is the activation energy of thermal 

destruction, and; 
R = the gas constant. 
However, the reaction model f(α) in the case of “Thermal Degradation” 

of polymers is power function of the order n 
(1.6)

f(α) = (1 − α)n 

After coupling eq 1.4–1.6, we obtain the following equation: 

do
=
Aexp
( -

Ea
 J
 (1-o
)n
 , 
 (1.7)dt
  RT
 

This can be integrated with the initial conditions 
α = 0 at T = T0.

 (1.8) 

And the final expression can appear in the following form28: 

F
 a =
a

f
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n
 =

A T
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where f =

dT
 is the heating rate of the sample.
dt
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To be able to analyze the data of thermo-gravimetric measurements and 
for the determination of the kinetic parameters of the decomposition process, 
we applied eq 1.9, van Krevelen method.28,29 It is worth mentioning that this 
method is based on an assumption that the temperature range stays between 
0.9Tm<T<1.1T m so the following relationship is satisfied: 

a E

�1  

 A
 0
368
.
  RT
  Ea
    Ea
  
       

m

   ln
 F
   ln
    1
   1 ln
T
. (1.10)
 T
 RT
 RT m
   m
   m
      

From eq 1.10 it can be concluded that with the slope of the dependence 
ln[F(α)] vs lnT we can easily determine the activation energy (E a). Mean­
while, the pre-exponential factor (A) can be obtained using the value of the 
segment cutoff by this line on the ordinate axis. 

In the following paragraphs, we describe the results of our research on 
the effect of filler on the thermal stability of composites on the basis of 
polystyrene. 

1.3.3 PS/SILICA COMPOSITE FILMS


In Figures 1.13a and 1.13b, we have shown our own observations and results 
obtained from the thermo-gravimetric curves (i.e., TG and DTG) for unmodi­
fied polystyrene and PS/SiO2 film composites containing 1 wt.% of silica. 
This is in fact a typical thermal behavior for all types of film compositions 
that contained silica in our experimental studies. 

It can be seen that there are two steps in the TG curves. The first step 
is observed in the temperature range from 370 K to 500 K. This mass loss 
(5–10 wt.%) is caused by solvent evaporation out of the film because it 
is not observed in the TG curve for the PS granule (Fig. 1.13c). Table 
1.5 shows the values of the mass loss in the first stage and nonvolatile 
residue. It can be seen that the value of nonvolatile residue determined by 
thermogravimetry is not always agreed with the weight percent of silica 
incorporated into the polystyrene matrix. We found no nonvolatile residue 
in composites where the silica concentration does not exceed 1 wt.%. 
Bera et al.4 reported on this discrepancy, too. The difference between the 
nonvolatile residue value and the weight percent of silica was both positive 
and negative. 

http:0.9Tm<T<1.1T
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TABLE 1.5
 Numerical Data on the First Stage of Thermal Decomposition for the PS/Silica 
Composites.a 

SiO2 content (wt.%) Mass loss (%) Nonvolatile residue (%) 
0 8.8 – 

0.5 9.3 – 

1 9.5 – 

3 6.1 1.1 

5 4.5 5.0 
aGiven values were obtained by averaging the data of three repeated experiments. 

In the second stage of the TG curve (the actual decomposition of the 
substance), four characteristic temperatures can be identified: 

T  is the extrapolated temperature of the thermal destruction onset that onset
was determined by the tangent intersection method; 

T m is the temperature corresponding to the peak on the DTG curve or the 
inflection on the TG curve; 

T50% is the temperature at which the mass of the sample is halved; 
Tend is the extrapolated temperature of the degradation end that was deter­

mined by the tangent intersection method. 
Table 1.6 shows the mean values of T  and T for unmodified polysty­onset m 

rene and PS/SiO2 film composites. The onset of degradation, that is, where 
the weight loss begins, plays an important role in studying the degradation 
behavior of the composites. The polymer degradation starts with chain scis­
sion. It is followed by depolymerization and formation of the main evolved 
products (styrene monomer, dimer, and trimer).30 Figures 13a and 13b show 
that the degradation rate increases beyond 660 K. This implies almost all 
polymer chains are degraded abruptly between 660 and 710 K. The tempera­
ture corresponding to the DTG peak, T m, is also an important indicator. At 
this mass loss, the material does not retain its initial properties. It can be seen 
for the composite film containing 5 wt.% of SiO , the T  and T values are2 onset m
shifted toward higher temperatures in comparison with pure PS (Table 1.6). 
This indicates an improvement in the thermal stability of the polymer owing 
to silica loading. 

The values of T  for the PS/silica composites found in this work (Fig. onset
1.14, curve 1) agree with those found by Bera et al.4 However, the values 
of T m presented in Ref. [4] are higher by 10–12 K than those found by us. 
This difference may arise from the higher molecular weight (240,000) of PS 
studied by Bera et al.4 When the molecular weight is greater, the temperature, 
T m, at which the majority of the polymer chains are degraded, is higher. 
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FIGURE 1.13
 Thermogravimetric curves (TG and DTG): (a) polystyrene; (b) polystyrene/ 
silica composite (1 wt.% of SiO2); (c) polystyrene granule. 

Data of TG measurements of the PS/silica composites were used to 
estimate the main parameters determining the rate constant of the process, 
like the “activation energy” and also the other important factor named “pre­
exponential factor.” For this purpose, the above-mentioned van Krevelen 
method was used. 

Figure 1.15 shows the dependences ln[F(α)] vs lnT, constructed at n = 
1 for thermal destruction of PS/silica film composites with different filler 
concentrations. In Figure 1.15 the linearity of the given dependences (R2 = 
0.994–0.998) justifies the viability of our assumption (i.e., n = 1). It is worth 
mentioning that in a report already published (please refer to Ref. [31]), the 
possibility of considering the first-order reaction equation for describing the 
kinetics of thermal destruction of polymers has been explained in detail. 
Nevertheless, this idea agrees completely with the results of published 
research work in Ref. [32]. In this Ref. [32] the researchers considered 
the 15 reliable models. They have then analyzed the experimental data on 
the thermal destruction of polystyrene (in the form of granules) and at the 
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TABLE 1.6
 Characteristic Temperatures of Thermal Degradation (Second Stage) for the 
PS/Silica Composites.a 

SiO2 content (wt.%) Tonset (K) T m (K) 
0 

0.5 

1 

3 

5 

PS granule 

662.0 

666.1 

657.7 

663.8 

670.3 

666.2 

685.1 

686.9 

681.8 

686.4 

691.5 

690.6 
aGiven values were obtained by averaging the data of three repeated experiments. 

end, they have concluded that the kinetic model of the first order is much 
preferable.32 

Table 1.7 shows the kinetic parameters of thermal decomposition of the 
studied PS/SiO2 film composites, obtained by the van Krevelen method 
for various filler concentrations. When comparing these data with those 
presented in other publications, we can note a certain difference. For 
example, according to Ref. [33], in the case of unmodified polystyrene, the 
activation energy takes values from 154 to 260 kJ/mol depending on the 
molecular weight. It is likely that the value of E a may also depend on other 
characteristics (polydispersity, fluidity of the melt of the polymer material, 
spatial configuration of macromolecules, etc.). Therefore, the experimental 
data obtained by different authors (including our results) do not always agree 
with each other. 

TABLE 1.7
 Kinetic Parameters of Thermal Degradation of the Polystyrene/Silica 
Composites Determined by the van Krevelen Method. 

SiO2 content, wt.% E a, kJ/mol A⋅10−19, min−1 

0 272.0 5.1 
0.5 274.2 5.9 
1 276.8 17.7 
3 280.6 21.5 
5 284.5 24.5 

From Table 1.7 these results can be concluded: 

http:preferable.32
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FIGURE 1.14
 Concentration dependences of the characteristic temperatures: T  (graphsonset
1 and 2) and T m (graphs 3 and 4). Graphs 1 and 3 were recorded in the current study. Graphs 
2 and 4 were reported by Bera et al.4 

FIGURE 1.15
 Thermogravimetry data for PS/SiO2 composites in van Krevelen coordinates. 
Concentration of SiO2, wt.%: 1 (1), 3 (2), and 5 (3). 
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•

 An augmentation in concentration of silicon dioxide (in the 
composite), caused the activation energy and pre-exponential factor 
to augment as well. 

•

 A and E a are the leading factors that calculate the rate constant (i.e., 
characterize the thermal stability of the targeted material). 

•

 If the rate constant is reduced with augmentation of activation energy, 
then an augmentation in the pre-exponential coefficient could lead 
to the opposite results. 

These parameters are therefore very vital to understand the mechanism of 
thermal decomposition (for investigating the effects of nature and concentra­
tion of filler on the values). 

As mentioned in the earlier report published in Ref. [34], the introduction 
of Pd particles into polystyrene avoids the destruction of the polymer. In his 
published research work,34 it is emphasized that modification with silicon 
dioxide could augment the thermal stability of PS. Meanwhile, in such cases, 
evidently the mechanism of inhibition of destruction seems to be different. 
Namely, the main inhibiting factor could augment the activation energy upon 
administration of the filler. Meanwhile, this augmentation is not making up 
by a change in pre-exponential coefficient (A). That means, the introduction 
of silica into polystyrene could possibly augment the mobility of polymer 
chains, but it might lead to the augmentation of the “energy barrier,” that is 
needed for their destruction. Nevertheless, the second factor is leading one. 

1.3.4 PS/BENTONITE COMPOSITE FILMS 

Figure 1.16 shows the TG curves for unmodified polystyrene and PS/ 
bentonite film composites containing 0.1–5 wt. % of filler. 

It can be seen that, as for composites with silica, there are two regions in 
the TG curves. The first region is observed in the temperature range from 110 
to 190°C and caused by solvent evaporation out of the film. 

The second region of the TG curve is associated with the actual degra­
dation of the substance. Table 1.8 shows the mean values of characteristic 
temperatures above mentioned such as T , T , T , and T . The onset of onset m 50% end
degradation, that is, where the weight loss begins (in the range of 388–404°C 
depending on the concentration of bentonite), is caused by the processes of 
polymer chains rupture. In the temperature range of 404–422°C (depending 
on the concentration of bentonite), a two-fold decrease in the sample masses 
is observed. Upon reaching 445°C, almost all polymer chains are destroyed. 



 

 TABLE 1.8
 Characteristic Temperatures of Thermal Degradation (Second Stage) for the 
PS/Bentonite Composites.a 

Bentonite content in T , °C T , °C T50% , °Ccomposite, wt.% onset m Tend, °C 

0 388.3 410.4 404.7 423.7 
0.1 391.0 412.6 406.6 425.5 
0.5 396.1 416.8 411.0 429.8 
1 396.5 417.7 415.8 433.1 
3 400.2 426.9 420.0 445.6 
5 403.1 426.0 421.9 442.2 

aGiven values were obtained by averaging the data of three repeated experiments. 
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FIGURE 1.16
 TG curves for unmodified polystyrene and PS/bentonite film composites. 

As can be seen from Figure 1.16, with an increase in the concentration of 
bentonite in the composite, the TG curves shift toward higher temperatures. 
Information on concentration dependences of characteristic temperatures 
(Table 1.8) confirms this trend, which indicates an improvement in the 
thermal stability of the polymer owing to clay loading. 



 

 

 TABLE 1.9
 Kinetic Parameters of Thermal Degradation of the PS/Bentonite Composites 
Determined by the van Krevelen Method. 

Bentonite content, wt.% E a, kJ/mol A⋅10−19, min−1 

0 286.7 80.316 
0.1 298.1 577.76 
0.5 305.7 1524.9 
1 279.4 9.19 
3 243.8 0.01 
5 270.6 1.16 

However, the listed parameters change nonmonotonically with an increase 
in the clay concentration in the composite (Table 1.9). This is especially true 
for the value of the pre-exponential factor. Apparently, it should be concluded 
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Using the data of TG measurements for the PS/bentonite composites, we 
found the main quantitative parameters determining the process rate. Namely, 
we used the van Krevelen method and calculated the activation energy along 
with pre-exponential factor that is included in eq 1.10. 

FIGURE 1.17
 Thermogravimetry data for PS/bentonite composites in van Krevelen 
coordinates. 
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that the van Krevelen method is inapplicable for assessing the main kinetic 
parameters of thermal decomposition of the PS/bentonite composites. 

1.3.5 PS/BENTONITE/MAGNETITE COMPOSITE FILMS 

Thermogravimetric curves (TG and DTG) for unmodified polystyrene and 
PS/bentonite/magnetite film composites containing 0.1, 1, and 5 wt.% of 
filler are shown in Figures 1.18a and 1.18b. As can be seen, the TG curves 
are identified by two steps (i.e., thermal decomposition occurs in two stages). 

FIGURE 1.18
 Thermogravimetric curves (a—TG; b—DTG) for PS/bentonite/magnetite 
film composites with various filler concentrations. 
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At the first stage (for the temperature range of 110 to 220°C), the weight loss 
(5–11%) is associated with the removal of solvent residues from the sample 
(film). 

At the second stage, the actual decomposition of the film substance takes 
place. 

As can be seen from Table 1.10, for unmodified polystyrene, the tempera­
ture of the onset of thermal degradation is 388.4°С and almost does not differ 
from that given in35 (388.07°С). With an increase in the concentration of 
magnetic clay from 0 to 5 wt.%, the T  value increases by almost 8°C,onset
which indicates a positive effect of the filler on the thermal stability of the 
polymer. At temperature close to T , the destruction of PS polymer chains onset
starts. For instance, depolymerization with the formation of styrene mono­
mers, dimers, trimers, etc. The revealed higher initial temperature of thermal 
degradation of the composites compared to the original polystyrene may be 
due to the fact that the addition of filler reduces the mobility of the chains 
and, therefore, slows down the decomposition reaction. 

TABLE 1.10
 Characteristic Temperatures of Thermal Destruction of PS/Bentonite/ 
Magnetite Composites with Various Filler Concentrations.a 

Filler content, wt.% Tonaet, °С T50, °С Td, °С Tend, °С 
0 388.4 405.0 410.5 425.1 
0.1 389.7 405.0 411.7 426.6 
1 393.6 408.7 413.7 426.8 
5 396.2 410.6 413.1 427.6 

aGiven values were obtained by averaging the data of three repeated experiments. 

In the temperature range of 370–430°С (Fig. 1.18a), most of the polymer 
chains are destroyed. At T = Td, the rate of thermal degradation is maximum 
(Fig. 1.18b). As can be seen from Table 1.10, compared to the T  value, theonset
other characteristic temperatures of thermal degradation change less. 

1.4 CONCLUSION


Nowadays, there has been a great interest in the development of multi­
functional composites based on polymers (such as polystyrene), containing 
inorganic fillers. This is caused by the desire to obtain materials with low 
cost and a set of properties that exceed the properties of pristine polymers. 
Many researches concluded that an improvement in physical and chemical 
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properties of composites compared to ones of original polymers is related to 
structural changes under the effect of introduced filler. However, the mecha­
nism of these improvements is still far from clear. Therefore, the effect of 
doping on relaxation transitions from the glassy state to the elastic one, 
thermal stability etc requires complex analysis. The prolongation of these 
studies is very important, since the use of the polystyrene/filler composites 
will allow expansion of the applications borders of polystyrene traditionally 
used in construction industry, home appliances, electronics, etc., and will 
allow them to be replaced with composite materials. 

KEYWORDS 

• thermal behavior 
• polystyrene 
• fullerenes 
• silica 

• bentonite 
• DSC 
• thermogravimetry 

REFERENCES


1.  Bunekar, N.; Tsai, T. Y.; Huang, J. Y.; Chen, S. J. Investigation of Thermal, Mechanical, 
and Gas Barrier Properties of Polypropylene-Modified Clay Nanocomposites by 
Micro-Compounding Process. J. Taiwan Inst. Chem. Eng.  2018,  88, 252–260. doi. 
org/10.1016/j.jtice.2018.04.016                             

2.  Lopes, A. C.; Martins, P.; Lanceros-Mendez, S. Aluminosilicate and Aluminosilicate 
based Polymer Composites: Present Status, Applications and Future Trends. Prog. Surf. 
Sci.  2014, 89, 239–277. doi.org/10.1016/j.progsurf.2014.08.002                  

3.  Badamshina, E.; Gafurova, M. Polymeric Nanocomposites Containing Non-covalently 
Bonded Fullerene C60: Properties and Applications. J. Mater. Chem. 2012, 22, 9427– 
9438. DOI: 10.1039/C2JM15472B 

4.  Bera, O.; Pilic, B.; Pavlicevic, J.; Jovicic, M.; Holló, B.; Mészáros Szécsényi, K.; 
Spirkova, M. Preparation and Thermal Properties of Polystyrene/Silica Nanocomposites. 
Thermochim. Acta 2011,  515, 1–5. doi.org/10.1016/j.tca.2010.12.006          

5.  Alekseeva, O. V.; Noskov, A. V.; Guseynov, S. S.; Agafonov, A. V. Thermal Behaviour 
of Polystyrene/Silica Composites. Phil. Mag. Lett.  2018,  98, 107–117.  DOI: 10.1080/ 
09500839.2018.1486046 

6.  Alekseeva, O. V.; Bagrovskaya, N. A.; Noskov, A. V. Effect of C60 Filling on Structure 
and Properties of Composite Films based on Polystyrene. Arab. J. Chem.  2018,  11, 
1160–1164.  Doi: 10.1016/j.arabjc.2014.09.008           

7.  Alekseeva, O. V.; Rudin, V. N.; Melikhov, I. V.; Bagrovskaya, N. A.; Kuzmin, S. M.; 
Noskov, A. V. Kinetics of Formation of Hierarchical Nanostructures in Polystyrene 

http://www.doi.org/10.1016/j.jtice.2018.04.016
http://www.doi.org/10.1016/j.progsurf.2014.08.002
https://www.doi.org/10.1039/C2JM15472B
https://www.doi.org/10.1080/09500839.2018.1486046
https://www.doi.org/10.1080/09500839.2018.1486046
https://www.doi.org/10.1016/j.tca.2010.12.006
https://www.doi.org/10.1016/j.arabjc.2014.09.008


 A Study on the Thermal Behavior of Polymer Composites 35 

Films Containing Fullerene. Dokl. Phys. Chem.  2008,  422, 275–278. DOI: 10.1134/ 
S0012501608100084 

8.  Chafidz, A.; Latief, F. H.; Al-Fatesh, A. S.; Kaavessina, M. Crystallization and Thermal 
Stability of Polypropylene/Multi-Wall Carbon Nanotube Nanocomposites. Phil. Mag. 
Lett.  2016,  96, 367–374. doi.org/10.1080/09500839.2016.1213441   

9.  Alekseeva, O. V.; Noskov, A. V.; Guseynov, S. S. Thermal Behavior of Polystyrene-
based Composite Materials. Prot. Met. Phys. Chem. Surf.  2020, 56, 469–472. DOI: 
10.1134/S2070205120030041                 

10.  George, J.; Ishida, H. A Review on the Very High Nanofiller-Content Nanocomposites: 
Their Preparation Methods and Properties with High Aspect Ratio Fillers. Prog. Polym. 
Sci. 2018,  86, 1–39. doi.org/10.1016/j.progpolymsci.2018.07.006       

11.  Alekseeva, O. V.; Rodionova, A. N.; Bagrovskaya, N. A.; Agafonov, A. V.; Noskov, A. V. 
Effect of the Organo-bentonite Filler on Structure and Properties of Composites based on 
Hydroxyethyl Cellulose. J. Chem. 2017,  2017, 1603937.  DOI: 10.1155/2017/1603937     

12.  Xu, Q.; Li, X.; Zhang, Z. Preparation of Cu Nanoparticles-Modified PA6 Composites 
using CuO as Filler. J. Iran. Chem. Soc.  2014,  11, 1717–1721. DOI: 10.1007/ 
s13738-014-0444-4. 

13.  Lazar, S. T.; Howell, B. A.; Daniel, Y. G.; Li, K. J. Thermal Decomposition of 
Poly(styrene) in the Presence of a Hydrogen Atom Transfer Agent. J. Therm. Anal. 
Calorim.  2017, 127, 969–974. DOI: 10.1007/s10973-016-5777-z 

14.  Chigwada, G.; Kandare, E.; Wang, D.; Majoni, S.; Mlambo, D.; Wilkie, C. A.; Hossenlopp, 
J. M. Thermal Stability and Degradation Kinetics of Polystyrene/Organically-Modified 
Montmorillonite Nanocomposites. J. Nanosci. Nanotechno.  2008, 8, 1927–1936. DOI: 
10.1166/jnn.2008.027         

15.  Alekseeva, O. V.; Bagrovskaya, N. A.; Kuzmin, S. M.; Noskov, A. V. Study of Structural 
Properties of Polystyrene-Fullerene  Composites. J. Balkan Tribol. Assoc.  2010, 16, 
558–563. 

16.  Dixit, S.; Yadav, V. L. Comparative Study of Polystyrene/Chemically Modified Wheat 
Straw Composite for Green Packaging Application. Polym. Bull.  2020,  77, 1307–1326.  
DOI: 10.1007/s00289-019-02804-0 

17.  Keshavarz, M.; Zebarjad, S. M.; Daneshmanesh, H.; Moghim, M. H. On the Role of TiO2  
Nanoparticles on Thermal Behavior of Flexible Polyurethane Foam Sandwich Panels. 
J. Therm. Anal. Calorim.  2017,  127, 2037–2048.  DOI: 10.1007/s10973-016-5700-7               

18.  Katiyar, R.; Bag, D. S.; Nigam, I. Thermal Properties of Fullerene (C60) Containing 
Poly(alkyl methacrylate). Thermochim. Acta  2013,  557, 55–60. doi.org/10.1016/j. 
tca.2013.01.027 

19.  Barabanova, A. I.; Pryakhina, T. A.; Bychko, K. A.; Kazantseva, V. V.; Zavin, B. G.; 
Vygodskii, Y. S.; Askadskii, A. A.; Shevnin, P. L.; Philippova, O. E.; Khokhlov, A. R. 
Nanocomposites based on Epoxy Resin and Silicon Dioxide Particles. Polym. Sci. Ser. 
A  2008,  50, 808–819. DOI: 10.1134/S0965545X08070110      

20.  Sanz, A.; Wong, H. C.; Nedoma, A. J.; Douglas, J. F.; Cabral, J. T. Influence of C60  
Fullerenes on the Glass Formation of Polystyrene. Polymer  2015,  68, 47–56. DOI: 
10.1016/j.polymer.2015.05.001       

21.  Sabban, J. R.; Xu-wu, A.; Chichos, J. S.; Planas Leitão, M. L.; Roux, M. V.; Torres, L. A. 
Reference Materials for Calorimetry and Differential Thermal Analysis. Thermochim. 
Acta  1999,  331, 93–204. 

https://www.doi.org/10.1134/S0012501608100084
https://www.doi.org/10.1134/S0012501608100084
https://www.doi.org/10.1134/S2070205120030041
https://www.doi.org/10.1080/09500839.2016.1213441
https://www.doi.org/10.1016/j.progpolymsci.2018.07.006
https://www.doi.org/10.1155/2017/1603937
https://www.doi.org/10.1007/s13738-014-0444-4
https://www.doi.org/10.1007/s13738-014-0444-4
https://www.doi.org/10.1007/s10973-016-5777-z
https://www.doi.org/10.1166/jnn.2008.027
https://www.doi.org/10.1007/s00289-019-02804-0
https://www.doi.org/10.1007/s10973-016-5700-7
https://www.doi.org/10.1016/j.tca.2013.01.027
https://www.doi.org/10.1016/j.tca.2013.01.027
https://www.doi.org/10.1134/S0965545X08070110
https://www.doi.org/10.1016/j.polymer.2015.05.001


 36 Environmental Technology and Sustainability 

22. Weng, D.; Lee, H. K.; Levon, K.; Mao, J.; Scrivens, W. A.; Stephens, E. B.; Tour, J. M. 
The Influence of Buckminsterfullerenes and their Derivatives on Polymer Properties. 
Eur. Polym. J.  1999,  35, 867–78. DOI: 10.1016/S0014-3057(98)00055-X 

23. Gladchenko, S. V.; Polotskaya, G. A.; Gribanov, A. V.; Zgonnik, V. N. The Study of 
Polystyrene-Fullerene Solid-Phase Composites. Techn. Phys.  2002,  47, 102–106. DOI: 
10.1134/1.1435898       . 

24. Tugov, I. I.; Kostrykina, G. I. Khimiya i fizika polimerov (Chemistry and Physics of 
Polimers); Khimiya: Moscow, 1989. 

25. Lee, K. J.; Lee, D. K.; Kim, Y. W.; Choe, W. S.; Kim, J. H. Theoretical Consideration 
on the Glass Transition Behavior of Polymer Nanocomposites. J. Polym. Sci. Pol. Phys. 
2007,  45, 2232–2238. DOI: 10.1002/polb.21178 

26. Roldugin, V. I.; Serenko, O. A.; Getmanova, E. V.; Karmishina, N. A.; Chvalun, S. N.; 
Muzafarov, A. M. Thermodynamic Analysis of the Glass Transition Temperatures of the 
Polymer–Hybrid Nanoparticles Systems. Dokl. Phys. Chem. 2013,  449, 83–87. DOI: 
10.1134/S0012501613040088 

27. Alekseeva, O. V.; Noskov, A. V.; Guseynov, S. S. Thermal Behaviour of Poly(Methyl 
Methacrylate)/Fullerene Composite Films. Phil. Mag. Lett.  2018,  98, 330–340. DOI: 
10.1080/09500839.2018.1548786 

28. Sinfronio, F. S. M.; Santos, J. C. O.; Pereira, L. G.; Souza, A. G.; Conceicao, M. M.; 
Fonseca, V. M. Kinetic of Thermal Degradation of Low-Density and High-Density 
Polyethylene by Non-isothermal Thermogravimetry. J. Therm. Anal. Calorim.  2005,  79, 
393–399. DOI: 10.1007/s10973-005-0072-4 

29. Santos, J. C. O.; Santos, I. M. G.; Souza, A. G. Thermal Stability and Kinetic Study on 
Thermal Decomposition of Commercial Edible Oils by Thermogravimetry. J. Food Sci. 
2002, 67, 1393–1398. DOI: 10.1111/j.1365-2621.2002.tb10296.x 

30. De Amorim, M. 
 T. S. P.; Bouster, C.; Vermande, P.; Veron, J. Study of the 
Pyrolysis of Polystyrenes: II. Study of Transfer Reactions by Identification of 
the Most Important by-Products. J. Anal. Appl. Pyrolysis  1981, 3, 19–34. DOI: 
10.1016/0165-2370(81)80023-X 

31. Van Krevelen, D. W. In Properties of Polymers: Correlations with Chemical Structure; 
Elsevier Pub. Co.: Amsterdam, 1972; p 427. 

32. Cheng, J.; Pan, Y.; Yao, Y.; Wang, X.; Pan, F.; Jiang, J. Mechanisms and Kinetics Studies 
on the Thermal Decomposition of Micron poly (Methyl Methacrylate) and Polystyrene. 
J. Loss Prevent. Process Ind.  2016,  40, 139–146. DOI: 10.1016/j.jlp.2015.12.017 

33.

Yildirim, Y.; Doğan, B.; Muğlali,  S.;  Saltan, F.; Özkan, M.; Akat, H. Synthesis, 
Characterization, and Thermal Degradation Kinetic of Polystyrene-g-Polycaprolactone. 
J. Appl. Polym. Sci. 2012,  126, 1236–1246. DOI: 10.1002/app.36888 

34. Lee, J. Y.; Liao, Y.; Nagahata, R.; Horiuchi, S. Effect of Metal Nanoparticles on Thermal 
Stabilization of Polymer/Metal Nanocomposites Prepared by a One-Step Dry Process. 
Polymer  2006,  47, 7970–7979. DOI: 10.1016/j.polymer.2006.09.034 

35. Alshabanat, M.; 
 Al-Arrash, A.; Mekhamer, W. Polystyrene/Montmorillonite 
Nanocomposites: Study of the Morphology and Effects of Sonication Time on Thermal 
Stability. J. Nanomat.  2013, 2013, 650725. DOI: 10.1155/2013/650725 

https://www.doi.org/10.1016/S0014-3057(98)00055-X
https://www.doi.org/10.1134/1.1435898
https://www.doi.org/10.1002/polb.21178
https://www.doi.org/10.1134/S0012501613040088
https://www.doi.org/10.1080/09500839.2018.1548786
https://www.doi.org/10.1007/s10973-005-0072-4
https://www.doi.org/10.1111/j.1365-2621.2002.tb10296.x
https://www.doi.org/10.1016/0165-2370(81)80023-X
https://www.doi.org/10.1016/j.jlp.2015.12.017
https://www.doi.org/10.1002/app.36888
https://www.doi.org/10.1016/j.polymer.2006.09.034
https://www.doi.org/10.1155/2013/650725


Environmental Technology and Sustainability: Physical, Chemical, and Biological Technologies for 
Environmental Protection. Tamara Tatrishvili, Ann Rose Abraham, & A. K. Haghi (Eds.)
© 2024 Apple Academic Press, Inc. Co-published with CRC Press (Taylor & Francis)

 

 
 
 

 

 

 
 

CHAPTER 2



Spiropyran-Doped Liquid Crystal Film
for the Monitoring of Human Ecology 
upon Exposure to UV Radiation: An
Environmentally Friendly Approach 

G. PETRIAHSVILI, L. DEVADZE, TS. ZURABISHVILI, 
N. SEPASHVILI, K. CHUBINIDZE, T. TATRISHVILI, T. BUKIA, 
E. KALANDIA, M. ARESHIDZE, L. SHARASHIDZE,


SH. AKHOBADZE, A. PETRIASHVILI, M. CHUBINIDZE,


V. KINKLADZE, and N. IMNAISHVILI



Institute of Cybernetics of Georgian Technical University, Tbilisi, Georgia 

Department of Polymer Materials, Tbilisi State University, Tbilisi, Georgia 

ABSTRACT 

(UV) or ultra-violet radiation is a kind of electromagnetic radiation that 
originated from the sun and artificial sources. UV radiation can harm the 
deoxyribonucleic acid or DNA (genes) in cells, which consecutively may 
lead to cancer. Almost all skin cancers are a result of exposure to ultra-violet 
radiation. We have developed a novel UV radiation dosimeter that allows 
a real-time estimation of the dose of harmful ultraviolet UV-A and UV-B 
radiations discharged by the sun and man-made sources. When exposed 
to ultra-violet radiation, our UV dosimeter visibly converts color from the 
starting yellow to blue to dark violet. The converted color corresponds to 
levels of accumulated UV radiation. 
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2.1 INTRODUCTION


Tracking down and monitoring of ultraviolet (UV) radiation are essential in 
many areas such as: 

• ultra-violet radiation  measuring, 
• monitoring of pollution, 
• purification of water, 
• medicine, 
• furnace control, 
• biological/chemical battlefield reagent detectors, 
• space-to-space communications, f 
• detection of flames, 
• ultra-violet astronomy, and  
• early missile threat warning. 

The ultraviolet (UV) region covers the wavelength range of 100–400 nm. 
This is divided into three bands as follows: 

Band 1: ultraviolet (C), UVC (100–280 nm), 
Band 2: ultraviolet (B), UVB (280–320 nm), and 
Band 3: ultraviolet (A), UVA (320–400 nm). 
As sunlight proceeds through the atmosphere, all ultraviolet (C), and 

approximately 90% of ultraviolet (B), radiation are absorbed by “ozone,” 
“water vapor,” “oxygen,” and “carbon dioxide.” Ultraviolet (A) radiation is 
much less influenced by the atmosphere. Therefore, the ultraviolet radiation 
reaching the Earth’s surface is to a great extent composed of ultraviolet (A), 
with a minor ultraviolet (B), component. It should be noted that exposure 
to ultraviolet radiation is involved in both unfavorable and favorable health 
outcomes. Nevertheless, constant human exposure to solar ultraviolet 
radiation could result in drastic and long-term health effects on the skin, 
eye, and immune system. Sunburn and tanning are the foremost critical 
effects of uncontrolled ultraviolet radiation exposure; in the long duration, 
ultraviolet radiation-associated degenerative changes in cells, fibrous tissue, 
and blood vessels lead to early skin aging. Ultraviolet radiation can also 
cause provocative reactions in the eye, such as photokeratitis. But according 
to published works indicated in Refs. [1,2], the most critical chronic effects 
include two major public health problems: skin cancers and cataracts. To be 
able to conduct research on such important environmental and health field, 
the accurate measurement and monitoring of ultraviolet radiation exposure 
dose are extremely important. Different measurement systems are available 
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to measure personal exposure to ultraviolet radiation doses and there are 
different types of ultraviolet radiation sensors in the market. All of these 
different measurement systems have their own features that have to be taken 
into account when choosing one of them for personal dosimetry and research 
studies. Electronic dosimeters can precisely measure ultraviolet radiation 
doses, can be obtained in watch-like designs, or can be provided like  data 
loggers. These are obviously attached to certain parts of the body such as the 
chest or the limbs. The other type is biological dosimeter, which in fact uses 
the germicidal effects of ultraviolet radiation on spores to be able to quantify 
ultraviolet exposure. These types of dosimeters only measure the progressive 
amount of ultraviolet exposure during the measurement period. It should be 
pointed out that these do not allow temporal resolution of measurement data. 
Therefore, a validity check of the captured measurement data, for example, 
in terms of perfect attachment to measurement sites, is not possible. Mean­
while, they are not sensitive to radiation with a wavelength greater than 340 
nm. This is in fact due to their material properties. And this means that the 
ultraviolet (A) radiation portion of the spectrum has to be deduced during 
a calibration process in contrast to the sun spectrum without awareness of 
the real exposure and the actinic fraction of the ultraviolet (A) radiation. 
In these systems, typical battery-powered electronics could easily promote 
wireless operation and digital data collection using photo-detectors and 
memory modules. This will help to reduce collective costs. Moreover, the 
limited endurance of the batteries along with their need for recharging and 
their sensitivity to water, heat, and other environmental conditions set-back 
practicability and this could end up to throw away the device.3–5 

The climate erythemal dose can be considered the “incident erythe­
mally weighted irradiance,” or it can de expressed as “the dose rate, on 
a horizontal surface over a specified period.” This is shown in Joules 
per square, that is, meter, J/m2, or mJ/cm2. The spectral sensitivity of 
this effect is homogenous to certain action spectra. As an example, we 
can mention the followings: 

•

 The “SER” or the erythemal weighting function; 
•

 The “SED” or analogous to the standard erythema dose; and 
•

 The “MED” or minimum erythema dose that are in common use for 

erythema. 

The erythemal weighting function resembles the ultraviolet radia­
tion erythema reaction of the skin and it is then applied to explain the 
spectral dependence of this effect. It should be noted that radiometers and 
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spectro-radiometers could be used to monitor ambient solar ultraviolet 
radiation. It should be pointed out that this equipment is not appropriate for 
monitoring the ultraviolet radiation of individuals, particularly at multiple 
sites over the body. This is due to their bulk and high cost. The most personal 
ultraviolet dosimeter extensively used over the past 45 years is: 

•

 The plastic films based on polysulphone, 
•

 The diazo systems, 
•

 The plastic films incorporating photosensitizing drugs, 
•

 The photosensitive papers, 
• The thermo-luminescent materials. 

However, they have some drawbacks and limitations, to name just a few: 

•

 Has limited sensitivity by covering just the ultraviolet (A), UVA 
(320–400 nm) and also the blue regions of the spectrum, 

•

 Are designed for single use only, 
• Will provide a semiquantitative estimate of exposure. 

In this work, we introduce a spiropyran (SP) doped liquid crystal polymer 
(SPLCP) film-based UVA + UVB reusable dosimeter, designed as a test card 
that allows a real-time estimation of the dose of harmful ultraviolet UV-A 
and UV-B irradiation. The operational principle of the dosimeter is based 
on the change of optical absorbance of the SPLCP film by exposure to UV 
radiation. In particular, upon exposure to UVA + UVB radiation, the SPLCP 
film-based dosimeter visibly changes color from the starting yellow to blue 
to dark violet. 

One of the best and remarkable examples of molecular switches is spiro­
pyrans (or SPs). This can be well observed in Figure 2.1. Their closed ring 

FIGURE 2.1
 Light-driven spiropyran to merocyanine conversion. 
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along with the hydrophobic isomer transforms into a highly polar and the 
open-ring (MC) or the merocyanine form upon exposure to ultraviolet light, 
and also the reverse reaction which can be induced by visible light or by 
heat. As mentioned in Ref. [6], spiropyrans have been extensively used due 
to their potential applications in equipment such as light-sensitive eyewear 
for information recording and processing including “3D” recording devices, 
optical memories, and spiropyran-based dynamic devices. 

2.2 SPLCP FILM PREPARATION


To fabricate an SPLCPfilm, commercially available and certified compounds 
were used: nematic matrix-BL-036, (from Merck), photochromic mate­
rial-1’, 3′, 3′-Trimethyl-6-nitro-1’, 3′-dihydrospiro [chromene-2, 2’-indole] 
(SP), and macro monomer Poly (vinyl alcohol) – PVA with an average 
molecular weight –Mw 85,000–124,000, 99 + % hydrolyzed (both from 
Sigma-Aldrich). An SP-doped LC mixture was prepared to mix the nematic 
LC and SP with the following concentration ratio in weight: 98% BL-036 
+ 2% SP. The thin film was prepared as follows: 1 g of the SP-doped CLC 
mixture was added to 10 mL of a 15-weight % PVA solution in distilled 
water. As the suitable emulsifying agent, 0.5 mL of icy acetic acid was 
doped into the mixture. The prepared composite was poured into a glass 
vial and stirred at 600 rpm for 30 min at 75°C. After this procedure, a 
creamy white emulsion was obtained. By controlling all stages of micro­
encapsulation, such as stirring speed, temperature, and concentration ratio 
of the constituents, we have obtained the microcapsules with the predict­
able sizes. To prepare a uniform film with the desired thickness a drop 
casting-spreading method was utilized. First, the prepared emulsion was 
let to degas for 0.5 h, and then it was dropped on the glass substrate treated 
with deionized water and spread homogeneously using a metal stripe. The 
prepared sample was stored for 48 h at room temperature. After the water 
evaporation, a film was detached carefully from the glass substrate. As 
a result, we obtained process-perfect, uniform elastic film, which meets 
the requirements for practical applications. Prepared SPCLC film contains 
phase-separated composites aggregated in the form of microcapsules with 
desired packages and spatial distributions. The microcapsules produced 
in such a manner tend to be uniform in size in a range from 10 to 15 
μm. The photo-switching behavior and absorption spectra of the mixtures 
were investigated with a UV/VIS Spectrometer (AvaSpec 2048, Avantes) 
at room temperature.7–9 
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2.3 EXPERIMENTAL 

The number of recording-erasing cycles, that a spiropyran (SP)-doped 
liquid crystal polymer (SPLCP) film can undergo, is a critical experimental 
parameter. For this reason we are obligated to consider the photostability 
over time while dealing with spiropyran (SP) photochromic dyes. To be 
able to carry out a study on the feasibility of repeated cycles, experiments 
on the fatigue resistance of spiropyran (SP)-doped liquid crystal polymer 
(SPLCP) films upon ultraviolet and visible light irradiation needed to 
be performed. At this stage, for a light-induced generation of MC, films 
(samples) were irradiated using a (100 W) mercury lamp HG 100 AS 
(Jelosil), with a (2800–400 nm) band-pass filter. Afterward, the reverse 
switching to the “non-colored” form was attained using the same light 
source with a (540–630 nm) band pass filter. Now, in a cycle, a system is 
transformed from the spiropyran configuration to the MC one and, then, 
back to the spiropyran form. If the degree of degradation in a cycle is x, 
there is no degraded fraction y after n cycles, and then we have y = (1− x)n. 
Now, this expression or very small x and very large n can be approximated 
as y ≈ 1− nx. The average measured reduction in absorption was found to 
be 0.08 (yield = 92%) after fifty cycles on spiropyran (SP)-doped liquid 
crystal polymer (SPLCP) film. This approximated value can be considered 
for the determination of the absorption and also to compare experimental 
results during 300 cycles. 

Next step is to optical measurements. Such measurements should be 
performed to compare the experimental results with the calculated absor­
bance as a function of the number of cycles. We have then set the exposure 
time for ultraviolet irradiations to 20 s. Meanwhile, the time is set on 20 s 
for the exposure time of the reverse switching. Instantly, we have performed 
the measurements after the irradiation. It is very important to consider 
the fact that the time interval between two cycles must be fixed to 2 min 
only. After the first 10 cycles, the efficiency can be found to be practically 
constant with no apparent hysteresis. Considering the fact that the linear 
estimation for the absorption approximates a more complex behavior. Now 
refer to Figure 2.2. As you can see from Figure 2.2, even after 300 erasing-
recording cycles, the absorption efficiency of the MC form is high. As a 
matter of fact, it is high enough to observe images with acceptable optical 
contrast. 
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FIGURE 2.2
 Absorbance of SPLCP film under recording-erasing cycles. 

The calibration of ultraviolate dose was taken into account by exposing 
a series of UVA + UVB irradiation. This is in fact due to differing exposures 
on a horizontal plane of SPLCP film. It is worth mentioning simultaneous 
measurements of the exposures observed with a Solar Light’s UV Minder 
Model 3D UV intensity radiometer. This device has been demonstrated in 
Figure 2.3. With this device we can accurately measure both ultraviolet (A), 
UVA (320–400 nm) and ultraviolet (B), UVB (280–320 nm) spectra (Fig. 
2.3). This device is capable of displaying the intensity of ultraviolet (B), 
UVB (280–320 nm). This device is also called Sun-burning ultraviolate 
“SUV” in minimal erythemal doses per hour (MED/h). This device will give 
the acceptable measurement ranges for sunburn potential. The ultraviolet 
(A), UVA (320–400 nm) detector measures ultraviolet intensity in the range 
between 320 and 400 nm, displaying ultraviolet (A), UVA (320–400 nm) 
irradiance in mW/cm2. The ultraviolet (A), UVA (320–400 nm) and SUV 
sensors are conveniently mounted on the top of the meter, making it easy 
to point the sensors at the target. The other important factor that should be 
considered is that the analog output can be provided at the bottom of the 
meter. This will easily allow the user to continuously monitor and record the 
intensity irradiated on the device active sensor. The 3D ultraviolet (B), UVB 
(280–320 nm), (SUV) sensor’s spectral response is 280–320 nm, while the 
ultraviolet (A), UVA (320–400 nm) sensor’s spectral response is 320–400 
nm. Typical applications include: 
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• SPF testing, 
• Environmental monitoring along with research and development, 
• Agricultural studies, 
• Dermatology, and 
• Cosmetics research and development. 

FIGURE 2.3
 UV minder model 3D. 

Nowadays, the basic consideration of dosimetry in skin photobiology lies 
in the fact that the potentiality of ultraviolet radiation to obtain erythema in 
human skin depends strongly on wavelength, encompassing a range of four 
orders of magnitude. This range is set between 280 nm and 400 nm. The 
erythema response to UV radiation exposure may be given or expressed as a 
function of either biological dose (MED) or physical dose (J/m2). When data 
are expressed as mJ/cm2 there is a clear difference between the skin types. 
However, when erythema is plotted as a function of MED, the apparent 
skin type difference disappears. Because the intensity of an ambient UV 
radiation varies by latitude and altitude, depends on season and time of day, 
and with cloud cover, ambient doses of UVA and UVB were recorded in 
Tbilisi (Georgia), with the next coordinates: Latitude-41.7151° N, Longi­
tude-44.8271° E. Time of measurement, from 10:00 a.m. to 4:00 p.m. The 
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weather—under the clear sky conditions. Measurements were carried out on 
19, 20, 21, 22, and 23 of June 2021. 

The SPLCP film, 3 × 1 cm in size, was exposed for intervals of 5, 10, 
15, and 20 s. For each of these experiments, the absorbance was measured 
pre-exposure and immediately post-exposure.  Curve 1, in Figure 2.4a, 
corresponds to the not-irradiated sample. From this figure we can observe 
a very small absorption at “585 nm,” which is related to a quite small quan­
tity of photoactive molecules in the MC form before irradiation. When the 
film is exposed to UVA + UVB light, the absorption peak at 585 nm grows, 
indicating the light-induced conversion of SP molecules into MC form. 
The curves in Figure 2.4b demonstrate the time depending reversible color 
changing of SPLCP film, upon exposure to solar radiation. 

FIGURE 2.4
 (a) Absorption dependence on the exposure time for an SPLCP film upon solar 
irradiation. Curve 1 corresponds to the absorption before UVA + UVB irradiation. Curves 
show the absorption peak after 5, 10, 15, and 20 s of exposure time, respectively. (b) Time 
depending reversible color changing of SPLCP film upon exposure to solar radiation.  

The solar radiation wavelength-dependent UVB intensity can be calcu­
lated as 
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where λ
m and λ
n are the starting and ending spectral points of the UVB spec­
trum. Integrating the solar UVB radiation over the time gives the cumulative 
exposed intensity on the SPLCP film, 
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where t0 corresponds to the SPLCP film conditions before the solar 
exposure, and tk is the maximum solar expose time. Similarly to the 
UVB spectrum, the solar radiation wavelength- dependent UVA inten­
sity can be calculated as 
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where λi and λj are the starting and ending spectral points of the UVA spec­
trum. As in the case of UVB exposure, integrating the solar UVA radiation 
over the time gives the cumulative exposed intensity on the SPLCP film, 
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Summing the intensity of UVB and UVA radiations, we get the total solar 
exposure on the SPLCP film, 
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Using eq 2.5, we have calculated the total energy absorbed by 
SPLCP film, expressed in mJ/cm2 units upon 5, 10, 15, and 20 s of solar 
exposure times. 

To enhance the precision of the obtained results, we averaged the 
measurements based on day-to-day experiments, using eq 2.5, 

M



IUVA B, ( , 
 )t
A =
 IUVA
 t
A +
IUVB
( , 
 ) /t
A
 N
+
 IUVA
( , 
 ) +
IUVB
L L
 ( , ) 
 L
 t
A
 ( , )t
A
 //M
 (2.6)
N N
 M


where N is the number of days and M is the number of experiments per day. 
The images of the SPLCP film captured with a digital camera were quantita­
tively analyzed to determine the change in color tones and, with appropriate 
calibration, the exposure dose. Table 2.1 shows the variation of color tonality 
immediately after UVA + UVB exposure for 5, 10, 15, and 20 s at intensities 
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of 25, 50, 75, and 100 mJ/cm2. The increase of the UVA + UVB intensity 
results in increases in the SPLCP film coloration. Return to a colorless state 
occurs spontaneously after the removal of solar UVA + UVB light. 

TABLE 2.1 The Variation of Color Tonality Immediately after UVA + UVB Exposure for 
5, 10, 15, and 20 s. 

Exposure time, s Exposed energy mJ/cm2 Color tonality Exposure category 

0 0 mJ/cm2 Low 

5 25 mJ/cm2 Moderate 

10 50 mJ/cm2 High 

15 75 mJ/cm2 Very high 

20 100 mJ/cm2 Extreme 

Finally, we have fabricated the UVA + UVB dosimeter, designed as 
the laminated card, which allows users to estimate the harmful UV 
radiation by visually monitoring of color tonality variation of the UV-
sensitive SPLCP film glued onto the card (Figure 2.5). 

FIGURE 2.5
 Reusable personal UV dosimeter before exposure to solar UVA + UVB 
radiation (a) and after 20 s of exposure to solar UVA + UVB radiation. 
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2.4 CONCLUSION


In summary, we have developed a low-cost, wireless, reusable UVA 
+ UVB dosimeter based on spiropyran-doped liquid crystal polymer 
film. The proposed dosimeter enables users to control a skin sunburn level 
caused by UVA and UVB lights from the sun and artificial sources and visu­
ally monitors how much harmful radiation has been delivered to a surface. 
The fabricated UVA UVB dosimeter is environmentally safe, exhibits 
excellent photochromic properties, improved photosensitivity, and has 
a high spatial resolution. It can be efficiently reused over 300 cycles 
without compromising its readability. A comparative coloring scale 
enables the user to integrate the measured UV dose in mJ/cm². In 
addition, the proposed material holds promise for the realization of 
mechanically flexible, environment-friendly, lightweight, large-area 
photo-chromic devices that can be fabricated by room-temperature 
solution processing. 
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ABSTRACT 

The solid industrial and household polymer wastes create an extremely 
hazardous ecological situation in the environment. Such polymer wastes do 
not degrade for many years, and once getting into nature, they create big 
environmental problems. Therefore, their utilization is very important. 

Based on the scientific and practical studies, it has been established that 
household and industrial polymer wastes can be successfully used to obtain 
a targeted, competitive, and inexpensive household product. 

This chapter proposes the technology of making polymer composites 
based on secondary polyethylene and the minerals scattering in Georgia 
(andesite from Bakuriani, Sachkhere quartz sand, and Okami slag). 

Several important and remarkable mechanical and physical properties 
are studied in this chapter. We have studied absorption of water along with 
thermal stability as well. It is observed that the amount of optimum strength 
and the value of the thermal stability of the composites depend on the type 
of the filler and the concentration of the filler. In this research, the fillers 
used were modified by tetraethoxysilane into the composites that lead to 
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enhancing of the physical properties of the materials due to creation of the 
buffer zone between polymer matrix and filler particles. 

The polymer composites on the basis of secondary polyethylene and the 
minerals spread in Georgia (andesite from Bakuriani, Sachkhere quartz sand, 
and Okami slag) have been obtained. 

It was concluded that composites consisting of binary fillers, diatomite 
and andesite at precise ratios, are characterized by the so-called synergistic 
effect acquiring the maximal physical or chemical properties of composites 
at definite proportions of the ingredients. 

3.1 INTRODUCTION


Ecological protection of the environment and the usage of industrial wastes 
are considered as very important and actual problems today. The solid indus­
trial and household polymer wastes create an extremely hazardous ecological 
situation in the environment. Such polymer wastes do not degrade for many 
years, and once getting into nature, they create big environmental problems. 
Therefore, their utilization is very important. 

From the scientific and published research works, it is concluded that 
if the quality improvement of the composites could be based on secondary 
thermoplastic materials, about 40% of the primary ores can be spared. In 
such process, different types of fillers can be handled, including natural or 
dispersive along with the artificial fiber fillers. In the secondary polymer 
composites, we can consider application of the industrial technological 
wastes. Such wastes can be obtained from industrial sectors, from paring to 
the injecting process in the molding heads. It is quite important to consider 
the fact that the percent of such wastes can vary from 10 to 60%. According 
to most recent research works, polyethylene could be considered as the 
most widely spread polymer that has desirable engineering properties and 
low cost.1–4 In this chapter, we have used the polyethylene industrial wastes 
(high-pressure) as binders. 

3.2 EXPERIMENTAL METHOD 

Fine dispersive powders were obtained from polyethylene domestics bags. 
These bags were made of high-pressure polyethylene with low density. The 
fillers used for the composites were of three different types of minerals with 



 

 

 

 

 

 

 

 

 

 
 

53 High-Performance Polymer Composites 

various ranges of concentrations (viz., Bakuriani andesite, Sachkhere quartz 
sand, and Okami slag). 

We have used the fine dispersive powders obtained as a result of the 
grinding of different polyethylene bags for domestic use. Most of them are 
made from polyethylene of high pressure (with low density). The three types 
of minerals, Bakuriani andesite, Sachkhere quartz sand, and Okami slag, 
were used as composite fillers with a wide range of concentrations. 

3.3 EXPERIMENTAL PROCEDURE


1.

 We determined dependence of material properties on the type and 
concentration of fillers. 

2.

 Mineral powders with concentrations of 20–60 wt% were selected 
as composite fillers. 

3.

 Composite ingredients were mixed in the propeller mill for about 
2–3 min. 

4.

 Mixing process of the polymers and different fillers continued until 
we could obtain a very uniform powder for our experimental work. 

5.

 The drying process was completed at 50–70°C, and the pressing 
approached using rectangular as well as cylindrical press forms (in 
standard conditions). 

6.

 The samples were prepared after pressing at 8–10 MPa considering 
temperature of 140–150°C for 10–15 min. 

7.

 Compressive strength along with mechanical properties of samples 
was measured. 

8.

 Water absorption was determined separately. 
9.

 Thermal stability of samples was measured as well. 

3.4 RESULTS AND DISCUSSION


The different physical and mechanical properties of the composites based on 
PE are presented in Figures 3.1–3.3. 
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FIGURE 3.1
 Dependence of the ultimate compressive strength of the PE on the filler 
concentration (refer to 1,2,3). 

1: Quartz sand 
2: Slam 
3: Andesite 

FIGURE 3.2
 Dependence of the optimum bending strength of composites 
on the filler concentration with 

1: Andesite 
2: Slam 
3: Quartz sand. 
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FIGURE 3.3
 Dependence of impact viscosity for targeted composites containing andesite 
(1), slam (2), and quartz sand (3) on the filler concentration. 

We have now shown a clear variation in the dependence of the compos­
ite’s mechanical strength on the filler concentration at: 

• Compression stage (please refer to Fig. 3.1), 
• Bending stage (please refer to Fig. 3.2), and 
• Impact viscosity (please refer to Fig. 3.3). 

If we look attentively at the dependences shown in the above three 
figures, we can better understand the differences among the corresponding 
curves. These differences can be realized by different levels of interaction 
intensity between polymer matrices and the filler particles. 

We have now noticed that the most important effect on the mechanical 
characteristics has to be due to the microstructure of the filler particles. In 
this regard, “the higher surface filler particles result in higher interphase 
square.” Consequently, we do expect to have the adhesive forces between 
polymer matrix and filler particles. Meanwhile, the actual active chemical 
groups on the surface of filler particles obviously can have positive effects 
on the composite due to formation of covalent bonds between the phases. 
Therefore, it can be concluded that the mineral andesite particle surfaces 
could be characterized by relatively nonhomogeneous surface structure and 
roughness on the surface of which some active chemical groups are displaced. 

It should be noted that the difference between curves is because of 
different types of filler. It is important to consider the fact that this difference 
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should be expressed based on the character of particles surface profile (i.e., 
partially surface smoothness). Meanwhile, the particles with deep irregulari­
ties contribute to the penetration of the polymer segments into the micro-
pores of filler particles and the formation of engagements. In such a manner, 
physical bonds are formed (i.e., formation of Van der Waals bonds) that will 
cause mechanical strength increment for the composite. However, we should 
also consider the possibility of formation of chemical bonds between active 
chemical groups on the filler surface and macromolecules. This will cause 
incremental strength in the composite. 

In Figure 3.4, the dependence character also appears in the properties of 
thermal stability (Fig. 3.4), namely, the lower the significance of the maximal 
deepening of the indentor in the sample (measured by the Vicate method), 
the higher the thermal stability of the composite. 

FIGURE 3.4
 Composite softening dependence (measured by Vicate method) of the PE 
composites containing quartz sand (1), slam (2), and andesite (3) on the filler concentration. 

From Figure 3.4, we can observe that the thermal stabilities of investi­
gated materials fully correspond to their mechanical properties, and therefore 
the character of this parameter may be expressed in the same terms as in case 
of mechanical properties. 

It is known that in some cases, the physical properties of composites 
may be increased by the use of binary fillers.5 With this objective, we have 
prepared the composites based on PE and the abovementioned binary fillers, 
whose concentrations were varied in two groups of sum concentrations: 40 
wt% and 50 wt%. 



 

 

 TABLE 3.1
 Composites Properties Based on PP and Binary Fillers. 

Filler Impact Ultimate strength Ultimate strength Thermal 
(proportion of the fillers viscosity, at binding, at compression, stability,  °C 
in composite) kJ/M2 MPa MPa (by Vicate) 
Slam 7.0 41.5 62.3 160 
Andesite 6.0 46.8 65.1 165 
Quartz sand 5.1 45.5 60.4 180 
Slam/andesite (2/3) 8.2 50.5 70.0 185 
Slam/quartz sand (1/1) 7.7 56.6 69.5 201 
Quartz sand/andesite (2/3) 7.8 54.2 80.1 196 
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Based on the experimental data on determination of the dependence of 
ultimate strengthening of composites with various proportions of the fillers, 
the obtained curves are characterized by maximums. 

FIGURE 3.5 Dependence of the composite ultimate strength (at compression) of the PE 
composites on the binary filler (quartz sand + slam) at the filler sum concentrations 50 wt% 
(1) and 40 wt% (2). On the x-axis, the concentration of the filler sum. 

From Figure 3.5, we can observe that the maximum ultimate strength 
appears for composites containing the fillers slam and quartz sand with a 
proportion of 30/70 (please see curve 1), when the sum of the fillers is the 
same as 40/60, and when the sum of the fillers is 40 wt%. The maximums 
on the curves correspond to the so-called synergistic effect, a nonadditive 
improvement of the material properties at a definite proportion of ingredients 
in the binary filler.6,7 
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In Table 3.1, the numerical data of some physical–mechanical properties of 
the composites with binary fillers are presented. A comparison of the numerical 
data of dependences determined for composites containing binary fillers and 
composites with one filler is done. It is observed that by combination of the 
fillers, it is possible to augment the mechanical properties of the composites. 

In order to improve the targeted properties of our composites, a structural 
modifier of type tetraethoxysilane (TEOS) was used (it must be noted that 
early this substance gave essential effect in the composites based on epoxy 
resin8). This modifier was introduced into the composite with amount 5 
wt%. It was then added in the toluene to obtain a uniform solution that was 
evaporated after a definite time. 

TABLE 3.2
 Technical Characteristics and Properties of the Composites.a 

# Filler Specific weight, Impact Ultimate strength Ultimate strength Thermal 
kg/m3 viscosity, at binding, MPa at compression, stability, °C 

kJ/M2 MPa (by Vicate) 
1 Slam 1082 (1174) 7.5(7.0) 63.9 (62.3) 43.8 (41.5) 170 (160) 
2 Quartz sand 1115 (1242) 5.0 (5.0) 58.0 (60.4) 51.3 (45.5) 200 (180) 
3 Andesite 1183 (1180) 6.0 (6.0) 53.7 (65.1) 30.5 (46.8) 160 (150) 

aModified by TEOS fillers (in brackets corresponding characteristics for analogues with un­
modified fillers shown). 

Table 3.2 shows engineering properties of the composites studied in this 
chapter. These composites are modified and unmodified by tetraethoxysi­
lane fillers. From Table 3.2, we can observe that the effect of a modifier on 
mechanical characteristics of the samples is relatively weak. Meanwhile, the 
effect of a modifier on the thermal stability of composites should be noted as 
well. This parameter increases by 10–20°C. 

Thus, the protecting role of silicone organic compounds is quite clear. 
According to the results obtained on hydrophobic properties of the compos­
ites, it is concluded that the water absorption by composites is rather low (i.e., 
no more than 1.5%). This means the microstructure of the composites contains 
a rather low amount of structural defects (such as partial voids, cracks, etc.). 

3.5 CONCLUSIONS


1.

 Polymer composites can be prepared based on industrial and 
domestic wastes of PE. 
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2.

 Experimental results show that the physical, mechanical, and thermal 
properties depend on the type and concentration of the fillers. 

3.

 In case of the composites containing binary fillers, the ideal propor­
tion of the fillers in the blend is found. This ensures that some 
physical properties will improve for composites containing one type 
of filler from the binary blend. 

4.

 The composites of PE containing tetraethoxysilane-modified fillers 
differ from the analogues with unmodified fillers by improved tech­
nical characteristics. 

5.

 Water absorption by composites is rather low (no more than 1.5%). 
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ABSTRACT 

Antibiotics are indispensable and being used by a large group of humans, 
animals, and  pharmaceutical sectors for the treatment of different bacte­
rial diseases. Due to the daily increase of residual antibiotics occurrence in 
our living environment, many scientists are doing research studies for the 
removal of such pollutants from wastewaters. Nowadays, for the human 
safety and to live in a cleaner environmental, we need to pay a special atten­
tion to minimize the water pollution due to the extensive use of antibiotics. 
Antibiotics residues in the wastewater, even in very small amounts, can easily 
cause resistance in bacterial populations. This will of course  automatically 
reduce their therapeutic effectiveness against infectious diseases. It is neces­
sary to point out the fact that around 30–90% of antibiotic dose can remain 
undegradable in the human or animal body which greatly discharged as an 
active compound. In our living environment, the elimination of imperfectly 
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metabolized antibiotics by humans and animals should be considered as 
the primary source of antibiotic residues. Other origins are the transfer of 
unwanted or unused antibiotics from pharmaceutical industrial sectors. It is 
worth mentioning that the detection of antibiotics traces in drinking water, 
surface and ground water, and  hospital wastewater, etc. has been reported in 
many research studies. For this reason, it is vital to increase global research 
studies into efficient and effective processes for removing antibiotics from 
the our living environment. 

Nowadays, one of the most popular techniques are “adsorption.” This 
popular technique  is one of the most utilized methods which has great 
advantages as well. To highlight these advantages we can consider simple 
design with very low cost, the unique properties of flexibility, smooth opera­
tion, effectiveness, superior performance, relatively simple regeneration, 
and the robustness for consecutive cycles. Adsorbents aimed at reducing 
environmental risk, reducing energy intensity of processes, refusal of special 
sorbents, etc. should be attributed to compliance with the principles of “green 
economy.” This approach implies a high degree of minimization of expenses 
during water purification from toxic and harmful components. The economic 
aspects of this process play a very relevant role, allowing the purification and 
additional treatment of wastewater, thus decreasing the anthropogenic load 
on water bodies. 

This book chapter is the first case in our studies where the adsorptive 
removal of the most commonly used and the poorly metabolized antibiotics 
by humans and animals fluoroquinolone antibiotic namely moxifloxacin 
HCl, norfloxacinfrom, and β-lactam broad-spectrum cephalosporin antibi­
otic namely ceftriaxone from aqueous solutions as a model of wastewaters 
by natural zeolites – clinoptilolite, mordenite from the local region, Georgia 
and their acid-modified H-forms has been studied under static and dynamic 
conditions. We have used  our particular designed laboratory for  considering 
the adsorption under dynamic conditions. These devices are designed as 
dynamic-type equipment with fixed bed adsorption glass column packed by 
zeolite adsorbent and chromatography pump. To measure adsorption process 
and control the above-mentioned pharmaceutical pollutants in the influent 
and effluent test solutions, new, rapid, and selective HPLC analytical proce­
dures were developed and validated with respect to the validation param­
eters: robustness, system suitability test (SST), specificity, linearity-range, 
accuracy, precision, and sensitivity. The upgraded curves for the adsorption 
of each antibiotic on the selected zeolite adsorbents in terms of the [(effluent)/ 
(influen)] concentrations ratio were investigated by carrying out a set of 
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fixed bed experiments at constant temperature. Considering “Langmuir and 
Freundlich” isotherm models, the adsorptive removal of antibiotics mecha­
nism and the interaction of zeolite adsorbent with antibiotic was described 
(by the adsorption isotherms). The results of the adsorption study in static 
conditions show that the Langmuir isotherm model is a powerful tool to 
interpret the adsorption process. It should be noted that the  adsorption is 
driven by the formation of antibiotic monolayer on the adsorbent surfaces 
as well. So as a result, in such a case, the adsorption mechanism is mainly 
composed of electrostatic interaction between the adsorbent surface and the 
adsorbate. 

Our experimental results in this work show that the selected natural 
zeolites— clinoptilolite, mordenite, and their acid-modified H-forms with 
hydrophilic pores have a higher affinity for adsorbing antibiotics in aqueous 
solution. From the experimental data it is observed  that the following three 
factors, namely: 

•

 high value of the volumetric flow rate, 
•

 the inlet concentration of the antibiotic solution, and 
•

 the pH value accelerate breakthrough of adsorbates and correspond­

ingly reduce the adsorption capacities. 

We need to point out that the “capacities of moxifloxacin HCl,” “norflox­
acin,” and “ceftriaxone adsorption” are highly dependent on the volumetric 
flow rate and the inlet concentration of the antibiotic solution. The value 
of pH does not have a significant influence on the adsorption process. The 
removal efficiency increased with a decrease in the concentration of each 
antibiotic solution. The amount of antibiotic adsorbed per unit mass of 
zeolite is a function of the contact time of each adsorbate with adsorbent, 
the structure, the molecular weight, and the concentration of antibiotic solu­
tion. The greatest static adsorption capacities were obtained at low initial 
concentration of influent solution for all the adsorbents (the highest dynamic 
adsorption capacities at low flow rate of each influent solution). According 
to the current adsorption research studies and method validation the labora­
tory adsorption method combined with analytical HPLC procedures was 
developed and standardized to remove the mentioned antibiotic residues 
from wastewaters and control routinely the concentration of each antibiotic 
pollutant in influent/effluent streams. 

Thus, this book chapter indicates that natural zeolites—clinoptilolite 
and mordenite from Georgia are efficient, eco-friendly, alternative, and 
competitive adsorbents in terms of low cost, shape selectivity along with the 
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adsorption effectiveness for the removal of the commonly used fluoroquino­
lone and cephalosporin antibiotics from wastewaters. 

4.1 INTRODUCTION


Water resources are of great importance for ensuring the living conditions 
of the population, normal functioning of the economy, and the preservation 
of the environment. Providing water to the population, industry, energy, and 
agriculture is a priority for all countries, including Georgia.1 In addition, 
surface water pollution issues are part of Georgia’s National Environmental 
Action Program. 

Georgia’s European policy commitments include: developing basic legis­
lation and basic procedures, as well as improving the cross-border approach 
and active participation.2 

Recently, Governments and scientists have expressed concern about the 
effects of chemicals in the environment (in water) on humans and animals. 
Antibiotics are problematic in this regard. Due to the extensive use of 
antibiotics,3 the development of residual antibiotics in the environment is 
enhanced on daily basis. They can be disposed into our  living environment 
in several different ways (please refer to Fig. 4.1).4 

FIGURE 4.1
 The existence of antibiotics in our living environment. 

About 30–90% of the given antibiotic dose according to the results 
reported in Ref. [5] could remain undegradable in the animal and human 
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body. This is highly discharged as an active compound.5 The excretion of 
poorly metabolized antibiotics is the main source of antibiotics in the envi­
ronment. Other origins are the disposal of unutilized or undesired antibiotics 
from pharmaceutical industrial processes.6,7 Many research studies observed 
that antibiotics are noticed in our drinking water, ground water, surface 
water, and  hospital wastewater (please refer to Ref. [3] and [8]). In water 
systems, the recognized antibiotic concentrations were not at low levels 
(at μg/L level) in hospital effluent and wastewater. The detected antibiotic 
concentrations were low over a wide range from ng/L to μg/L in various 
surface and ground waters. The detection of antibiotics in sediments was 
low to medium at μg/kg level (as reported in Ref. [9]). As a matter of fact, 
antibiotics in hospital effluent and wastewater treatment plants impact are 
not relatively low compared with different locations. Nowadays, antibiotics 
have been classified as a critical risk group. This is mainly due to their high 
toxicity to algae and bacteria at low concentrations and their capability to 
cause resistance throughout the natural bacterial population.8 As indicated 
in Ref. [4], it is very important to emphasize that the antibiotics in (surface 
water) show the potential to disrupt bacteria cycles and processes critical to 
agriculture (soil fertility) and animal production (rudimentary processes) or 
to water ecology (nitrification and denitrification). 

It should be noted that the quinolone antibiotics are synthetic antibac­
terial drugs with a 4-quinolone basic structure. This in fact slows down 
bacterial DNA gyrase and could give rise to cells to stop dividing. And it 
will cause irreversible damage to bacteria. According to Ref. [10] the utmost 
frequently used quinolones comprehend a new series of quinolones called 
FQ or (fluoroquinolone) antibiotics. Meanwhile, Moxifloxacin HCl and 
norfloxacin related to the fluoroquinolone antibiotics family. The presence 
of fluoroquinolone residues in effluents from pharmaceutical sectors and 
households along with hospitals is an important source of critical and chronic 
toxicity, besides the importance of resistant bacteria. Accordingly, removal 
of fluoroquinolone residues from the environment is a critical problem.4,11 

“Ceftriaxone” as ceftriaxone sodium is a broad-spectrum third-generation 
semisynthetic cephalosporin antibiotic. According to Refs. [12] and [13] 
ceftriaxone has a lengthy half-life in comparison to other cephalosporins. 

In Table 4.1 we have shown the structure and main physicochemical 
properties, along with the concentrations of moxifloxacin HCl, norfloxacin, 
and ceftriaxon in different environmental compartments.4,14,15–20 

For the treatment of residual antibiotics different methods have been devel­
oped. This includes adsorption by activated carbons, ultraviolet irradiation, 



  TABLE 4.1
 The Structure and Main Physicochemical Properties of Antibiotics and Their Content in Surface Water.

Compound

 Moxifloxacin Norfloxacin Ceftriaxone 
Molecular formula

 ‎C H FN O C H FN O C H N O S 21 24 3 4

 16 18 3 3 18 18 8 7 3 

CAS number 354812-41-2 70458-96-7 73384-59-5 
Abbreviation MOX NOR CEF 
Molecular structure

Molecular weight, g/mol

 401.438 319.331 554.57 
The acid dissociation pKa1 = 6.43, pKa2 = 10.63 pKa1 = 0.16, pKa2 = 8.68 pKa1 = 1.72, pKa2 = 3.15, pKa3 = 4.34
constants, pKa
Chemical name

 (4aS-cis)-1-Cyclopropyl-6- 1,4-Dihydro-1-ethyl- (6R,7R)-7-{[(2Z)-2-(2-amino-1,3-thiazol-4-yl)­

fluoro-1,4-dihydro-8-methoxy- 6-fluoro-4-oxo-7- >2-(methoxyimino)acetyl]amino}-3-{[(2-methyl­
7-(octahydro-6H-pyrrolol[3,4-b] (1-piperazinyl)-3- 5,6-dioxo-1,2,5,6-tetrahydro-1,2,4-triazin-3-yl)
pyridin-6-yl)-4-oxo-3- quinolinecarboxylic acid thio]methyl}-8-oxo-5-thia-1-azabicyclo[4.2.0]
quinolinecarboxylic acid oct-2-ene-2-carboxylic acid

Water solubility,
 1.15–5 0.45–161 0.123 
mg/mL at 25°C and pH 
5–7.5
Concentration in surface 0.006–0.017 0.0023–0.12 59.5 
water, µg/L 
Toxicity, oral LD50 (rat), 
 1.32 4 10 
g/kg 
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(NF) or nano-filtration, (RO) or reverse-osmosis ozonation, chlorination, 
filtration, and other materials.21 Based on the published research work22 the 
conventional biological processes (such as wastewater treatment plants) cannot 
remove antibiotic pollutants. Several methods have been used for treatment of 
antibiotic-rich effluents such as electrochemical oxidation,23 biodegradation,24 

photodegradation,12,25 catalytic degradation,26,27 micro-extraction,28 oxidation 
(catalytic degradation),29 and adsorption.4,30,31 It has been shown that adsorption 
is an effective, simple, and economical method to remove antibiotic pollutants 
at low concentration from waters.14,16,25,32–34 Recently, many studies focused on 
antibiotics adsorption by porous materials, such as zeolites.35,36 

For the removal of a broad range of antibiotic pollutants,  adsorption is 
the extensively used technique because of its easy operation, simple design, 
and somewhat simple regeneration. Adsorption systems aimed at reducing 
environmental risk, reducing energy intensity of processes, refusal of special 
sorbents, etc., should be attributed to compliance with the principles of 
“green economy.” This approach implies a high degree of minimization 
of expenses during water purification from toxic and harmful components. 
The economic aspects of this process play a very relevant role, allowing 
the purification and additional treatment of wastewater, thus reducing the 
anthropogenic load on water bodies. Adsorption characterizes with low 
cost and no by-product formation, and thus is being considered an effec­
tive way to remove antibiotics in water. This method is a well-controlled 
process that allows removing various contaminants up to almost any 
residual concentration, regardless of the chemical stability of pollutants, 
the absence of secondary contaminants, and the cost efficiency associated 
with the repeated use of the adsorbent.37 Clearly,  there is always a need 
for low-cost effective adsorbents for the removal of antibiotics from 
various contaminated  media. While considering the protection of our 
living environment, the utmost and perspective direction of use of natural 
zeolites is their use for conditioning of potable water, treatment of domestic, 
industrial, and agricultural wastes from ammonia nitrogen, oil products, and 
toxic ions of non-ferrous and heavy metals.38 The researches have shown 
that zeolite-containing rocks possess a unique spectrum of physicochemical, 
adsorption, and ion-exchange properties, due to which they find wide appli­
cations in practice of wastewaters treatment. Adsorption of antibiotics on 
activated carbons and other adsorbents including zeolites has been explained 
in many studies,32,39–43 but the possibility of adsorption of moxifloxacin HCl, 
norfloxacin, and ceftriaxone on natural zeolite for wastewater treatment has 
not been addressed by researchers. 
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At present, 15 varieties of zeolite minerals have been identified in 
Georgia, but among them industrial significance may have only: analcime, 
clinoptilolite-heulandite, phillipsite, laumontite, and mordenite. The pres­
ence of large reserves of natural zeolites in Georgia contributed to the 
study of adsorption properties of both initial and nano-modified samples 
to create adsorption materials effective for the extraction and removal of 
pharmaceutical ingredients. Their complex evaluation allows us to fully use 
the mineral wealth and to increase their investment attractiveness.44 Natural 
zeolites as hydrated aluminosilicates characterized by high surface area and 
leading cation exchange capacities can be presumably used to remove some 
antibiotics with actual charged moieties through cation exchange.13,45,46 

The objective of the present book chapter is to describe research study 
carried out by authors during the last 3 years4,46,47 regarding the investigation 
of adsorption and the possibility of adsorptive removal of the most commonly 
used and the poorly metabolized antibiotics FQs namely moxifloxacin 
HCl, norfloxacinfrom, and β-lactam broad-spectrum cephalosporin namely 
ceftriaxone from aqueous solution as a model of wastewater by natural 
zeolites—clinoptilolite, mordenite from the local regions, Georgia and their 
acid-modified H-forms. To study adsorption on the above-mentioned test 
natural zeolites and control each pollutant in test aqueous solutions during 
the adsorption experiment, it has been developed and validated new, selec­
tive, and sensitive analytical methods for quantitative determination of each 
antibiotic compound. A literature review revealed that various analytical 
HPLC methods for the quantitative determination of moxifloxacin HCl, 
norfloxacin, and ceftriaxon have been reported in several papers and phar­
macopeias,47 but adequate and suitable HPLC methods with method valida­
tion data in support of investigation of adsorption process for the quantitative 
determination of the above-mentioned antibiotics at very low concentration 
level in aqueous solutions were not found. 

The present study is the first case where adsorptive removal of moxiflox­
acin HCl, norfloxacin, and ceftriaxone has been investigated using natural 
zeolite as a cheap adsorbent with simple treatments and to demonstrate that 
natural zeolite is a potential adsorbent of antibiotic removal of wastewaters. 

4.2 EXPERIMENTAL


4.2.1 PREPARATION OF ADSORBENTS 

Local natural zeolite with a zeolite phase content of 55–65%—clinoptilolite 
((Ca, Na2,K2)3Al6 •24H2O) was obtained from the Khandaki region Si30O72
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of Kartli, Georgia, natural mordenite (Ca, Na , K )Al Si O . •7H O) with a2 2 2 10 24 2
zeolite phase content of 50–60% from the Bolnisi-Ratevani region (Georgia). 
To obtain a modified H-form, clinoptilolite and mordenite were treated with 
an acidic solution (2N, 5N, and 10N HCl solution). The high value of the 
silicate module (Si/Al) determines the high thermal- and acid-resistance of 
the mineral.4,46 Both obtained adsorbents were separated into fractions with 
a particle size of 0.5–1 mm. 

4.2.2 INSTRUMENTATION 

For the study of adsorption dynamic process there was used the specially 
constructed laboratory dynamic type equipment with fixed bed adsorption 
glass column and high-pressure pump at constant temperature of 20°C. The 
equipment consists of three parts in dynamic condition through the prepared 
zeolite samples placed in a glass adsorption column; the antibiotic test 
solution at different concentrations was passed. The experiment was carried 
out with different liquid flow rates. The scheme of this equipment is given 
in Figure 4.2.4,46 The concentration of each test adsorbate in influent and 
effluent stream was determined using HPLC methods. 

FIGURE 4.2
 The laboratory dynamic type equipment for adsorption study. 

The chromatographic analysis was carried out using LC-20AD Promi­
nence Shimadzu HPLC System (Japan). Meanwhile, the HPLC grade water 
was prepared using Milli Q Advantage A10 purification system (France). 
Analytical balance ALX-210 (USA) and Hanna Instruments HI 2211 
pH-meter (USA) were considered for standard preparation of  sample. 
Infrared (IR) spectroscopic analysis was performed using Agilent Cary 630 
Fourier Transform Infrared (FTIR) Spectroscopy (USA). The IR spectra of 
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the zeolite were recorded in the region of vibrations of the aluminosilicate 
framework of the middle and far regions. “XRD” or  X-ray diffraction 
analysis was carried out by X-ray diffractometer - Drone-4 (Russia). The 
X-ray diffractometer connected to a personal computer via the USB port 
multimeter AX-18B and the corresponding PC software-PC-Link, which 
allows the processing of experimental data in Excel format. All the measuring 
equipment were properly calibrated. 

4.2.3 ANALYTICAL HPLC METHODS 

HPLC analytical methods for the quantitative determination of MOX HCl, 
NOR, and CEF in test aqueous solutions were developed using HPLC 
columns—Agilent SB-C18 4.6 × 250 mm, 5 µm (USA). For the MOX 
determination a mixture of buffer pH 2.5 ± 0.1 and ACN 60:40 v/v, for NOR 
determination—a mixture of buffer–orthophosphoric acid solution (1:1000) 
and ACN 85:15 v/v; for CEF determination—a mixture of phosphate buffer 
pH 7 ± 0.1 (potassium hydrophosphate and potassium dihydrophosphate 
solution), citrate buffer pH 5 ± 0.1  (citric acid monohydrate and sodium 
citrate), and ACN 35:15:50 v/v were used as a mobile phase (MP) with 
isocratic elution. The flow rate of MP was 1.0 mL/min. The detector 
wavelengths were 293, 275, and 270 nm for MOX HCl, NOR, and CEF 
determinations, respectively. The injected volume was 20 µL. The column 
temperature was maintained at 40°C for MOX and NOR determinations, and 
at 25°С for CEF determination. The MP was used as a diluent for standard 
preparation by the following procedure: 20 mg of the analytical standard 
of each antibiotic compound was weighed and transferred to a 20-mL 
volumetric flask, dissolved in 15 mL of diluent and then diluted to volume 
with the same diluent, mixed well (standard stock solution – 1 mg/mL). 
The obtained solution was filtered through 0.45-µm polyvinylidene fluoride 
(PVDF) membrane syringe filter and 1 mL of this solution was transferred to 
10 mL volumetric flask, diluted to volume with purified water, mixed well 
(0.1 mg/mL). 

The developed HPLC methods were validated with respect to robustness 
(standard solution stability, PVDF membrane filter compatibility test, critical 
factors effect study using design of experiments—DoE) system suitability 
test (SST), specificity, linearity-range, accuracy, precision, limits of detec­
tion (LOD), and quantitation (LOQ) according to methodologies17–19 and 
ICH Q2 guideline requirements.20 Microsoft Excel was used for statistical 
assessment and graphical analysis. 



 

  

 

  

71 Removal of Some Frequently Used Antibiotics from Wastewaters 

4.2.4 ADSORPTION EXPERIMENT 

For adsorption study the test stock solutions (adsorbate influent solution) 
from 0.2 mg/mL to 2.0 mg/mL concentration of each antibiotic were prepared 
by dissolving analytical standards in purified water. The effluent test solu­
tions were diluted in the same way as the last step of dilution of standard 
preparation. The initial pH value of test solution was adjusted by adding 0.1 
N NaOH and HCl solution. 

To study adsorption by the static method, 0.2 g of zeolitic adsorbent was 
transferred to 50-mL Erlenmeyer flask and 20 mL of each antibiotic test 
stock solution was added at 0.2–2.0 mg/mL concentration range. Initially, 
zeolite sample with adsorbate antibiotic solution was left on an orbital shaker 
at 150 rpm for 15 min, then allowed to stand statically for the determined 
time interval, and then the adsorbent samples were centrifuged at 3000 rpm 
for 5 min. The taken aliquots from the obtained supernatants at different time 
intervals during the experiment were used to determine a concentration of 
each adsorbate using the corresponding HPLC method. 

For the adsorption process study by the dynamic method the specially 
constructed laboratory dynamic type equipment was used. MOX HCl, NOR, 
and CEF influent solutions were added to a glass beaker separately and 
pumped with two different flow rates of the influent stream - 1.5, 2.5, and 
5.0 mL/min into the adsorption column. The effluent samples were collected 
initially at different time intervals and the end of the adsorption experiment 
after the saturation state took place. We have then investigated the effect of 
working parameters such as the value of pH, the flow rate, and the initial 
concentration of test solution accordingly. Afterward, one additional glass 
flask was left under the same conditions. To be able to properly evaluate 
possible degradation of antibiotics with aliquots being removed analysis 
at every time interval and no significant losses were observed (<2 %). The 
obtained solutions were filtered through 0.45-µm PVDF membrane syringe 
filter, and 1 mL of these solutions were diluted to 10 mL with diluent, mixing 
well. The initial pH value of adsorbate effluent sample solution was adjusted 
by adding 0.1 M NaOH and HCl solution. 

4.2.5 CALCULATIONS


The breakthrough curves for adsorption of each antibiotic—MOX HCl, 
NOR, and CEF on zeolite adsorbent in terms of the effluent to influent 
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concentrations ratio, C/Co, versus the contact time— τ, min were studied by 
carrying out a set of fixed bed experiments at constant temperature of 20°C. 

The concentration of each antibiotic—C u in an effluent test solution, 
expressed in mg/mL, was calculated by the following formula: 

C =A × W × D × P/A × D × 100 (4.1)u u 1 s 2 

where Au is the peak area of each antibiotic obtained with an influent/effluent 
test solution; As is the peak area of each antibiotic obtained with standard 
solution; W is the weight of analytical standard, mg; D1 is the dilution factor 
of test solution; D2 is the dilution factor of standard solution; and P is the 
purity of standard, %. 

Using the following equation we have determined the removal effi­
ciency—R, %: 

R, %=(C0 − Ce) × 100/C0 (4.2) 

where Ce is the equilibrium concentration of the adsorbate test solution at 
the fixed time (contact time with adsorbent—τ, h), mg/mL; C0 is the initial 
concentration in the adsorbate test solution, mg/mL; 

The adsorption capacity—q, mg/g was calculated by the followed 
formula: 

q = (C0 − Ce) × V/m (4.3) 

where V is the used volume of adsorbate solution, mL; m is the mass of 
adsorbent, g. 

For the explanation of the mechanism of adsorptive removal of antibi­
otics and the interaction of zeolite adsorbent with antibiotics was studied 
using the adsorption isotherm. The adsorption isotherm data were interpreted 
using the most commonly used Langmuir isotherm model. The “Langmuir 
model” presumed mono-layer adsorption on the surface of the adsorbent. 
The experiment was carried out with different initial concentrations of 
each antibiotic over a range from 0.5 mg/mL to 2 mg/mL. Based on the 
adsorption experiment data the isotherm was plotted considering the rela­
tionship between the uptake of adsorbate and also the adsorbate equilibrium 
concentration (remaining in the solution after the system has attained the 
equilibrium state at a constant temperature of 20°C). The model is given in 
the following equilibrium equation: 

1/q = 1/q K C + 1/q (4.4)e m L e m 
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where qe is the uptake of the adsorbate – equilibrium adsorption capacity 
(mg/g), qm is the monolayer adsorption capacity of adsorbent (The adsorp­
tion activity of the sorbent layer), mg/g; KL is the Langmuir adsorption 
equilibrium constant, mL/mg.4 

The length of the mass transfer zone (the height of the working layer), 
cm, was calculated by the formula 

L = L × (t − t )/t − (1 − ɸ) × (t − t ) (4.5)0 b s s b

where L is the length of the sorbent layer, cm; ts = V s/F is the time necessary 
for bed saturation, min; Vs is the volume of solvent flowing up to the instant 
of bed saturation, mL; F is the flow rate, mL/min; tb = Vb/F is the time for 
bed breakthrough, min; Vb is the volume of antibiotic solution flowing up to 
the instant of bed saturation, mL; ɸ = SA/(SA + SB) is the symmetry coefficient 
of the breakthrough curve; SA is the area above the breakthrough curve up to 
the moment of bed saturation; Sb is the area under the breakthrough curve up 
to the moment of bed saturation.48 

4.3 RESULTS AND DISCUSSIONS


4.3.1 IR SPECTROSCOPIC AND XRD ANALYSIS 

The crystal structure of clinoptilolite is characterized by quite open channels 
formed with 10- and 8-membered tetrahedral rings arranged in three direc­
tions: the channels parallel to the C axis have the following dimensions: 
0.705 × 0.425 nm and 0.460 × 0.395 nm, respectively. 8-membered chan­
nels, arranged in parallel and at 500 angle to the A-axis, have diameters of 
0.540 × 0.390 and 0.520 × 0.390 nm.45 Mordenite structure is penetrated by 
a 2-dimensional system of 8- and 12-membered channels. Some cations are 
localized in 8-membered channels, and some—in large channels. Cations 
block narrow 8-membered channels, and only large channels with diameter 
of 0.67 nm are open for the diffusion of molecules; Na-, Ca-mordenites are 
unblocked after treatment with hot hydrochloric acid. The difference in the 
molecular-sieve properties is caused by the different arrangements of sodium 
cations, which in narrow-pore mordenite are located in large 12-membered 
channels (0.59−0.47 nm) and thus, narrow their effective diameter. In wide-
pore ones they are localized in the depths of niches composed double eight-
membered rings (0.39–0.47 nm) and do not prevent the penetration of large 
molecules into large channels.46 

http:channels.46
http:0.39�0.47
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Based on the IR spectra of clinoptilolite, the zeolite structure is character­
ized by Si–O–Si(Al) inter-tetrahedral deformation and valence oscillations 
in the region of 774, 593.6, 520.9 cm-1. After the treatment of the sample 
with 2N acid solution (HCl), various impurities are removed and the zeolite 
structure improvement takes place. This is indicated by the disappearance 
of bands in the spectrum of initial clinoptilolite in the areas of 1430.4 cm-1 

and 875.0 cm-1. These bends are typical for CO3
2- and SO4

2-. In addition, 
the dealumination of zeolite begins. This is indicated by the change of 
frequencies in the spectrum of aluminosilicate carcass of intra-tetrahedral 
valence vibrations Si–O–Si(Al) from 1040.9 cm-1 to 1052.0 cm-1. It is worth 
mentioning that in the characteristic spectrum of clinoptilolite structure 
the intensity of Si–O–Si(Al) inter-tetrahedral bands of oscillations has 
changed insignificantly. Treatment of zeolite with 5N acid solution (HCl) 
has significantly reduced these vibration bends and accordingly, the intensity 
of intra-tetrahedral valence Si–O–Si(Al) vibrations has increased to 1065.1 
cm-1. This indicates an increase of module of SiO2/Al2O3 in zeolite. Thus, 
acid treatment of clinoptilolite does not destroy the structure of zeolite. 

Comparison of the IR spectra of natural mordenite with an acid-treated 
sample (5N HCl) showed the presence of all characteristic absorption 
bands of the aluminosilicon-oxygen framework of the zeolite. A somewhat 
different spectrum is observed for the sample modified with 10N HCl, which 
is probably caused by the deformation of the zeolite structure.46 Along with 
the chemical and mineral compositions of natural zeolites, textural and 
structural characteristics are fundamental in the study and development of 
adsorbents involved in various adsorption processes. Modification of natural 
zeolites with solutions of hydrochloric acid shows a significant increase in 
the values of physical-mechanical and textural characteristics: the specific 
surface area of the zeolite increases on average up to five times, and the total 
pore volume doubles. To characterize the texture parameters of the studied 
samples (specific surface area, volume of mesopores, and total pore volume, 
pore-size distribution), the method of low-temperature adsorption-desorption 
of nitrogen at 77.2 K was used. The procedure was carried out on the equip-
ment—Micromeritics Asap 2020 Plus Physisorption Analyzer (USA) by the 
Barrett-Joyner-Hallend (BJH) method. The natural mordenite sample was 
characterized by the lowest specific surface area, density, porosity, and total 
pore volume. Modification of samples with acid solution was accompanied 
by an increase in specific surface area (to 70.84 from 162.33 m2/g), volumes 
(from 0.086 to 0.097 cm3/g), pore diameters, porosity, and a decrease in true 
density. The most significant changes in the structure of the zeolite occurred 

http:structure.46
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during its treatment with 10N boiling HCl solution. By varying the type of 
modifying agent, it is possible to form a porous structure at the level of 
micro-, meso-, and macro-pores.46 

Crystal structural changes of natural clinoptilolite after the acid treatment 
to obtain their acid-modified H-form were studied using X-ray diffraction 
analysis. The obtained diffractograms of the prepared adsorbent samples of 
clinoptilolite and clinoptilolite H-forms are given in Figure 4.3. From this 
figure we can observe that the intensities of the diffraction peaks are reduced 
for the sample of clinoptilolite H-forms in comparison with the sample of 
initial clinoptilolite. This decrease is characterized by the ratio of intensities 
(I) of characteristic peaks of clinoptilolite (2θ=9.9°, 22.4°, and 30.0°) to that 
for a quartz phase at 2θ = 26.6° (I0). Reduction of intensity of the sample 
of clinoptilolite H-form (H-CL) is connected with the known removal of 
cations and aluminum from clinoptilolite caused by the acidic treatment with 
HCl. Meanwhile, it is quite clear that reduction in the relative intensity of 
diffraction peaks (I/I0) in case of clinoptilolite H-form, especially, the diffrac­
tion peaks at 9.88° and 22.36° is associated with an increase in crystallinity 
compared to initial clinoptilolite. 

FIGURE 4.3
 X-ray difractograms of initial CL (a), H-CL (modified with 2N HCl) (b), and 
H-CL (modified with 5N HCl) (c). 

The diffractograms (Fig. 4.4) of the initial natural mordenite treated by 
HCl of different concentrations show that despite changes in the chemical 
composition, the crystal lattice of zeolite remains unchanged after acid 

http:macro-pores.46
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treatment. The diffractograms of treated mordenite by 5M and 10M HCl are 
similar to the diffractogram of initial mordenite. This indicates an increase 
in the relative content of Si/Al ratio in zeolite framework and pore opening 
compared to natural zeolite.48,49 

FIGURE 4.4
 X-ray difractograms of initial MOR (a), H-MOR (modified with 5N HCl (b), 
H-MOR (modified with 10N HCl). 

4.3.2 ADSORPTION OF FQ ANTIBIOTICS 

In static conditions we study adsorption process of the selected adsorbates— 
MOX HCl and NOR with three different concentration solutions—0.5 mg/ 
mL, 1.0 mg/mL, 2.0 mg/mL on clinoptilolite, mordenite, and their H-forms at 
the value of pH 7. The removal efficiency—R, % was calculated by formula 
(2) and plotted graphs describing the relationship between the amount of 
adsorbate and the contact time of adsorbate solution with the adsorbent. For 
all cases the same adsorption process occurred. Figures 5a and 5b depict the 
obtained graphs for NOR and MOX HCl, respectively. The fastest adsorp­
tion was observed at the low concentration—0.5 mg/mL in case of NOR. 
The removal efficiency increased with a decrease in the concentration of 
adsorbate solution. Accordingly, the amount of FQ antibiotic adsorbed: 

•

 per unit mass of zeolite as a function of the contact time of each 
adsorbate with adsorbent, 

•

 the structure, 
•

 the molecular weight and the concentration of FQ antibiotic in 

solution. 
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The adsorption isotherm generally depends on the equilibrium equation 
providing remarkable information about the adsorbent surface properties by 
calculating the maximum adsorption capacity.46 Based on the obtained data 
of the adsorption study by the static method the adsorption of FQ antibiotics 
on CL and H-CL was analyzed using the Langmuir model. The adsorption 
experiment was carried out using 0.2 g of zeolite adsorbent—CL and 20 
mL of adsorbate solution with four different adsorbate concentrations over 
a range 0.5–2 mg/mL at constant pH value of 7 and temperature of 20°C. 
The adsorption isotherms are given in Figures 6a and 6b. The results show 
that isotherms have a good correlation (R2>0.9) and define a monolayer 
adsorption. The adsorption mechanism is mainly composed of electrostatic 
interaction between the adsorbent surface and the adsorbate. 

The adsorption process was investigated as well by the dynamic method 
using the laboratory dynamic type equipment with packed fixed bed adsorp­
tion column. The behaviors of breakthrough curves for MOX HCl and 
NOR adsorption on natural zeolites and modification forms at different flow 
rates of 1.5, 2.5, and 5.0 mL/min and inlet FQ antibiotic concentration of 
0.2 mg/mL and 1.0 mg/mL at constant temperature of 20°C were observed. 
The experimental data obtained with the FQ antibiotics adsorption on the 
natural zeolites samples in dynamic conditions indicate an improvement in 
the process of adsorption of NOR and MOX HCl by the sample of zeolites 
modified with HCl solution. The efficiency of the equilibrium adsorption 
capacity of the sorbent layer (η) increases. The height of the working layer 
(Lo) decreases, which increases the repeatability of sorbent “elementary” 
volumes in the process of repeated acts of sorption-desorption. The obtained 
data demonstrate the influence of the antibiotic chemical nature and chemical 
structure on the process of its extraction from the aqueous solution by zeolite. 
The height of the working layer—Lo was determined from the breakthrough 
curves which is an important characteristic of the dynamics of the adsorption 
process and calculated according to the formula (5). The efficiency equilib­
rium adsorption capacity of the adsorbent layer (the degree of utilization of 
the adsorbent)—η, % was determined by the ratio of the dynamic adsorption 
capacity of the layer to the equilibrium adsorption capacity of the sorbent 
layer. 

The interaction mechanism between adsorbate and adsorbent which could 
be considered CL has a frame, open, and stable three-dimensional structure 
with negative charge, and FQ antibiotics have positively charged functional 
groups. Consequently, natural clinoptilolite would be able to maintain 
antibiotics via the cation exchange mechanism. Even so it is hypothesized 

http:capacity.46
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FIGURE 4.5
 The graph of the removal efficiency, % versus the concentration of adsorbate solution for NOR (a) and MOX HCl (b) on CL at 
three different concentrations. 
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FIGURE 4.6
 The Langmuir isotherm model for NOR (a) and MOX HCl (b) adsorption on CL. 
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that antibiotics are uptake by zeolite in associate with π–π electron–donor– 
acceptor interaction on moxifloxacin and norfloxacin as the principal 
mechanism of adsorption. π–π electron–donor–acceptor interaction between 
the benzene ring, carboxyl of FQs, and hydroxyl groups on zeolite adsorbent 
surface may be the significant factor. Augmentation of adsorption capacity 
in case of H-CL is linked with the effect of alteration including pore sizes. Its 
porous structure change furnishes a great surface area for adsorption.4 

At different flow rates (1.5, 2.5, and 5.0 mL/min) the results show that 
the decrease in dynamic adsorption capacities of all the test antibiotics was 
originated by increasing the flow rate of inlet solution of each adsorbate. The 
high adsorption dynamic capacities were observed for NOR compared to 
second FQ antibiotic—MOX HCl which can be expressed with great water 
solubility and lower molecular weight of NOR relative to MOX HCl. The 
decrease in dynamic adsorption capacities was observed by increasing the 
inlet concentration of each adsorbate. This in reality could be connected 
with the enhancement of driving force for mass transfer across the liquid 
film along with acceleration of adsorption rate which generates an early 
saturation of the fixed-bed adsorbent column. The data show that the 
acid-modified H-forms of both natural zeolites are characterized with high 
dynamic adsorption capacity caused by increasing the Si/Al ratio in zeolite 
framework and pore opening in comparison with natural clinoptilolite and 
mordenite. The fact was confirmed by XRD analysis results. In the same 
conditions of experiment the obtained results indicate that the established 
dynamic adsorption capacities of mordenite and mordenite acid-modified 
forms are higher than the values for clinoptilolite and clinoptilolite H-forms. 

4.3.3 ADSORPTION OF CEFTRIAXON BY DYNAMIC METHOD


The adsorption process was investigated for ceftriaxone by the dynamic 
method using the laboratory dynamic type equipment with packed fixed bed 
adsorption column. The behavior of breakthrough curves on two modified 
H-forms of clinoptilolite at different flow rates of 1.5, 2.5, and 5.0 mL/min 
and inlet ceftriaxone concentrations of 0.2 mg/mL and 1.0 mg/mL at constant 
temperature of 20°C was observed. Under the same dynamic conditions 
adsorption of ceftriaxone on initial clinoptilolite is ineffective; therefore, 
the dynamic adsorption capacity is very low (<0.009 mg/g); saturation was 
reached very rapidly. Analysis of the data obtained from the breakthrough 
curves (Figs. 7a and 7b) showed that the degree of use of the clinoptilolite 
layer activity in the case of modification with 5N HCl solution is a little bit 
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higher than in the case of the sorbent modified with 2N HCl solution. The 
capacities of dynamic activity (qd) of the adsorbent layer are improved. The 
breakthrough adsorption curve in the second case is elongated and has a 
different shape relative to the curve obtained on the H-CL (modified with 2N 
HCl) which supposes the monomolecular adsorption of ceftriaxone on the 
surface of the zeolite. At the time of 100 min the value of effluent to influent 
concentration ratio C/C0 for CEF on H-CL (modified with 2N HCl) at the flow 
rate of 1.5 mL/min is at least 1.5 times higher than the value observed for 
CEF on H-CL (modified with 5N HCl). This can be related to low interaction 
between adsorbate and H-CL which accelerates breakthrough and saturation. 
Also, the early breakthrough of adsorbate is due to relatively low adsorp­
tion. Hence, the clinoptilolite acid-modified form is characterized by higher 
dynamic adsorption capacity caused by increasing the Si/Al ratio in the zeolite 
framework and pore opening in comparison with natural clinoptilolite.13 

FIGURE 4.7
 The breakthrough curves of CEF on H-CL with 2N HCl (a) and H-CL with 
5N HCl (b) at the flow rate of 1.5 mL/min and adsorbate concentration of 1.0 mg/mL at the 
neutral pH value. 

4.3.4 VALIDATION OF ANALYTICAL HPLC METHODS FOR MOX HCL 
AND NOR DETERMINATION 

Robustness study: The last chromatographic conditions were observed by 
improving the system operational parameters. These parameters are: 

a) the wavelength for detection, 
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TABLE 4.2
 Robustness Factors and Design of Experiment. 

No Factor (Xi) Unit Low level (−) Nominal level (0) High level (+) 
1

 Flow rate of MP (X1) mL/min 0.9 1.0 1.1 
2

 MOX/NOR standard pH 4.0 7.0 – 

stock solution (X2) 
3

 ACN percentage in MP % 35 40 45 

for MOX/NOR (X3) 10 15 20 
4 Column temperature °C 35 40 45 

(X4) 
5 DAD wavelength for nm 291 293 295 

MOX/NOR (X5) 273 275 277 
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b)

 the composition of the mobile phase, 
c)

 the flow rate, 
d)

 the nature of stationary phase, and 
e)

 checking the system suitability test parameters: theoretical plates, 

tailing factor, peak purity, etc. 

The calibration curve showed very good linearity for a wide concen­
tration range at 293 and 275 nm for MOX and NOR, respectively. For 
the robustness study, the qualitative critical factors were considered and 
selected, which are given with their levels summarized in Table 4.2. The SST 
parameters—column efficiency (theoretical plates—N), tailing factor (USP 
symmetry—As), relative standard deviation (RSD) of peak areas (RSDA) 
and RSD of retention times (RSDRT) (n = 6), and peak purity (PP) obtained 
from standard solution chromatograms were used as the response variable 
for the analytical HPLC method. The experiment was conducted in 25-2 = 8 
runs for five two-level factors. Five critical factors were selected, and small 
variations (low and high levels) were induced in the nominal values of both 
methods. The 8-run design experiment was performed to assess the effect of 
each factor on the SST results. Table 4.3 shows the DoE results of the robust­
ness test for the developed HPLC methods. The variability of the checked 
STT parameters is within the acceptance criteria, and the results show that 
these analytical procedures are robust. 

The stability of the standard solution was studied initially, after 24 h, 3, 
5, 7, 9 days stored at room temperature against a freshly prepared standard 
solution. The stability was checked using two standard solutions by calcu­
lating the percentage difference between peak areas of standard solutions 
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stored and freshly prepared which should not be more than 5.0% and the 
bias in terms of peak area between two standard solutions should be within 
0.98–1.02 (acceptance criteria). The percentage differences between peak 
areas obtained with standard solution stored at room temperature for 9 
days and freshly prepared one are 4.4% and 3.9% for MOX HCl and NOR, 
respectively. This gives the confidence that FQ antibiotics residues are stable 
within 9 days and the concentration does not change in test solutions during 
the experiment of adsorption study. 

The PVDF membrane syringe filter compatibility was checked using 
standard solution and by calculating the percentage difference between peak 
areas of standard solutions filtered and nonfiltered, which should not be more 
than 0.5% (acceptance criteria). The percentage difference between peak 
areas of standard solutions filtered and nonfiltered is 0.14% and 0.32% for 
MOX HCl and NOR, respectively, which gives the confidence that adsorp­
tion of each analyte does not occur on the used membrane syringe filter. 
Specificity: The specificity parameter was checked by injecting standard 
solution and the background control (without FQ antibiotic) test solu­
tion—blank. The results show that there is no interference from blank and 
diluent at the retention time of analyte (adsorbate) peak. The MOX and NOR 
peaks were pure. Purity factor (975 for MOX and 980 for NOR) was more 
than purity threshold (950). Figures 8a and 8b show the 3D spectra and the 
chromatogram obtained from the standard solution of MOX HCl and NOR, 
respectively. 

Linearity and range, limits of quantitation (LOQ), and detection (LOD): 
The standard working solutions were prepared at six different concentration 
levels ranging from 0.00005 mg/mL to 2.0 mg/mL from the standard stock 
solution of both FQ antibiotics—MOX HCl and NOR. Six replicate injec ­
tions (n = 6) were carried out for each concentration level. The linearity over 
the given range was checked by the square of correlation coefficient—R2 

(acceptance criteria: >0.998), RSD of peak areas—RSDA (acceptance 
criteria: <2.0 % for >1.0 mg/mL concentration levels and RSDA<5.0 % for 
>0.00005 mg/mL concentration levels and for the last concentration <10 %), 
RSD of retention times—RSDRT (acceptance criteria: <1.0 %). 

The calibration curves (linearity graph) were constructed by plotting the 
peak area versus the corresponding concentration of the injected working 
standard solution. The value of the square of the correlation coefficient 
indicates very good linearity (R2>0.9996 for MOX HCl and R2>0.9999 for 
NOR). Figures 4.9 and 4.10 show the linearity graph for MOX HCl and 
NOR, respectively. 

http:0.98�1.02
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TABLE 4.3
 The Results of Robustness Parameter (Critical Factors Effect Study).

No 
Factors 

Parameters 
N As RSDA, % RSDRT, % 

X1 X2 X3 X4 X5 MOX NOR MOX NOR MOX NOR MOX NOR 
1

2

3

4

5

6

7

8 

+ + + + + 

+ + −
 + + 

+ + −
 + 

+ −
 −
 −


−
 + + −
 −


− + −
 −
 + 

−
 −
 + + −


−
 −
 −
 + + 

2865 3895 

2563 3645 

3256 3712 

2463 3100 

3125 3564 

3145 3666 

2699 3056 

2491 3444 

1.22 0.96 

1.35 0.93 

1.27 0.91 

1.18 0.89 

1.23 0.93 

1.09 0.86 

1.11 0.87 

1.13 0.89 

1.362 0.736 

1.568 0.987 

1.032 0.898 

1.500 1.456 

1.952 1.365 

1.300 1.112 

0.856 1.354 

1.505 1.866 

0.698 0.365 

0.745 0.498 

0.125 0.245 

0.632 0364 

0.455 0.522 

0.245 0.601 

0.112 0.471 

0.733 0.326 

Acceptance criteria >2000 <2.0 <2.0 <1.0 
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The limits of quantitation (LOQ) and detection (LOD) were established 
by injecting a series of stepwise diluted working solutions. The LOQ 
was estimated by calculating RSD of peak areas—RSDA for six replicate 
injections which should be <10% and the signal-to-noise ratio—S/N - >10 
(acceptance criteria). The LOD was estimated to be three times and more of 
s/N ratio (acceptance criteria). The determined LOQ and LOD for MOX HCl 
and NOR are presented in Table 4.4. 

System suitability test parameters: The SST parameters were measured to 
check the chromatographic system performance. This test was carried out by 
six replicate injections (n = 6) of the standard solution of each FQ antibiotic. 
The main SST parameters including RSD of peak areas—RSDA, RSD of the 
retention times—RSDRT, peak tailing factor—As (USP coefficient of the peak 
symmetry S = W0.05/2f) and column efficiency—the number of theoretical 
plates were measured. The results are summarized in Table 4.5. 

TABLE 4.5
 The System Suitability Parameters Results. 

Parameter MOX HCl NOR Acceptance criteria 
N 3166 4532 >2000 
RSDA (n = 6), % 1.796 1.629 <2.0 
RSDRT (n = 6), % 0.762 0.866 <1.0 
A s 1.12 0.93 <2.0 

Accuracy: The accuracy was expressed as the percentage of each FQ anti­
biotic recovered from a spiked test solution (effluent test solution + added 
standard solution) with the corresponding RSD. The average recovery should 
be within 95.0–105.0% and RSD of the percentage recoveries should be 
<3.0% for each concentration level of spiked solution (acceptance criteria). 
The recovery—Rec, % was calculated by the following formula: 

Rec,% = (C1 − C2) × 100/Cs (4.6) 

where C1—the concentration of each FQ antibiotic obtained with the spiked 
test solution, mg/mL, C2—the concentration of each FQ antibiotic obtained 
with the effluent test solution, mg/mL and Cs —the concentration of each 
FQ antibiotic obtained with standard solution, mg/mL.17–19 The results of the 
recovery are given in Table 4.6 which is well within the usually accepted 
limits indicating the accuracy of both methods. 
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FIGURE 4.9
 The calibration curve for MOX HCl over the concentration range 0.00005–2.0 
mg/mL. 

FIGURE 4.10
 The calibration curve for NOR over the concentration range 0.00005–2.0 mg/mL. 

TABLE 4.4
 The LOQ and LOD of MOX HCl and NOR Methods. 

Parameter 
MOX HCl 

Value 
NOR 

LOQ, mg/mL 0.00005 0.00005 
LOD, mg/mL 0.00001 0.000008 
RSD of peak areas for LOQ (n = 6) 3.561 2.956 

RSD of retention times for LOQ (n = 6) 0.671 0.583 

s/N for LOQ 25 21 

s/N for LOD 4 7 
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TABLE 4.6
 The Results of the Accuracy Study. 

Added standard Average concentration of Concentration of Acceptance 
solution, spiked test solution, effluent test solution, criteria 
mg/mL mg/mL (n = 3) mg/mL 

MOX HCl 

0.0788 0.1319 97.5 

0.0985 0.1527 0.05650 98.5 

0.1182 0.1750 100.2 

Average recovery - Rec, % 98.7 

RSD, % of the percentage recoveries 1.383 

NOR 

0.0797 0.1654 99.7 

0.0996 0.0961 0.0862 96.5 

0.1195 0.1222 102.3 

Average recovery - Rec, % 99.5 

RSD, % of the percentage recoveries 2.920 

Precision: The precision of the developed analytical methods was estimated 
by measuring repeatability (intra-day) on six replicate injections of standard 
solution and on six individual determinations of MOX HCl, and NOR in test 
solution obtained using the adsorption static method. For sample preparation, 
0.2–0.2 g of zeolite adsorbent samples were transferred separately to six 50 
mL Erlenmeyer flasks and added 20 mL of each FQ antibiotic standard stock 
solutions at 1.0 mg/mL concentration. Initially, zeolite samples with adsorbate 
FQ antibiotic solutions were left on an orbital shaker at 150 rpm for 15 min, 
then statically for 3 h. After that zeolite samples were centrifuged at 3000 rpm 
for 5 min and 1–1 mL of the obtained supernatants were used and diluted to 
10 mL with diluent, and mixed well. The precision was checked by calculating 
RSD of the concentration of each FQ antibiotic, mg mL−1 and retention times 
of MOX and NOR for six individual determinations which should not be more 
than 5.0% and 1.0%, respectively. The results are shown in Table 4.7. The 
results were within the acceptance criteria which indicate that this method has 
good precision. 
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TABLE 4.7 THE RESULTS OF THE PRECISION STUDY.


MOX HCL NOR
The number of 

Concentration, Retention Concentration, Retentiontest solution 
mg/mL time, min mg/mL time, min 

1 0.0351 3.326 0.0401 7.674 
2 0.0385 3.388 0.0421 7.537 
3 0.0355 3.390 0.0435 7.578 
4 0.0341 3.347 0.0445 7.495 
5 0.0377 3.345 0.0412 7.529 
6 0.0366 3.352 0.043 7.480 
Average 0.0363 3.358 0.0424 7.549 
SD 0.002 0.026 0.002 0.070 
RSD 4.582 0.762 3.774 0.931 

4.3.5 VALIDATION OF ANALYTICAL HPLC METHOD FOR CEF 
DETERMINATION 

System suitability test: In order to check the chromatographic system 
performance, the system suitability test was performed by using six replicate 
injections (n = 6) of the CEF standard solution at the concentration—1.0 
mg/mL. The following parameters: the relative standard deviation (RSD) of 
peak areas—RSDA, the RSD of the retention times—RSDRT, the peak tailing 
factor (the USP coefficient of the peak symmetry), the column efficiency - 
the number of theoretical plates were measured. 

Specificity: This parameter was checked by injecting the standard solution, 
the negative control solution as a blank (solution without CEF), and the 
model test solution. The CEF peak was pure. The purity factor (980) was 
greater than the purity threshold (950). Figure 4.11 shows the chromatogram 
obtained from the CEF standard solution, respectively. 

FIGURE 4.11
 The chromatogram of the CEF standard solution (peaks with RT = 1.547, 
2.454, 4.848, 7.759 belong to solvent; principal peak with RT = 11.061 belongs to CEF). 
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Linearity and range, limits of quantitation (LOQ), and detection (LOD): 
The calibration curve (plot of linearity) was constructed by plotting the 
average peak area of CEF versus the corresponding concentration of the 
injected working standard solution. The calibration curve (linearity graph) is 
linear and the square value of correlation coefficient (R2 = 0.99998) indicates 
very good linearity in a wide range of concentrations of CEF at 270 nm. 
Figure 4.12 shows the linearity graph for CEF. 

FIGURE 4.12
 The calibration curve at the concentration range of 0.0001–2.0 mg/mLof CEF. 

The LOQ was established for checking the sensitivity parameter of the 
method by injecting a series of stepwise-diluted working standard solutions. 
The LOQ was estimated by calculating the RSDA for six replicate injections 
(n = 6), which should be < 10% and the ratio of signal to noise (s/N) - > 10 
(acceptance criteria). 

Accuracy: The accuracy was assessed by comparing the analyte amount 
determined versus the known amount spiked at three different concentration 
levels (80%, 100%, and 120% of the model test solution—1.0 mg/mLCEF) 
with three replicate injections (n = 3). The average percentage recovery 
should be within 95.0–105.0% and the RSD of percentage recovery rates 
for three individual determinations should be not more than 5.0% for each 
concentration level of spiked test solution (acceptance criteria). 

Precision: The intraday precision of the analytical method was estimated by 
measuring repeatability on six individual determinations of CEF concentra­
tion in model test solution at the same concentrations (100% of the model 
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test solution). The parameter was checked during the accuracy study. The 
precision was checked by the RSDC for six individual determinations of CEF 
concentration (mg/mL) which should not be more than 3.0% (acceptance 
criteria). 

The standard solution stability study indicated that the CEF solution was 
stable within 24 h at ambient temperature. 

The results were obtained from SST, precision, and accuracy studies; also 
the values of LOQ are summarized in Table 4.8. 

TABLE 4.8
 The Method Validation Data. 

Validation parameter Characteristic Result Acceptance criteria 
SST Column efficiency >3600 > 2000 

Symmetry 0.95–1.2 < 2.0 
RSDA (n = 6), % 0.130 ≤ 2.0 
RSDRT (n = 6), % 0.261 ≤ 1.0 

Precision RSDC (n = 6), % 2.114 ≤ 3.0 
Accuracy Recovery, % at 80% 98.5 

Recovery, % at 100% 99.7 
Recovery, % at 120% 101.1 95.0–105.0 
Main recovery, % 99.8 

LOQ Concentration, mg/mL 0.0001 – 
s/N > 23 > 10 

Hence, the developed analytical HPLC methods were precise, accurate, 
specific, sensitive, and linear to determine quantitatively MOX HCl, NOR, 
and CEF in influents and effluent aqueous solutions during adsorption 
experiment. 

4.4 CONCLUSIONS


The selected natural zeolites—clinoptilolite, mordenite, and their acid-
modified H-form with hydrophilic pores have a greater affinity for adsorbing 
antibiotic pollutants in aqueous solution. The developed adsorption labora­
tory technology has been effectively applied for the removal of the frequently 
used fluoroquinolone antibiotics—moxifloxacin HCL, norfloxacin, and 
cephalosporin antibiotic namely ceftriaxone from aqueous solutions. The 
experimental data have shown that the high volumetric flow rate, the inlet 
concentration of antibiotic solution, and the pH value accelerate break­
through of adsorbates and correspondingly reduce adsorption capacities. 
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Moreover, this book chapter provides functional information for the design 
of fixed bed adsorption column for removal studies of other antibiotics of 
different classes or contaminants. Hence, this research confirms that natural 
zeolites are competitive, eco-friendly, and efficient adsorbents in terms of 
cheapness, shape selectivity, and adsorption efficacy. Low cost, high adsorp­
tion capacity, readily available materials—clinoptilolite and mordenite with 
their acid-modified forms can be widely used for the removal of antibiotics 
from wastewaters and implemented in an industrial setting for separation 
and purification processes. Within the research new, specific, selective, and 
sensitive analytical HPLC procedures were developed and validated for 
quantitative determination of moxifloxacin HCl, norfloxacin, and ceftriaxone 
in aqueous solutions and matrices. Hence, the proposed and validated HPLC 
methods can be successfully used to measure adsorption of moxifloxacin 
HCl, norfloxacin, and ceftriaxone on the natural zeolites and their modified 
forms; also, they can be applied by other laboratories for routine analysis of 
wastewaters and pharmaceuticals. 
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ABSTRACT 

The paper is devoted to the research of the possibility of creating a new complex 
modifier for bitumen based on epoxy compounds of plant origin. Crude 
rapeseed oil was used as a raw material for the production of epoxy bitumen 
modifier. The effect of adding modifiers (epoxidized compounds) on the basis 
of renewable raw materials with and without initiators-hardeners (adipic and 
formic acid, maleic anhydride, polyethylene polyamine) on the performance 
properties of the obtained bitumens, such as penetration, temperature with the 
surface of gravel and glass, the temperature of fragility according to Fraas, 
ductility, elasticity, and others, was researched. The design of the optimal 
composition of asphalt concrete mixtures obtained from bitumens modified 
with epoxy modifiers on the basis of renewable raw materials is provided 
in the paper. Samples of asphalt concrete obtained with the use of bitumen 
modified with epoxides based on crude rapeseed oil were obtained and tested. 
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5.1 INTRODUCTION


As for today, the most common road surface remains hot asphalt concrete 
(HMA). Despite the high demand, such coverage is not perfect. The problem 
lies in the binder—bitumen, the quality of which can be largely improved. 
Various methods and modifiers are used to improve the properties of 
bitumen.2,3,10,11, 17,18,21,24,25,31 Usually, modifiers are divided into: polymers, 
adhesion promoters, waxes, fibers, natural bitumen, rubber crumb, and 
various chemical reagents (polyphosphoric acid, ferric chloride, and organo­
metallic complexes). The widely used modifiers of these are polymers, which 
are also divided into thermoplastics, thermoplastic elastomers, terpolymers 
(reactoplasts or thermosetting polymers), and latexes. 

Among these modifiers, one of the less studied are thermosetting poly­
mers which include epoxy resins with their hardeners. However, current 
research indicates that epoxy-containing additives can radically change the 
properties of bitumen and asphalt concrete and the effect of their use may 
be much more interesting and higher in comparison with other modifiers. 
Hot-mix asphalt concrete of different types, which include epoxy resins, is 
called epoxy asphalt concrete. 

Studies16,23,26–28,32 have shown that epoxy asphalt concrete has high 
strength and track resistance at elevated temperatures, high resistance to 
cracking from prolonged transport and low temperatures, and resistance to 
fuels and lubricants, increasing (2–4) times the service life of pavements. 

Epoxy asphalt concrete can be used for the installation of asphalt pave­
ments on congested sections of roads, concrete, and reinforced concrete 
foundations of bridges.30 

Epoxy compounds are monomers or short-chain copolymers having 
an epoxy group at either end that is polymerized by hardeners. In epoxy 
bituminous binder systems, polymer chains are formed by the reaction of 
an epoxy modifier with initiators with reactive functional groups in a solid 
matrix. This phenomenon is called polymerization, which involves the 
formation, branching, and crosslinking of epoxy polymer chains. During 
polymerization, when all the chains are interconnected in one network, a 
higher molecular weight of the composite is achieved.19 

In Refs. [14,15] it is claimed that the possible formation of epoxy asphalt 
concrete is accompanied by polymerization reactions of epoxidized vegetable 
oil with a hardener in the structure of bitumen, which allows changing the 
properties of the resulting product. Commodity amines and amides for petro­
leum epoxy resins, dibasic carboxylic acids, etc., can be used as hardeners. 
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In recent years, researchers at Lviv Polytechnic National University are 
conducting research on the possibility of using epoxidized vegetable oils to 
improve bitumen and asphalt concrete based on them.13–15,22 

Particular attention should be paid to the plant origin of raw materials for 
modifier road bitumen, which is environmentally friendly, renewable, and 
promising given the current state of affairs and with environmental aspects 
of hydrocarbon use and their availability in general. 

Studies20,29 also confirm that epoxy resins can significantly improve the 
properties of asphalt binder. However, the reviewed studies also indicate that 
modern epoxy resins made from crude oil are quite expensive and nonen­
vironmentally friendly. Therefore, the use of epoxy compounds based on 
vegetable origin, in particular vegetable oils, for the modification of road 
bitumen and asphalt concrete based on them is promising. These are cheap 
to produce, affordable, environmentally friendly, and made from relatively 
cheap renewable raw materials, which are also produced in sufficient quanti­
ties by Ukraine. 

Taking into account previous experience,13,15 that shows the feasibility 
of using epoxidized rapeseed oil to modify road bitumen and HMA, the 
authors propose to modify the bitumen with so-called bio-based epoxy rape 
oil (ERO-In). What is ERO-In? Under this term we understand the use as a 
modifier of epoxy rapeseed oil (EPO) obtained from renewable and environ­
mentally friendly raw materials, rapeseed oil with known hardeners (AA, 
MA, or PEPA) to initiate the polymerization reaction in bitumen. 

Therefore, our research was aimed at developing a new model that can 
predict the behavior of modified bitumen bio-based epoxy rape oil in different 
conditions and ways to intensify this process using hardener initiators. It is 
important for us to understand the mechanism of modification and curing 
and how it affects the physical and mechanical properties of epoxy bitumen 
systems. This paper presents these results. 

5.2 EXPERIMENTAL


5.2.1 MATERIALS 

OB1—oxidized bitumen brand BND 70/100, obtained at the plant for the 
production of oxidized bitumen PJSC “Ukrtatnafta” (Kremenchuk, Poltava 
region, Ukraine). 



 

 

 

TABLE 5.1
 Characteristics of Bitumen OB1. 

Index Value Standard or Ref. 
Penetration at 25°C (dmm) 71 [8]


Softening point (°C) 46 [9]


Ductility at 25°C (cm) >100 [4]


Adhesion to gravel (mark) 2.5 [11]


Adhesion to glass (%) 33 [11]


Fraas breaking point (°C) −10 [7]


Plasticity interval (°C) 56 PI = SP – FBP



Resistance to hardening at 163°C (RTFOT method)


Mass change (wt%) 0.03



Softening point after RTFOT (°C) 52.2


[5]

Penetration at 25°C after RTFOT (dmm) 55 
Softening point change (°C) 6.2 
Residual penetration (%) 77.5 
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Rapeseed oil epoxide (ERO) was obtained according to reference,12 the 
characteristics of the raw material of the epoxidation process (RO) and the 
product of this process (ERO) are given in Table 5.2. 

TABLE
5.2
 Characteristics of RO and ERO. 

Index RO ERO 
Epoxy number (wt%) 0.28 6.72 
Acid number (g KОН/100g) 0.50 0.45 
Bromine number (g Br/100g) 80.30 31.9 

Granite crushed stone (S1—fraction 8/11 mm; S2—fraction 20/40 mm) 
selected at LLC Novograd-Volyn Stone Crushing Plant. Meets the require­
ments of the Ukrainian standard.6 

5.2.2 TECHNIQUES OF EXPERIMENTS


5.2.2.1 MIXING BITUMEN WITH ERO-IN 

After epoxidation, ERO was mixed with the initiator, and this composition 
(ERO-In) was added to the heated bitumen. A thermostated container with 
a stirrer (speed 1000 rpm) was used for mixing. The ERO-In mixture was 
charged to the heated bitumen reactor and modified with constant stirring for 
some time. The block diagram of the modification is shown in Figure 5.1. 
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FIGURE 5.1
 ERO-In bitumen modification scheme. 

5.2.2.2 BITUMEN ANALYSES 

The main performance characteristics of bitumen were determined according 
to the methods given in Table 5.1. 

Rolling bottle tests were conducted according to Ref. [33]. We used 
crushed stone of 8/11 fraction obtained from natural stone (S1) and selected 
at LLC Novograd-Volyn Stone Crushing Plant. 

5.2.2.3 FTIR SPECTROSCOPY 

The FTIR spectra samples were recorded on a Spectrum Two spectrometer 
(PerkinElmer, USA) by using diamond U-ATR single reflection accessory. 
PerkinElmer Spectrum software was used to draw the spectra. The spectra 
(16 scans per spectrum) of the samples were collected in the mid-infrared 
wavenumber range from 4000 to 400 cm-1, with a spectral resolution of 4 cm-1. 

5.2.2.4 PREPARATION AND TESTING OF HMA 

Physico-mechanical properties of HMA were determined on samples 
obtained by compaction of the mixture in steel molds. 
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The HMA study in the form of cylindrical specimens (diameter and 
height 71.4 mm and weight 655.0 g) was performed according to Ukrainian 
research methods. The average density of HMA was determined by hydro­
static weighing. Residual porosity was determined by pore volume in HMA 
based on pre-set average density of cylindrical samples and actual density of 
HMA mix. Water-saturation was determined by the amount of water, which 
is absorbed by a sample at pre-set mode of saturation in vacuum unit. The 
compression tensile strength at 20 and 50°С of HMA was determined on 
mechanical presses with press-plate movement speed of (3.0 ± 0.1) mm/ 
min. For testing, HMA samples are placed under the press plates with flat 
upper and lower cylinder faces. Before testing the samples are thermostat-
conditioned in a vessel with water during (60 ± 5) min at the temperature: (50 
± 1)°С, (20 ± 1)°С. The samples for testing compression tensile strength at 
50°С are placed (before the thermostat-conditioning) into the tight polyeth ­
ylene bags—to prevent their contact with water. The compressive strength 
after water saturation at a temperature of 50°C was determined on samples 
after their water saturation. 

FIGURE 5.2
 HMA samples for testing. 

5.3 RESULTS AND DISCUSSION


Initially, the feasibility of adding different types of hardener initiators to the 
ERO to obtain a bitumen modifier was investigated. 
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5.3.1 INFLUENCE OF EXPEDIENCY OF USING THE INITIATOR IN THE 
PROCESS OF MODIFICATION 

According to the proposed modification scheme (Fig. 5.1) was prepared a 
mixture of ERO with initiators, in which the content of the initiator was 10 
wt%. Polyethylene polyamine (PEPA), maleic anhydride (MA), formic acid 
(FA), and adipic acid (AA) were used as initiators. 

The parameters of bitumen modification are given in Table 5.3. 

TABLE 5.3
 Bitumen Modification Parameters. 

Parameter Value 
Temperature (°С) 180 
Duration (min) 300 
Expense of ERO-In (kg/100 kg bitumen) 3.0 
The content of the initiator in ERO-In (wt%) 10.0 

The test results of the obtained bitumen–polymer compositions are 
presented in Table 5.4. 

TABLE 5.4
 Characteristics of the Obtained Bitumen–Polymer Compositions. 

Bituminous Softening Penetration at Ductility at Adhesion to 
composition point (°C) 25°C (dmm) 25°C (cm) glass (%) 

OB1 46 70 >100 33 
OB1 + ERO 48 68 >100 38 
OB1 + ERO-AA 47 66 >100 65 
OB1 + ERO-FA 46 95 >100 35 
OB1 + ERO-МА 49 85 >100 55 
OB1 + ERO-PEPA 47 95 >100 95 

The results in Table 5.4 show that the use of AA, MA, and PEPA can 
improve the adhesion to glass. When modifying bitumen OB1 ERO without 
the use of the initiator, its conduct properties do not change. In the pres­
ence of PEPA as an initiator, the adhesion of the obtained modified bitumen 
increases from 33 to 95%, AA—from 33 to 65%, MA—from 33 to 55%. 
Negative results with the use of formic acid as an initiator (ERO-FA) make 
it inappropriate to use it in subsequent studies. 
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5.3.2 DETERMINATION OF OPTIMAL CONDITIONS FOR 
MODIFICATION OF ERO-IN BITUMENS 

Next, studies were conducted to determine the conditions (bitumen/epoxy/ 
initiator ratio, temperature, duration) for modification of bitumen with 
rapeseed epoxy and production of modified road bitumen that meets all the 
requirements for modified road bitumen and current regulations. 

5.3.2.1 INFLUENCE OF INITIATOR CONTENT IN ERO-IN COMPOSITION 
ON MODIFICATION PROCESS 

To determine the optimal content of the initiator in the ERO-In composition 
in road bitumens, the content of the initiators in the ERO-In was changed, 
and the remaining modification parameters were fixed. The content of the 
initiator in ERO-In was varied from 1 to 20 wt% for AA and PEPA and from 
1 to 50 wt% for MA.1 The parameters of bitumen modification are given in 
Table 5.5, and the obtained results in Figure 5.3–5.5. 

TABLE 5.5
 Bitumen Modification Parameters. 

Parameter Value 
Temperature (°С) 160 
Duration (min) 120 
Consumption of ERO-In (kg/100 kg bitumen) 3.0 

FIGURE 5.3
 Influence of initiator content in ERO-In on softening temperature of modified 
bitumen. 
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FIGURE 5.4
 Influence of initiator content in ERO-In on penetration of modified bitumen. 

FIGURE 5.5
 Influence of initiator content in ERO-In on adhesion to modified bitumen to 
glass. 

Analysis of the results (Fig. 5.3–5.5) showed that increasing the content of the 
initiator in the composition of ERO-In from 1 to 20 wt% improves the properties 
of modified bitumen in almost all respects. Thus, at 15 wt% of the AA initiator in 
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ERO-In, the softening temperature increases by 2°, the penetration rate decreases 
by 5–10 dmm, and the adhesion rate to the glass relative to the original bitumen 
increases 3–4 times. Also, the content of 15–20 wt% MA in the composition of 
the modifier allows us to obtain modified bitumens with a softening temperature 
of 50°C and penetration of 55 dmm, but such an important indicator as adhesion 
has increased only 2 times. PEPA in the composition of ERO-In allows us to 
obtain modified bitumens with the highest adhesion to glass > 98%, other indica­
tors are virtually unchanged. It is worth mentioning that in the case of maleic 
anhydride, a study was conducted with the content of MA also at 45% and 50%, 
but the desired result at these ratios could not be obtained. Other mass ratios of 
initiators with ERO-In should not be used due to unsatisfactory properties of 
the obtained modified bitumens or due to too high content of initiator, which 
significantly increases the cost of bitumen–polymer composition. 

Based on the obtained results, it was assumed that the optimal content of 
all initiators in the ERO-In composition is 15 wt%. 

5.3.2.2 INFLUENCE OF TEMPERATURE ON THE MODIFICATION 
PROCESS 

To study the effect of temperature on the properties of modified ERO-In 
bitumen, all process parameters were fixed (Table 5.6) except temperature. 
The modification process was carried out in the temperature range of 
140–180°C. The results of the experiments are shown in Figure 5.6–5.8. 

TABLE 5.6
 Bitumen Modification Parameters. 

Parameter Value 
Duration (min) 120 
Consumption of ERO-In (kg/100 kg bitumen) 3.0 
The content of the initiator in ERO-In (wt%) 15.0 

The results (Fig. 5.6–5.8) show that with increasing the temperature 
of the process of modification of oxidized bitumen from 130 to 180°C, its 
performance properties improve. This trend is maintained for all ERO-In 
compositions in the temperature range of 130–160°C. Further increase of 
temperature to 180°C practically does not change the reached indicators at 
temperature of 160°C that does inexpediency of carrying out modification 
at higher temperatures. Taking into account the obtained results and the 
operating temperature of asphalt concrete formation, it was assumed that the 
optimum temperature of the modification process was 160°C. 



 

 

 

107 Investigation of the Impact of Epoxy Compounds 

FIGURE 5.6
 Influence of temperature on softening temperature of modified ERO-In 
bitumen. 

FIGURE 5.7
 The effect of temperature on the penetration of modified bitumen ERO-In. 
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FIGURE 5.8
 Influence of temperature on adhesion to bitumen glass modified ERO-In. 

5.3.2.3 INFLUENCE OF DURATION ON THE MODIFICATION PROCESS 

To study the effect of duration on the properties of modified bitumen ERO-In 
conducted a study with a change in the duration of the modification from 0 to 
300 min. The results and conditions of the experiments are shown in Figure 
5.9–5.11. 

TABLE 5.7
 Bitumen Modification Parameters. 

Parameter Value 
Temperature (°C) 160 
Consumption of ERO-In (kg/100 kg bitumen) 3.0 
Initiator content in ERO-In (wt%) 15.0 

Comparing the obtained results (Fig. 5.9–5.11), it is seen that with 
increasing of the duration of the process of modification of road bitumen 
to 120 min, its indicators reach maximum values and change little during 
further modification. Namely, the softening temperature increases by 4–5°C, 
and the penetration, which characterizes their hardness, decreases slightly or 
does not change. The rate of adhesion to the glass is also virtually unchanged, 
which makes it impractical to modify road bitumen for more than 120 min. 
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FIGURE 5.9
 Influence of process duration on softening temperature of modified bitumen. 

FIGURE 5.10
 Influence of process duration on penetration of modified bitumen. 
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FIGURE 5.11
 Influence of process duration on adhesion of modified bitumen. 

5.3.2.4 THE IMPACT OF ERO-IN CONSUMPTION ON THE 
MODIFICATION PROCESS 

The study of the impact of ERO-In consumption was performed in the range 
from 0.3 to 7.0 kg/100 kg bitumen. The process conditions are given in Table 
5.8, and the results obtained in Figures 5.12–5.14. 

TABLE 5.8
 Bitumen Modification Parameters. 

Parameter Value 
Temperature (°C) 160 
Duration (min) 120 
Initiator content in ERO-In (wt%) 15.0 

From the results we can observe that the increase in the consumption of 
ERO-In in bitumen from 1 to 3 kg/100 kg bitumen allows us to obtain optimal 
softening temperature, increased by 2°–3° and adhesion by 2–3 times (Fig. 
5.12–5.14). With a further increase in the consumption of ERO-In more than 3 
kg/100 kg bitumen, the change in the performance of modified bitumen is unsat­
isfactory. The penetration of bitumen increases with increasing ERO-In content 
in the bituminous composition; similarly, the softening temperature decreases 
slightly. This change in the parameters allows us to obtain good indicators of 
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FIGURE 5.12
 The effect of ERO-In consumption on the softening temperature of modified 
bitumen. 

FIGURE 5.13
 The effect of ERO-In consumption on the penetration of modified bitumen. 

the qualitative characteristics of road bitumens and can be considered for further 
studies. The best results were achieved at the cost of ERO-In in the composition 
with bitumen 1–3 kg/100 kg bitumen, in terms of adhesion it is enough less than 
1 kg/100 kg bitumen ERO-In to achieve positive results. 
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FIGURE 5.14
 The effect of ERO-In consumption on the adhesion of modified bitumen. 

Changing the adhesive properties of modified bitumen ERO-In allows us 
to study the proposed additive as well as the adhesive one. After all, bitumen 
modified with ERO-In meets the requirements for bitumen modified with 
adhesives. 

5.4 STUDY OF THE ADHESIVE PROPERTIES OF BITUMEN 
MODIFIED WITH ERO-IN


OB1 bitumen and bitumen modified with rapeseed oil epoxy were used as 
starting materials for research, which will show the difference between the 
properties of modified bitumen with and without the use of additives. 

The parameters for obtaining a bituminous composition were selected on 
the basis of previous studies and are shown in Table 5.9. 

TABLE 5.9
 Bitumen Modification Parameters. 

Parameter Value 
Temperature (°С) 160 
Duration (min) 120 
Consumption of ERO-In (kg/100 kg bitumen) 1.0 
Initiator content in ERO-In (wt%) 15.0 
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The main characteristics of the original and modified oxidized bitumen 
brand BND 70/100 bitumen are given in Table 5.10. 

TABLE 5.10
 Characteristics of Bitumen Modified by ERO-In. 

Bitum Penetration at Softening Adhesion to Adhesion to 
25°C (dmm) point (°C) glass (%) gravel (mark) 

OB1 71 46 26.3 2.5 
OB1 + ERO-АА 73 47 92.4 4.5 
OB1 + ERO-МА 62 49 81.3 4.5 
OB1 + ERO-PEPA 67 47 97.2 5.0 

Analyzing the results of Table 5.10 it is seen that when adding 1 kg/100 kg 
bitumen ERO-In, the softening temperature increases by 1° (from 46 to 47°C), 
penetration increases by 2 points (from 71 to 73 dmm), ERO- MA softening 
temperature increases by 3° (from 46 to 49°C), and penetration decreases by 9 
dmm (from 71 to 62 dmm). When adding 1% of the mass on the original bitumen 
ERO-In (PEPA), the softening temperature increases by 1° (from 46 to 47°C), the 
penetration decreases by 4 dmm (from 71 to 67 dmm). However, it is interesting 
to note the significant increase in the adhesion of petroleum bitumen to the glass 
surface and gravel after adding ERO-In to the composition. Figures 5.15 and 5.16 
show the photos of the studied samples of adhesive properties to glass and stone. 

FIGURE 5.15
 Adhesion of bitumen to the glass surface. 

FIGURE 5.16
 Adhesion of bitumen to the surface of rubble S2. 
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To confirm the adhesion properties of the modified bitumen ERO-In, 
the tendency of bitumen to peel off from the aggregate for a long time, the 
so-called rolling bottle test, was studied (Fig. 5.17). 

As can be seen from the results in Figure 5.17, the degree of coating by 
bitumen ERO-In for 6 h is 80–82% depending on the initiator, while for 
the original bitumen (OB1) binder coating—76%, bitumen coating modified 
ERO-In for 72 h—40–53% depending on the initiator and OB1—33%. This 
indicates that the bitumen composition with ERO-In is less prone to peeling 
and has a higher bond strength of bitumen with crushed stone compared to 
the original unmodified bitumen. 

If we analyze the effect of initiators on the adhesion properties of bitumen 
to mineral fillers modified by ERO-In, the best adhesion properties with 
mineral materials showed bitumen modified with ERO-PEPA composition, 
while ERO-AA and ERO-MA compositions showed satisfactory and almost 
identical results. 

The obtained results show that bitumen modified with ERO in a mixture 
with initiators-hardeners has better adhesion properties with mineral mate­
rials in comparison with the original unmodified bitumen. 

5.5 FTIR SPECTROSCOPY


FTIR spectroscopic studies were performed to confirm the interaction 
of epoxy bonds with bitumen molecules. For comparison, the spectra of 
ERO, source oxidized bitumen (OB1), and modified ERO-In bitumen were 
obtained. The obtained FTIR spectra are shown in Figures 5.18–5.22. 

The presence of double bonds in bitumen is confirmed by the absorption 
band of 1590 cm-1. Free -CH3 groups are proven by the absorption band at 
2918 cm-1. Groups -CH2- present in bitumen are confirmed by the absorption 
band at 2850 cm-1. The presence of benzene rings—absorption bands at 1457 
and 1375 cm-1. One-, two-, and three-substituted benzene rings - 782, 720, 
and 864 cm-1, respectively (Fig. 5.18). 

Bands 1250 and 910–920 cm-1 (Fig. 5.19) are characteristic of epoxy cycle 
fluctuations, which are absent in the spectra of modified bitumen samples, 
which indicates the interaction of epoxy groups with bitumen molecules 
(Figs. 5.20–5.22). That is, in our opinion, to accelerate the opening of the 
epoxy ring and give bitumen improved performance properties (such as 
elasticity) in the process of modifying ERO-In oil residues, it is advisable to 
use the proposed initiator-hardener. 
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For example, the anhydride groups contained in maleic anhydride react 
easily with the free epoxy groups contained in the epoxidized oil and with 
the petroleum residue, forming a crosslinked structure in the mixture that is 
not related to the bitumen structure. 

5.6 THE IMPACT OF ERO-IN ON THE PROPERTIES OF HMA


Given the positive effect of ERO-In on the properties of bitumen, the effect 
of this modifier on HMA prepared on the basis of source bitumen (OB1) and 
modified bitumen (OB1 + ERO-In) was also studied. 

To study the effect of modified ERO-In bitumen on the properties of 
HMA, the physical and mechanical properties of modified and unmodified 
HMA were compared. To be able to assess the impact of ERO-In, it was 
necessary to create similar in particle size distribution of asphalt concrete. 
Therefore, to ensure equivalent conditions for comparison and objec­
tive assessment of the impact of ERO-In on the characteristics of asphalt 
concrete, a mixture with the same particle size distribution was prepared for 
each series of experiments. 

Both pure OB1 bitumen and modified ERO-In in the amount of 3 kg/100 
kg bitumen at a temperature of 160°C for 2 h were used as starting materials. 
(AA) or Adipic acid, (MA) or maleic anhydride, and (PEPA) or  polyeth­
ylene polyamine can be considered initiators. This selection could show 
the distinction between the properties of modified HMA with and without 
additives. 

The composition of the HMA is given in Table 5.11. 
To determine the physical and mechanical properties of asphalt concrete, 

we used cylindrical samples, which are made by compaction of mixtures and 
prepared in the laboratory. 

Thereafter by forming asphalt concrete samples on the basis of stan­
dard and modified bitumen, their physical and mechanical properties were 



 

 

 
 
 
 
 

  
 
 
 

 TABLE 5.11
 Composition HMA. 

Content of material 
Name of material in asphalt concrete 

(% wt) 
Aggregates 90 
including factions 
15/20 mm 6.0 
10/15 mm 15.0 
5/10 mm 24 
0.071/5 mm 45 
Mineral powder 10 
Bitumen (ОB1, OB1 + ERO-АА, OB1 + ERO-МА, and OB1 + 5.5ERO-PEPA) 
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obtained and development in the properties of asphalt concrete prepared 
using modified ERO-In bitumen was studied. All tests were conducted in the 
laboratory based on the Ukrainian standard.34 The test results are presented 
in Table 5.12. 

TABLE 5.12 PHYSICAL AND MECHANICAL PROPERTIES OF HMA.


Average Water- Compression strength 
Sample density (g/ saturation (MPa): 

cm3) (% vol) 20°С 50°С 
OB1 2.37 2.8 5.6 2.2 
OB1 + ERO-АА 2.37 2.3 6,5 2.2 
OB1 + ERO-МА 2.37 3.2 6,6 2.6 
OB1 + ERO-PEPA 2.37 3.0 6.7 2.4 
Requirements to HMA according – ≤ 3.5 ≥ 2.7 ≥ 1.2to the Ukrainian standard 

The effect on the strength of HMA under compression at a temperature of 
20°C is nearly the same for all modified bitumens. However, the compressive 
strength of HMA at a temperature of 50°C so far varies depending on the initiator 
used. Analyzing the observed results, we conclude that ERO-In is appropriate 
for use as a modifier of bitumen used for HMA, in particular at 20°C the highest 
strength index shows HMA modified ERO-PEPA, although at 50°C preferable 
strength results show composition ERO-MA. In general, ERO-In modified 
HMA has greater compressive strength at 20°C and 50°C (compared to HMA 
based on unmodified bitumen). It can be concluded that the cohesive strength 
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of the mixture also augments. This could possibly show that they are specified 
by a substantial heat resistance, and asphalt pavements equipped with their use 
will have greater track resistance in operating conditions. 

It is worth mentioning that the modification of ERO-In bitumen is 
practically simple and does not need specific equipment. Meanwhile, it is 
performed by standard technology. Thus this additive is not expensive and 
made on the basis of domestic, environmentally friendly, and renewable raw 
materials. 

5.7 CONCLUSIONS


1.

 The possibility of creating a new complex modifier for bitumen 
based on epoxy compounds of plant origin was studied. Adipic 
acid, maleic anhydride, and polyethylene polyamine were studied 
as initiators and hardeners of rapeseed oil epoxy in bitumen. The 
efficiency of using all the studied compositions on the qualitative 
properties of bitumen, in particular, the adhesion with mineral fillers 
of asphalt concrete while maintaining all other indicators within the 
norms was studied. 

2.

 The influence of the main parameters of bitumen epoxy modification 
with rapeseed oil using initiators was studied. The optimal content of the 
initiator in a mixture with epoxy is wt 15%. The dependencies of the 
operational properties of the modified bitumen on the process tempera­
ture are established, and the optimum temperature of the modification 
process is set at − 160°C. It is proved that the optimal amount of modifier 
(epoxy/initiator) in bitumen is 1–3 kg/100 kg bitumen, in which the adhe­
sion increases by 2–3 times, the softening temperature is almost the same 
compared to unmodified bitumen, penetration is reduced by ~ 10–15%. 

3.

 The design of the optimal composition of asphalt concrete mixtures 
obtained from bitumens modified with epoxy modifiers based on renew­
able raw materials (rapeseed oil) using initiators (adipic acid, maleic 
anhydride, and polyethylene polyamine) was made. It is established 
that this mixture has a positive effect on the characteristics of asphalt 
concrete made of modified bitumen, namely the limit of its compressive 
strength increases, which increases the durability of the road surface. 
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ABSTRACT 

The cement production sector is one of the very high energy-intensive and 
polluting industries in the world economy, although demand for Portland 
cement is constantly growing worldwide. 

When clinker is fired as a result of limestone decarbonization, a huge 
amount of greenhouse gases, mainly CO2, is released into the atmosphere, 
which accounts for about 8% of all global emissions. Therefore, any reduc­
tion in the use of clinker will have a major impact on global warming. To 
achieve this goal, new technologies for obtaining clinker-free binders are 
being developed, one of which is geopolymer materials. 

Geopolymer materials (GPM) can become an alternative to Portland 
cement (OPC), as carbon emissions are reduced by about 80%. In addition, 
given that geopolymer concretes are generally stronger and more durable, 
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they offer a longer service life, which reduces the need for raw materials in 
the time ahead. 

For the widespread use of geopolymers in the construction industry, it is 
necessary, along with other properties, to study their durability. 

This chapter describes the technology for obtaining geopolymer materials 
using thermally modified polymineral clay rocks and assessing their dura­
bility. Studies have shown that geopolymer materials have good durability 
and higher resistance to aggressive solutions compared to OPC. 

6.1 INTRODUCTION


The trend of environmental degradation is a growing concern worldwide. 
While the cement industry is one of the most energy-intensive and polluting 
industries in the global economy, new materials are emerging in civil engi­
neering as an alternative to reduce the environmental impact of this industry. 

During clinker burning, as a result of limestone decarbonization, a huge 
amount of greenhouse gases, mainly CO2, is released into the atmosphere, 
which accounts for about 8% of all global emissions. Therefore, any reduc­
tion in the use of clinker will have a major impact on global warming. To 
achieve this goal, new technologies for obtaining clinker-free binders are 
being developed, one of which is geopolymer materials. 

Geopolymer materials (GPM) can become an alternative to Portland 
cement (OPC), as carbon emissions are reduced by about 80%. In addition, 
given that geopolymer concretes are generally stronger and more durable, 
they offer a longer service life, which reduces the need for raw materials in 
the future. 

A geopolymer is a material obtained by alkaline activation of alumino­
silicates at an ambient temperature or slightly elevated temperature, having 
an amorphous or semicrystalline polymer structure with Si4+ and Al3+ 

cations, tetrahedrally coordinated and connected by oxygen bridges.1,2 When 
hydrated, the geopolymers give a product that is predominantly calcium 
silicate hydrate. 

Using modern research methods, it has been proven that geopolymer 
concrete was an ancient form of concrete that was rediscovered in the 20th 
century by Joseph Davidovich. He developed the concept of geopolymeriza­
tion and gave new insights into this class of inorganic polymers. Davidovich 
evolved the concept of geopolymer (Si/Al inorganic polymer) to explain 
these chemical processes and the resulting material properties much better. 
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But even earlier, at the end of the 1950s, V. D. Glukhovsky3 was the 
first to discover the possibility of making binders from low-basic calcium 
or calcium-free aluminosilicates (clays) and solutions of alkali metals. He 
named these binders “soil cements” and “soil silicates” to reflect their resem­
blance to natural minerals. 

Fundamental studies in this direction were carried out by V. D. Gluk­
hovsky and his colleagues,4–6 as a result of which a new class of alkaline or 
alkali-activated types of cement (AAC) appeared. In Ukraine, many large 
infrastructure projects have been built using “alkali cement.” 

Geopolymers have many engineering properties in contrast to the Port­
land cement. 

These engineering properties are: 

• high compressive strength, 
• high flexural strength, 
• low shrinkage, 
• high resistance to fire, 
• low permeability, and 
• high resistance to aggressive environments. 

Due to these properties, geopolymers can be used in many areas: 
ceramics,7 concrete,8 insulation,9 stabilization and sorption of hazardous 
wastes,10 etc. They rely on many factors such as the nature and chemical 
mineralogical composition of raw materials. 

Studies have proven that significant advantages of geopolymers are their 
high strength, density, water resistance, heat and heat resistance, and corro­
sion resistance.11–13 However, today, the advantage of using these materials is 
only the possibility of using a huge amount of accumulated industrial waste 
around the world. 

For the widespread use of geopolymers in construction, it is necessary, 
along with other properties, to study their durability and behavior in aggres­
sive environments. 

Sulfate and chloride corrosion of building materials is one of the most 
significant types of corrosion. It manifests itself when building structures are 
exposed to mineralized sea and ground waters, atmospheric air with a high 
content of sulfur compounds, and acid rain.14 

According to Ref. [15], geopolymer concrete based on low-calcium fly 
ash has high sulfate resistance. Samples exposed to sodium sulfate solution 
for 1 year showed no visible signs of surface deterioration, cracking, or 
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flaking. The compressive strength values remained the same as before the 
samples were immersed in an aggressive environment. 

According to Ref. [16,17], the leading cause of the destruction of rein­
forced concrete structures is the destruction under the action of carboniza­
tion and chloride ions, which cause corrosion of the reinforcement. They 
do not have a direct effect on the concrete but contribute to the corrosion 
of reinforcement in concrete. The atmospheric carbon dioxide reacts with 
calcium hydroxide, causing a decrease in pH in the pore space. As a result, 
the protective properties of concrete in relation to reinforcing steel are 
reduced. Chloride ions can penetrate concrete through aggregate, mixing 
water, or accelerators. However, this rarely occurs in practice due to severe 
restrictions on the chloride content of concrete. As a rule, chlorides penetrate 
concrete from the outside, either from seawater or also due to the use of 
deicing salts. Carbon dioxide and chlorine compounds, as well as other 
aggressive substances, can only cause concrete degradation in the presence 
of water. 

The mechanism of chloride penetration and diffusion of CO2 from the 
environment, together with the movement of water in concrete, plays an 
important role in the demolishing of concrete. These phenomena are the key 
factors that determine the durability of concrete based on Portland cement 
and geopolymer concrete. 

This chapter describes the production of geopolymer materials synthe­
sized based on thermally modified clay rocks and their assessment of 
durability. 

6.2 EXPERIMENTAL PART


6.2.1 MATERIALS 

For the study, a geopolymer material was used, made based on clay rocks of 
Georgia (argillite and low-melting clay) modified at 700°C and granulated 
blast furnace slag of the Rustavi Metallurgical Plant. 

An alkaline activator NaOH, Na2CO3, and Na2SiO3 was used as a mixing 
liquid. 

6.2.2 METHODS 

Temperature modification of argillite and clay was carried out by heating the 
material in a muffle furnace to a temperature of 700°C with exposure at a 
maximum temperature for 1 h. 
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Geopolymer materials were prepared as follows: Granulated blast 
furnace slag and modified argillite or clay in a ratio of 80:20 were ground 
together in a laboratory ball mill to a specific surface area of 8000–10000 
cm2/g. Dry substances were added to the resulting powder in a certain 
amount: NaOH or Na2CO3, or Na2SiO3, or their mixture, which were mixed 
well for 5 min. Water was added to the dry mixture to obtain a dough of 
normal consistency. Samples were molded with a size of 2 × 2 × 2 cm. 
The molds, together with the samples, were wrapped in a plastic film to 
prevent the binder from drying out and were immediately placed in a heat 
treatment chamber. Heat treatment of geopolymer materials was carried out 
at 80°C for 24 h. The samples were randomly cooled in the chamber until 
they reached room temperature. 

In order to test for corrosion resistance, geopolymer materials were 
immersed in aggressive solutions: H2SO4 (concentration 2% and 5%), HCl 
(concentration 2% and 5%) and Na2SO4 (concentration 5%). 

6.3 RESULTS AND DISCUSSION


Table 6.1 shows the chemical compositions of clay rocks: Argillite from the 
Teleti deposit (No. 1) and clay from the Gardabani deposit (No. 2). 

TABLE 6.1
 Chemical Compositions of Clay Rocks, Mass. %. 

No. LOI SiO2 Al2O3 Fe2O3 Mn2O3 CaO MgO SO3 Na2O K2O 
1 7.01 47.19 15.90 13.36 0.10 6.30 4.10 1.39 2.86 1.30 
2 10.60 52.84 15.07 6.47 – 7.06 2.49 1.36 1.19 2.17 

The assessment of the corrosion resistance of geopolymer materials was 
carried out according to the change in the mass and strength of the samples 
after 180 days of their immersion in aggressive solutions, which were 2% 
and 5% solutions of H2SO4 and HCl, as well as a 5% solution of Na2SO4. 

For comparison, OPC was tested, sealed with ordinary water, which was 
immersed in the same aggressive solutions. 

As shown by the test results (Table 6.2), geopolymer materials have a 
higher acid resistance and sulfate resistance compared to OPC, which agrees 
well with the data of other studies.18,19 According to the authors of Ref. [20], 
the high corrosion resistance of geopolymer materials is explained by the 
absence of Ca(OH)2 in their composition, a compound that is the main cause 
of the destruction of Portland cement concrete. 



 

 

 

TABLE 6.2
 Compositions of Geopolymer Materials and the Results of Their Corrosion Resistance.

*Curing mode: Heat treatment at 8°C for 24 h.
**Curing mode: In air at 20°C for 28 days.
***Samples destroyed. 

Loss of strength of samples (%) Weight loss of samples (%) after 180 Alkaline Strength after 180 days immersion in days immersion in solutionComposition of the activator before solutionNo. geopolymer (%) composition testing,H2SO4 HCl Na2SO4 H2SO4 HCl Na2SO4 (%) MPa 
2% 5% 2% 5% 5% 2% 5% 2% 5% 5% 

NaOH (4) +11* Slag 80 Clay 20 1.49 2.17 2.67 4.77 0.62 97.5 6 8 9 11 1.8 Na2SiO3 (10)
NaOH (4) +27* Slag (80) Argillite (20) 0.25 1.32 0.15 3.91 0.63 92.5 7 11 10 15 1.9 Na2SiO3 (10)
NaOH (4) +27** Slag (80) Argillite (20) 7.34 9.50 4.53 12.9 0.64 65.0 12 25 17 29 2.6 Na2SiO3 (10) 

15* Slag (80) Argillite (20) Na2CO3 (15) 1.15 2.49 1.72 5.5 0.22 88.0 7 12 11 17 1.5 
25* Slag (80) Argillite (20) Na2CO3 (7) 1.38 2.92 0.75 5.88 0.87 82.0 8 11 10 17 2.1 

Slag 6* - Na2SiO3 (10) 4.53 6.97 5.34 9.94 2.29 77.0 15 26 24 37 3.3 (100)
Slag NaOH (4) +7* - 5.81 9.18 3.22 9.06 2.53 75.0 19 23 22 31 4.2 (100) Na2SiO3 (10) 

Ordinary Portland Cement (OPC) *** *** *** ***18.11 27.7 32.8 73.0 62 70 80 

132 
Environm

ental Technology and Sustainability 



 

 

 

133 Assessment of the Durability of Geopolymer Materials 

Composition No. 27** showed lower results in corrosion resistance, 
which is clearly due to the fact that this composition was not subjected to 
heat treatment. It is known that the heat treatment of geopolymers acceler­
ates the processes of polymerization and pozzolanization,21,22 which increase 
their resistance to aggressive solutions. 

Compositions No. 6 and 7 are also characterized by lower mechanical 
strength and corrosion resistance, since they do not include a clay compo­
nent, a source of metakaolin, which provides the geopolymer structure with 
a high degree of polymerization. 

According to the authors of Ref. [20,23], the corrosion resistance 
of geopolymer materials is also because there are no high-base calcium 
hydroaluminates in their hardening products that cause sulfate corrosion, and 
there is also no free lime, leaching of which occurs in soft waters. Therefore, 
geopolymer concretes are superior in corrosion resistance even to sulfate-
resistant concretes based on Portland cement. 

According to Ref. [19], if metakaolin is mixed with a certain amount of 
NaOH solution or NaOH + Na2SiO3 solution and then cured at temperatures 
below 100°C, it is possible to obtain a solid substance having a lattice struc­
ture of aluminosilicate resembling a zeolite material having high mechanical 
strength. This is what happens when geopolymers are hardened according to 
the curing mode: heat treatment at 80°C for 24 h (Table 6.2—compositions 
No. 11*, 27*, 15*, and 25*). 

The durability of the geopolymer was determined using the composition: 
slag (80%) + argillite (20%). The composition of the alkaline activator is 
NaOH + Na2SiO3. The results of tests for strength during storage in air are 
given in Table 6.3. As the results show, the dynamics of changes in strength 
over time show stable indicators. 

TABLE 6.3
 Dynamics of Changes in the Strength of GPM Over Time. 

Compressive strength, MPa 
The original After 30 days After 90 days After 180 days After 360 days 
92.5 95.1 89.7 93.6 91.9 

For X-ray phase analysis, composition No. 27* was chosen, which was 
synthesized from 80% slag and 20% argillite (Table 6.2) and activated with 
a solution of NaOH + Na2SiO3. 
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FIGURE 6.1
 X-ray patterns of sample No. 27*: (a) before immersion in an aggressive 
solution; (b) after 180 days of immersion in 5% H2SO4 solution; (c) after 180 days of 
immersion in 5% HCl solution; (d) after 180 days of immersion in 5% Na2SO4 solution. 

The X-ray diffraction patterns of the geopolymer material show a certain 
process. The main phases of the material before its immersion in an aggres­
sive solution (Fig. 6.1a) are: X-ray amorphous phase and diffraction lines of 
quartz (3.33 Å), feldspar (3.19 Å), calcite (3.03 Å), and slag (2.86 Å). 

After 180 days immersing of the material in a 5% H2SO4 solution (Fig. 
6.1b), the phase composition remains the same, but the amount of the X-ray 
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amorphous phase decreases, as does the intensity of the diffraction lines of 
calcite (3.03 Å). The same picture is observed after immersion of the mate­
rial in a 5% HCl solution: a decrease in the amount of the X-ray amorphous 
phase and calcite (Fig. 6.1c). 

As the authors of Ref. [24] believe, the main reason for the loss of concrete 
strength in an acid solution is the degradation of the geopolymer matrix, 
which is reflected in a decrease in the intensity of the X-ray amorphous phase 
in X-ray patterns 1b and 1c. 

Another process is observed when the material is immersed in a 5% 
Na2SO4 solution (Fig. 6.1d). Here, the phase composition and phase ratios 
remain almost on par with the initial material. 

So, as our studies have shown, geopolymers obtained from local raw 
materials have a high resistance to aggressive solutions, which is in good 
agreement with the data of other researchers whom we have cited. 

Geopolymers are environment-friendly materials, and the technology for 
their production belongs to green technologies. 

If geopolymer materials displace or at least reduce the production of 
OPC, this will allow to obtain resource-saving and environmental effects by 
replacing carbonate raw materials, which during firing lose almost half of 
their mass when emitting carbon dioxide, polluting the environment. 

6.4 CONCLUSIONS 

1.

 GPM synthesized on the basis of thermally modified clay rocks 
have good durability: The dynamics of changes in strength over time 
show stable indicators. 

2.

 Corrosion resistance of GPM depends on the composition of the 
aggressive solution: (a) the higher the concentration of the aggres
sive solution, the greater the loss of mass and strength; (b) they 
are less stable in HCl solutions than in H2SO4, and rather stable in 
Na2SO4 solution. 

3.

 The indicators of corrosion resistance of GPM (change in mass and 
strength) after immersion in various aggressive solutions correspond 
to changes in their phase compositions. 

4.

 Corrosion resistance of GPM is always higher than OPC under the 
same conditions of aggression. 

­
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Synthesis Process Research of Urea–
Formaldehyde Linear Oligomers when 
Carrying Out Polycondensation in 
a Solution to Obtain Biodegradable 
Nitrogen Fertilizers 
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Javakhishvili Tbilisi State University, Tbilisi, Georgia 

ABSTRACT 

To rise the yield of grain crops, ecologically pure and economically efficient 
biocomposites were developed. Therefore, we have considered polymerized 
nitrogen fertilizers of linear structure acting by the prolongation mechanism. 
And also selected and studied microorganisms capable of destroying such 
fertilizers. To achieve this goal, a novel process for creation of polymerized 
fertilizers is reported. It is observed that at the 110–125°C range, up to deep 
conversion of fertilizers, reaction rate constants keep constant values, while 
they are determined based on the Arrhenius’s second-order equation. 

The results observed from infrared (IR) spectroscopy revealed that at the 
carbamide–formaldehyde interaction (at the first stage of the reaction) when 
methylol derivatives are formed (specter wave 1030 cm−1), conversion of 
methylol groups into dimethylene ether groups (specter wave 1085 and 1110 
cm−1) was concluded. 
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The change of the rate constants from the inverse absolute temperature 
occurs in accordance with the Arrhenius equation. 

With the application of polymerized nitrogenous fertilizers the fixed 
hectare norm of nitrogenous fertilizers reduces by 40%, then productivity 
rises by 15–20% and the environment is protected from pollution by nitrog­
enous fertilizers. 

7.1 INTRODUCTION


The high growth of the population calls for a rise in the production of grain crops. 
Annually arable lands reduce due to intense urbanization and rapid industrializa­
tion. To be able to resolve the issue, intense technologies must be assimilated, 
especially the application of nitrogen-containing fertilizers in raised doses. Based 
on the current data, every year more than 200 million ton nitrogenous fertilizers 
enter into the soil, but because of its good water solubility the major part of it 
(i.e., more than 50%) is lost due to its dryness and washing off, which results in 
considerable economic loss. At the same time, it contributes to global pollution, 
causing many diseases.1,2 Therefore, our research aimed to receive, by chemical 
synthesis, a polymer that is biodegradable in soil, which would contain an amine 
group and peptide bond and would be characterized by prolongation action, to 
isolate from soil its destructor, including urease activity microorganisms, and to 
create nitrogen-containing biocomposites easily biodegradable in soil. 

7.2 EXPERIMENTAL METHODS AND MATERIALS


The subject of our study was the linear structure nitrogenous fertilizer of 
prolongation action synthesized by us, which was obtained in the solution 
as well as in the melt, via carbamide and formaldehyde polycondensation. 

To study biodegradation of nitrogenous fertilizers with prolongation 
effect, we isolated from soil freely residing nitrogen-fixing microorganisms 
(Azotobacter sp. and Clostridium sp.) and various strains of urobacteria 
(Urobacillus sp.). 

Isolation of microorganisms from the soil and their identification was 
done according to the methods of M. Burger and T. Dobrovolskaya.6–8 

Nitrogen was determined by the I. Kjeldahl method. 

7.3 RESULTS AND DISCUSSION


The process of creation of a polymer in the melt was investigated. To 
simplify penetration into the polymer, we synthesized linear polymers. High 
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efficiency was achieved at definite molar ratio of starting components. The 
study of the process of creating a carbamide-based linear structure polymer 
was implemented at the following molar ratios of the initial components— 
carbamide and formaldehyde: 1:0.9, 1:1, 1:1.1, and 1:1.2, correspondingly. 
Reaction temperature was 60, 70, 80, 90, 100, and 135°C. Macromolecule 
formula was expressed as follows (eq 7.1): 

HOH
C[
-NH
-CO
-NH
-CH2]
 -NHCONH
 (7.1)2
 n 2


The IR spectral study showed that at the first stage, at the creation of 
methylol derivatives of carbamide (specter wave 1030 cm−1), we also observe 
conversion of methylol groups to dimethylene ether groups (specter wave 
1085 and 1110 cm−1). 

In the process of synthesis of the carbamide–formaldehyde oligomer, we 
considered it expedient to study some kinetic regularities of the process within 
the 110–125°C range at the carbamide–formaldehyde molar ratio of 1:1.2. 
Control over reaction progress was carried out according to the changes in 
formaldehyde concentration. It turned out that in the 110–125°C temperature 
range, until deep conversion, reaction rate constants during the reaction keep 
constant values when they are computed by the second-order equation. 

Rectilinear dependence of the reaction rate constant of logarithm altera­
tion to the inverse absolute temperature refers to the fact that reaction rate 
constants undergo change according to the Arrhenius equation. 

The second order is proved also by the ratio of 1/a−x and reaction dura­
tion. In this temperature range the rectilinear relation is preserved. Activation 
energy computed according to the Arrhenius equation equals to 1554 kcal/mol. 

TABLE 7.1
 Values of Reaction Rates and Activation Energy* at 110–125°C Range at the 
Interaction of Formaldehyde and Carbamide. 

No Reaction 
duration, s. 

Conversion degree, % 

110°C 120°C 125°C 

Reaction rate constant K · 
10−2, l.mol−1, s−1 

110°C 120°C 125°C 
1 
2 
3 
4 
5 
6 
7 
8 

30 
60 
90 
120 
150 
180 
240 
300 

71.66 74.50 89.16 
83.60 85.48 94.25 
88.39 89.83 96.00 
91.14 92.15 97.01 
92.83 93.53 97.60 
93.97 94.60 98.01 
95.33 95.86 98.50 
96.25 96.66 98.27 

2.81 3.24 3.38 
2.83 3.27 3.34 
2.80 3.27 3.38 
2.85 3.26 3.34 
2.87 3.21 3.38 
2.88 3.24 3.37 
2.80 3.22 3.36 
2.85 3.22 3.37 

*Carbamide and formaldehyde molar ratio 1:1.2. 
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The process of degradation of linear structure polymers at the impact of 
bacteria is simplified because of the linear structure of molecules. Urease 
ferments easily penetrate macromolecules and biodegrade them. 

Nitrogen concentration was determined in carbamide and fertilizers with 
prolongation action. Besides, the dynamics of changes in nitrogen content 
were defined in soil. The transition of nitrogen into soluble form in the case 
of fertilizer characterized by prolongation action, takes place purposefully 
slowly. 

We have studied the degradation of linear structure polymer (fertilizer) by 
the emission of ammonia. With this in view, microorganisms apt to destruct 
the tested polymer were isolated from definite type soils (chestnut, alluvium 
acidic, and brown carbonaceous) of east Georgia. 

As a source of nitrogen, various quantities of the polymer (to adapt 
microorganism) were added to the medium of cultivation of microorgan­
isms (Christensen medium, where initially starting quantity of peptone was 
used as nitrogen source); when the adapted microorganisms were obtained, 
experiments were carried out according to the following scheme: only 
polymer without inoculation (control) and only with urea and polymer with 
inoculation (in the nutrient medium starting quantity of peptone and adapted 
microorganisms). 

Analysis of the obtained results showed that at the fourth hour of the 
cultivation of microorganisms, ammonia content in the medium was 
approximately 0.6 mg/mL and by the 10th hour of the cultivation, it fell to 0. 
At this period, source of ammonia in cultivation medium is peptone (starting 
dose); by the 10th hour of the cultivation, peptone reserve is exhausted and 
microorganisms start to use carbamide as a nitrogen source (it destructs 
peptide bond and releases ammonia). As a result, from the 10th hour of 
the cultivation amount of ammonia in cultivation medium increases, that 
is, polymer is destructed with the emission of ammonia. These experiments 
determined active strains of Urobacillus sp. capable of destructing polymers. 

We created the biocomposite by the selection of adequate ratio of lyophi­
lized urobacterium mycelium and nitrogenous polymer fertilizers. Besides, 
activity of definite nitrogen fixers was defined in field conditions. Field 
experiments were carried out according to nine variants scheme with the 
four repetitions. Nitrogen fixers were applied on seed material. Experiments 
were carried out on autumn wheat breed (Bezostaya-1). Plant development 
phases such as germination, tillering, booting, heading, flowering, grain 
filling, and maturity were studied. The development of all phases proceeded 
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normally. Indices of productivity in the studied variants at the application 
of nitrogen fixers on the seed material (Azospirillum brasilense) together 
with fertilizer characterized by the prolongation action showed that hectare 
norms of nitrogen compared with the control (obtained by agro rules) 
were reduced by more than 40–45%, while productivity was increased by 
15–20%, correspondingly. This effect was achieved by joint application of 
fertilizers of prolongation action and nitrogen fixers. Such technology practi­
cally ensures reduction of nitrogenous fertilizers wash off and evaporation 
to the minimum, while the plant is provided with nitrogen along the whole 
vegetation period, which ensures growth of productivity and environment 
protection from pollution. Finally, it will give substantial economy and 
ecological effect. 

7.4 CONCLUSION


New nitrogenous fertilizer of linear polymer structure was synthesized and 
kinetic regularities of its creation were studied. 

Active strains of urobacteria able to destruct nitrogen-containing polymer 
of linear structure were isolated from the soil. 

Biocomposites containing polymerized carbamide and its destructor 
microorganisms were obtained. 

Biodegradable nitrogenous fertilizer of linear polymer structure increases 
production of grain crops by 15–20% and decreases hectare norms of nitrog­
enous fertilizers by 40–45%. 

As a conclusion, in this chapter, the technology of producing polymer­
ized nitrogenous fertilizers and polymer biodegradable biocomposites has 
been reported for the first time. 
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ABSTRACT 

The complexes of heavy metals with fulvic acids (FA) are identified with less 
bioavailability and consequently with less toxicity. Disregarding the most 
recent research works, empirical evidence on stability constants of complex 
compounds of FA with heavy metals (among them copper) is diversified, 
and they vary in many lines from each other. One of the reasons for such 
condition is neglecting an average molecular weight that is connected to 
fulvic acids, which finally creates the wrong results. 

In this chapter, we have studied the complex formation process among 
copper (II) and FA by the solubility approach at pH = 8.0. In this regard, as 
a solid phase, Cu(OH)2 suspension is applied. FA was then separated from 
lake Paravani by the adsorption chromatographic technique. The moderate 
molecular weight of the “active associate” (Mw = 2191) is considered for 
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obtaining the composition of copper fulvate complex, the concentration of 
free ligand, and stability constant. β [Cu(OH)2FA] = 1.18 × 107; lg β = 7.07. 
Through the obtained results, it will be possible to calculate the migration 
forms of copper in natural waters, determine toxicity and bioavailability, and 
evaluate the ecological condition of water reservoirs. 

8.1 INTRODUCTION


Copper in natural waters may be present as free ions (Cu2+) and also as inor­
ganic (CuOH+, Cu(OH) 0, CuHCO +, CuSO 0, CuCl+, and others) and organic 2 3 4 
complexes (mainly humates and fulvates).1–4 There is a consensus that Cu2+ 

is more toxic in comparison with other chemical forms.5–7 The complexes 
of heavy metals with macromolecular organic substances are characterized 
with less bioavailability and accordingly with less toxicity.8,9 

“FA” is one of the first macromolecular organic substances, which was 
discovered in natural waters. It makes up the fundamental part of dissolved 
organic matter of natural waters.2,3,9–11 Fulvic acids take an active part in 
complexion and sorption processes, proceeding in plain waters, organize 
stable complexes with heavy metals, radionuclides, and stipulate migration 
forms involved in natural waters.12–19 

Empirical data on stability constants (β) of complex compounds of fulvic 
acids with copper (II) are heterogeneous and they diverge in several lines 
from each other.20–39 This condition is mainly specified by neglecting the 
moderate molecular weight (Mw) of the related FA, whose value in its turn 
relies upon the amount of pH and at last brings the wrong result. 

Consequently, it’s hard to study complex formation processes taking 
place in plain waters, identify migration forms of copper, and classify and 
assess the chemical–ecological condition of plain waters. 

In this chapter, we worked on complex formation process between 
the pure samples of fulvic acids, separated from plain water and Cu(II), 
to calculate the composition and the average stability constant of copper 
fulvate complex. Complex formation process was studied at pH = 8.0 by the 
solubility method. Cu(OH)2 suspension was used as a solid phase. 

8.2 MATERIALS AND METHODS


To be able to obtain pure samples of fulvic acids for subsequent filtration 
through membrane filters (0.45 µm pore size), the water of lake Paravani was 
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concentrated by a frozen procedure. It should be noted that the concentrated 
water samples were acidified with 6 M HCl to pH 2. Meanwhile, the sample 
was placed for 2 h on water bath at 60°C for coagulation of humic acids. 
Afterward, the solution was centrifuged for 10 min at 8000 rpm (Centrifuge 
T-23). Nevertheless, for isolation of fulvic acids from centrifuge, we have 
used the adsorption chromatographic method as well. 

According to published research study presented in Ref. [40], charcoal 
was considered as a sorbent.40 Desorption of amino acids and carbohydrates 
was also considered (i.e., 90% acetone water solution was used with 0.1 M 
HCl for desorption of polyphenols). The elution of the fraction of fulvic 
acids was performed with 0.1 N NaOH solutions. 

We prepared alkaline solution of fulvic acids for the purification. This 
was passed through a cation exchanger (KU-2-8). To be able to attain the 
concentration of fulvic acids in obtained solution using gravimetric method, 
the part of the solution was dried under vacuum until the constant weight 
was achieved. Thus, we have prepared the model solutions of Fulvic acids. 

It is worth mentioning that the solution of fulvate complexes was prepared 
by the solubility method. In such process, 0.1 ml suspension of copper 
hydroxide and increasing quantity of standard solution of fulvic acids were 
placed in 15 ml capacity fluoroplastic cylinders [pH = 8.0, ionic strength µ 
= 0.01 (KNO3), and v = 10 ml]. In this research study, the concentrations of 
hydrogen ions were regulated by the addition of 0.01 M HNO3 acid or 0.01 
M NaOH (pH meter pH 2006). Afterward, it was stirred in order to achieve a 
reliable balance by using a mechanical mixer for 60 h. This suspension was 
then filtered through the membrane filters (considering 0.45 µm pore size). 
In the filtering procedure, the atomic absorption spectrophotometer (Perkin 
Elmer 200) was used to measure the concentration of copper. 

8.3 RESULTS AND DISCUSSION


From Table 8.1 we can observe the following: 

•

 In line with the augmenting of concentration of fulvic acids in 
solution, the concentration of Cu(II) raised many times because of 
formation of fulvate complex. 

•

 During the determination of molar concentrations of “FA,” the 
fact that they form correlations in water solutions was taken into 
consideration. 
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•

 During the experimental procedure for water solutions of fulvic 
acids, gel chromatographic method was carried out (in the interval 
pH 4–11). 

•

 There is a line dependence between the average molecular weight of 
fulvic acids (Mw) and the amount of pH, which is shown in Ref. [2]; 

•

 Mw = 1350 at pH-4540, 
•

 At pH = 8, Mw (FA) = 6260. 
•

 In diluted water solutions, copper dihydroxy complex Cu(OH)2

0 is 
the dominant form at pH = 8.0.36 

Now, it should be noted that the reaction between copper dihydroxy 
complex and the anions of fulvic acids is written as: 

Cu(OH)2
0 + mFA  Cu(OH)2 (FA)m

 (8 .4) 

β = [Cu(OH)2 FAm]/{[Cu(OH)2
0] [FA]m} (8.5) 

In solution, the concentration of copper dihydroxy fulvic acid complex 
matches with the difference between final [Cu(II) ] and initial [Cu(II) ]total
 free
concentrations of copper received after formation of complex: 

[Cu(OH) FAm] = [Cu(II)  − Cu(II) ] (8.6)2 total free

Putting these values in eq 8.5, we got eq 8.7, 
β = [Cu(II)  – Cu(II) ]/{[Cu(II) ][FA]m} (8.7)total free free

From eq 8.7, 
β [Cu(II)free] = [Cu(II)total – Cu(II)free]/[FA]m (8.8) 

At the fixed pH, the left part of the eq 8.8 is invariable and shown as K′. 
K′ = [Cu(II)  – Cu(II) ]/[FA]m (8.9)total free

The logarithm of this eq 8.9 is: 
lgK′ = lg[Cu(II)  – Cu(II) ] – mlg[FA] (8.10)total free

The value (m) of the stoichiometric coefficient or the number of ligands 
in inner coordination sphere of complex equals to tangent of tilt angle of 
straight line built in coordinates. 

lg[Cu(II)total – Cu(II)free] ––– lg[FA ] (8.11) total
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To be able to determine the exact value of tangent tilt angle of straight 
line, we used the least square method: 

m = tgα = (nΣx y  – ΣxΣy )/(nΣx 2 – (Σx )2) (8.12)i i i i i i

where 
x  = lg [FA ] and y  = lg [Cu(II)  – Cu(II) ] (8.13)i total i total free

TABLE 8.1
 Solubility of Copper Hydroxide Dependence on the Concentration of Fulvic 
Acids and the Indispensable Data to Carry Out the Composition of Copper Dihydroxy Fulvate 
Complexes pH = 8.0; Mw(FA) = 6260; [Cu(II)free] = 3.30 × 10–6 mol/L. 

Mol/L [Cutotal]: Log Log [CuFAm] 
[FAtotal] [Cutotal] [CuFAm] [FAtotal] [FAtota] 

1.4 × 10–5 4.22 × 10–5 3.89 × 10–5 1:0.33 –4.8539 –4.4100 
2.1 × 10–5 6.00 × 10–5 5.67 × 10–5 1:0.35 –4.6778 –4.2464 
2.8 × 10–5 8.02 × 10–5 7.69 × 10–5 1:0.35 –4.5528 –4.1141 
3.5 × 10–5 10.10 × 10–5 9.77 × 10–5 1:0.35 –4.4559 –4.0101 
4.2 × 10–5 12.03 × 10–5 11.70 × 10–5 1:0.36 –4.3767 –3.9318 
4.9 × 10–5 13.93 × 10–5 13.60 × 10–5 1:0.35 –4.3098 –3.8665 
5.6 × 10–5 15.43 × 10–5 15.10 × 10–5 1:0.36 –4.2518 –3.8210 

TABLE 8.2
 Determination of the Composition of Copper Fulvate Dihydroxy Complex, 
Using Least Square Method, Mw (FA) = 6260; pH = 8.0. Xi = lg [FA ], Yi = lg[CuFA ].total m

Xi Yi XiYi Xi2 

–4.8539 –4.4100 21.4057 23.5603 
–4.6778 –4.2464 19.8638 21.8818 
–4.5528 –4.1141 18.7307 20.7280 
–4.4559 –4.0101 17.8686 19.8550 
–4.3767 –3.9318 17.2083 19.1555 
–4.3098 –3.8665 16.6638 18.5774 
–4.2518 –3.8210 16.2461 18.0778 

∑Xi = –31.4787; (∑Xi)2 = 990.9085; ∑Yi = –28.3999; ∑Xi2 = 141.8358; ∑XiYi = 127.987; m = 0.98. 

The value of m (Mw(FA) = 6260), which equals 0.98 (Tables 8.1 and 
8.2), obtained at pH = 8 in system Cu(OH)2(solid)-Cu(II)(solution)-FA-H2O 
is the copper dihydroxy fulvate, with the structure of 1:1. Therefore, the 
complex formation reaction (pH = 8.0) could be written as: 

Cu(OH)2
0 + FA = Cu(OH)2FA. (8.14) 
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Thus, for the stability constant:



β = [Cu(OH) FA]/{[Cu(II) ] [FA]} = [Cu(II)  – Cu(II) ]/
2 free total free
{[Cu(II)free] [FA]} (8.15) 

The complexation of fulvic acids to metal ions cannot be explained in a 
very strict frame. It is mainly due to the incomplete defined nature of fulvic 
acids in contrast with the complexation of single ligands. Therefore, to be 
able to determine stability constants of fulvate complexes, it is needed to 
make some logical assumptions. In balanced solutions, correlation [Cu(II) 

]:[FAtotal] on average equals to 1:0.35 (please refer to Table 8.1). This total
means that during the complex formation process for fulvic acids, the value 
of Mw at pH = 8 equals to 6260 (divides and every 0.35 part carried out into 
copper’s inner coordination sphere, as an integral ligand). 

TABLE 8.3
 Composition of Copper Dihydroxy Fulvate Complexes pH = 8.0; Mw (FA) = 
2191; [Cu(II)free] = 3.30 × 10–6 mol/L. 

[FAtotal] 
Mol/L 

[Cutotal] [CuFAm] 
Log [FAtota] Log [CuFAm] 

4.0 × 10–5 4.22 × 10–5 3.89 × 10–5 –4.3979 –4.4100 
6.0 × 10–5 6.00 × 10–5 5.67 × 10–5 –4.2218 –4.2464 
8.0 × 10–5 8.02 × 10–5 7.69 × 10–5 –4.0969 –4.1141 
10.0 × 10–5 10.10 × 10–5 9.77 × 10–5 –4.0000 –4.0101 
12.0 × 10–5 12.03 × 10–5 11.70 × 10–5 –3.9208 –3.9318 
14.0 × 10–5 13.93 × 10–5 13.60 × 10–5 –3.8539 –3.8665 
16.0 × 10–5 15.43 × 10–5 15.10 × 10–5 –3.7959 –3.8210 

Thus, we can consider that Mw related to fulvic acids equals to 2191 when 
considered in the complex formation process. Now according to Ref. [40], 
these related parameters of fulvic acids in general are known as an “active 
associate.” The Mw of the “active associate” of fulvic acids (Mw = 2191) 
is considered for calculation of the concentration of free ligand ([FAfree]) 
along with the average stability constant. It is worth mentioning that in case 
of using the moderate molecular weight of the associate (6260), it will not 
be possible to determine the concentration of free ligand. And of course, 
without access to this value, it is not possible to determine the stability 
constant of copper fulvate complex. As it is shown from data (Tables 8.3 and 
8.4), using of active associate doesn’t cause the changing of the composition 
of the complex, m = 1.01. 
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TABLE 8.4
 The Calculation of the Composition of Copper Fulvate Dihydroxy Complex 
by the Least Square Method, Mw (FA) = 2191; pH = 8.0. Xi = lg [FA ], Yi = lg[CuFA ].total m

Xi Yi XiYi Xi2 

–4.3979 –4.4100 19.3995 19.3415 
–4.2218 –4.2464 17.9274 17.8236 
–4.0969 –4.1141 16.8550 16.7846 
–4.0000 –4.0101 16.0404 16.0000 
–3.9208 –3.9318 15.4158 15.3726 
–3.8539 –3.8665 14.9011 14.8525 
–3.7959 –3.8210 14.5041 14.4088 

∑Xi = –28.2872; (∑Xi)2 = 800.1657; ∑Yi = –28.3999; ∑Xi2 = 114.5836; ∑XiYi = 115.0433; m = 1.01. 

TABLE 8.5
 The Required Data to Study Conditional Stability Constants of Copper Fulvate 

Complex by the Leden Method, pH = 8.0; Mw (FA) = 2191; Cu(II)free = 3.30 × 10–6 mol/L.



Mol/L 
F (FA) 

[FA] total [Cu(II)total] [CuFA] ][FAfree

4.0 × 10–5 4.22 × 10–5 3.89 × 10–5 0.11 × 10–5 1.08 × 107 

6.0 × 10–5 6.00 × 10–5 5.67 × 10–5 0.33 × 10–5 5.2 × 106 

8.0 × 10–5 8.02 × 10–5 7.69 × 10–5 0.31 × 10–5 7.69 × 106 

10.0 × 10–5 10.10 × 10–5 9.77 × 10–5 0.23 × 10–5 1.22 × 107 

12.0 × 10–5 12.03 × 10–5 11.70 × 10–5 0.30 × 10–5 1.18 × 107 

14.0 × 10–5 13.93 × 10–5 13.60 × 10–5 0.4 × 10–5 1.03 × 107 

16.0 × 10–5 15.43 × 10–5 15.10 × 10–5 0.90 × 10–5 5.08 × 106 

TABLE 8.6
 Determination of Conditional Stability Constant of Copper Fulvate Complex 
by the Least Square Method, Mw (FA) = 2191; pH = 8.0; Xi = [FAfree]; Yi = F (FA). 

Xi Yi XiYi Xi2 

0.11 × 10–5 1.08 × 107 11.88 0.0121 × 10–10 

0.33 × 10–5 0.52 × 107 17.16 0.1089 × 10–10 

0.31 × 10–5 0.77 × 107 23.87 0.0961 × 10–10 

0.23 × 10–5 1.22 × 107 28.06 0.0529 × 10–10 

0.30 × 10–5 1.18 × 107 35.54 0.0900 × 10–10 

0.40 × 10–5 1.03 × 107 41.20 0.16 × 10–10 

0.90 × 10–5 0.51 × 107 45.90 0.8100 × 10–10 

Xi = 2.58 × 10–5; (∑Xi)2 = 6.6564 × 10–10; ∑Yi = 6.31 × 107; ∑Xi2 = 1.33 × 10–10; ∑XiYi = 203.61. 
β(Cu(OH)2FA) = 1.18 × 107; lg β = 7.07. 

For the calculation of average stability constant of copper dihydroxy 
fulvate at pH = 8.0, Leden function F(L) was used.41 
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F(L) = F(FA) = [Cu(OH)2FA]/{[Cu(II)free][FAfree])} = ([Cu(II)total] – 
[Cu(II)free])/([Cu(II)free ]) = β1 + β2 ] (8.16)][FAfree [FAfree

where 
] = [FAtotal] – [Cu(OH)2FA] = [FAtotal] – {[Cu(II)total – Cu(II)free]} (8.17)[FAfree

In solubility method, the concentration of [Cu(II)free] equals to the initial 
concentration of metal before adding of ligand in solution. It is worth 
mentioning that the usage of moderate molecular weights of “active associ­
ates” in given systems is both real and forced (as shown clearly in Table 
8.1). Meanwhile, during the use of the solubility process, at any point, the 
molar concentration of the fulvate complex exceeded the molar concentra­
tion of the total associate (in which a moderate molecular weight at pH = 8 is 
reasonable enough). That’s why it could not determine the free ligand. In the 
absence of this, it is not possible to calculate the stability constant of fulvate 
complex. And whenever [FAfree] declines to zero, β could be found by the 
graphical procedure. 

The section which is cut on the ordinate by the straight line built in coor­
dinates F(FA)—[FAfree] equivalents to the stability constant. The value of β

is determined by the square method: 
β  = (Σyi – aΣxi)/n. (8.18) 

Where 
2 2 

a = (nΣxiyi – ΣxiΣyi)/[(nΣxi  – (Σxi) )] (8.19) 

xi = [FAfree] and yi = F(FA) (8.20) 

The necessary data for the calculation of the stability constants of copper 
dihydroxy fulvate complex are given in Tables 8.5 and 8.6. 

β(Cu(OH)2FA) = 1.18 × 107; lg β = 7.07. 

8.4 CONCLUSION


We have shown that in diluted water solutions, copper dihydroxy complex 
Cu(OH)2

0 is the dominant form at pH = 8.0. It was shown that during the 
complex formation process, an associate of FA, with Mw at pH = 8 equals 
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to 6260 divides and every 0.35 part of this associate inculcates into copper’s 
inner coordination sphere as an integral ligand. 

Such part of the associate of fulvic acids was conventionally considered 
an “active associate.” The meaning of Mw of the “active associate” of FA 
(Mw = 2191) was used for determination of the concentration of free ligand 
([FAfree]) and average stability constant. It is shown that using average 
molecular weights of “active associates” in given systems is both real and 
forced. 

It is observed that in the Cu(OH)2(solid)-Cu(OH)2
0(solution)-FA-H2O 

system at pH = 8.0, the copper dihydroxy fulvate complex dominates with 
the structure of 1:1, with average stability constant β(Cu(OH)2FA) = 1.18 × 
107; lg β = 7.07. Through the obtained results, it will be possible to calculate 
the migration forms of copper in natural waters, determine toxicity and 
bioavailability, and evaluate the ecological condition of water reservoirs. 
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ABSTRACT 

Scientists must face global warming and other challenges of the 21st century 
by analyzing together the role of chemical pollution due to human activity to 
think how to reduce the environmental impact of harmful products in order 
to adhere to the various concepts of green environmental protection. 

Overall, research work in any field should be correlated with the global 
realities of economic development and should focus on scientific fields 
based on the existing progressive and valuable trends. Facing the current 
scientific challenges, based on the principles of clean environmental manage­
ment our research team has been conducting research on the synthesis of 
new compounds, using condensation process which gives the vast scope 
of possibilities for synthesis of inorganic polymers containing phosphorus. 
Our activities were conducted in two directions: (1) domain of condensed 
inorganic polymer’s chemistry; in other words, on the mysterious phenom­
enon of condensation that lead to the various classes of original compounds 
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(simplified scheme below); (2) applied science by supporting the scientific 
potential of young people, developing the direction of the ecological field 
and inclusion of students in the research practice in order to stimulate their 
involvement in scientific environment. 

High thermal stability, elevated content of phosphorus of condensed 
phosphates—these preconditions have led to many applications such as raw 
and thermo-resistant materials, fertilizers, detergents, as fillers, also as laser 
materials, ion-exchangers, and catalytic agents, flame, etc. The luminescent 
and vibrational properties determine their large scale use in quantum elec­
tronics. Condensed compounds synthesized by us are not toxic and what is 
really important—do not pollute the environment. 

9.1 INTRODUCTION


Sustainable development is a global process, inseparable from the general 
trend of the world, and to participate in this process means to inherit the 
spiritual, intellectual, and material values not only of one country but of all 
humanity. The reorientation of human activity toward sustainable develop­
ment is also a global process, which involves various aspects, one of the 
main objectives of which is the reduction of harmful effects on the environ­
ment and of course taking into account the conservation of natural resources. 
According to a study in the years 2008–2010, the destruction of nature had 
cost humans approximately of $6.6 trillion euros per year and every year this 
loss in increasing at an alarming speed. 

Generally, scientists in concerned fields have their own responsibility 
for the protection of nature, in searching of sustainable materials for green 
environmental protection by implementation of clean technologies. In fact, 
the concept of responsibility of scientists—this is the subject, the content of 
which is complex, inexhaustible, and wide-ranging and it is almost impos­
sible to define it in words for giving a definitive conception. It is obvious, 
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to destroy is much easier than to build and at this new stage of the world 
development, it is necessary to use a new approach to the notion of Respon­
sibility of the Scientists, to the reorientation of common efforts to the subject 
of clean energy for changing the “consumer mentality”; it is crucial – a sine 
qua non – to realize what represents the notion of responsibility of scientists 
in the domain of clean technologies. 

It is essential to know what is the modern ecological approach to nature, 
to scientific research, so that future generations live and survive not in 
ecological disasters, arid deserts, ruinous drought, or flood conditions, but 
in a balanced situation, taking into account Green Environmental Protection. 
Everything is connected on our world: the cataclysms of nature – mostly 
the results of “unreasonable consumption” approach of consumers: environ­
mental pollution by chemicals, by polluting emissions, wastage of energy 
resources, and irrational use of energy resources. On that basis, scientists 
are obliged to face global warming and other challenges of the 21st century 
by analyzing together the role of chemical pollution due to human activity; 
how to reduce the environmental impact of harmful products to adhere to the 
various concepts of green environmental protection. The research work in 
any field should be correlated with the global realities of economic develop­
ment and must develop scientific fields based on the existing progressive and 
valuable trends.1–5 

As a simple illustration: one of the measurements of the progress of civi­
lization is the kind of materials that are available and accessible to society.6 It 
can be said that just as the Bronze and Iron Age marked the start of a new stage 
in human civilization at the end of the Stone Age, the discovery of organic 
polymers indicated a new era. Traditional predictable materials such as steel, 
various metals, wood, glass, or ceramics are now being supplemented and 
already very often replaced by polymeric advanced materials.6 Starting from 
commonplace and banal implementations such as synthetic polymer with 
elastic properties, for example, rubber, fibers, thermoplastics to high-tech 
applications – in electronics, optical, biological, and other spheres, polymers 
have been more and more used in the production of advanced materials. 
For organic polymers, two important factors are of significant importance: 
(1) the essential capacity of carbon to form bonds with itself and with other 
heteroatoms, which makes possible the synthesis of enormous number of 
polymeric compounds; (2) the consumption of cheap petroleum feedstocks 
has possible and accessible polymer synthesis widely available, which has 
favored the production of organic polymers.6 But last decennia despite this 
extensive use and their omnipresence, carbon-based polymers do not have 
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the required volume to meet all demands or needs of new applications as 
advanced materials.6–15 For example, for many organic polymers is not 
appropriate application at high temperature (they are degraded by oxidation), 
besides, they become very brittle at low temperatures. 

Thus, last 2–3 decades, the increased developments of the chemistry of 
inorganic polymers namely of the field of condensed crystal chemistry, based 
on the principles of Green Environmental Protection, was due to the quick 
development of progressive methods of analysis, as well as to the evolu­
tion and accomplishment in this field of condensed phosphates chemistry. 
In the search of sustainable materials by appropriate application of clean 
technologies, numerous inorganic polymers, namely condensed poly- and 
cyclo-phosphates with diverse formulas were obtained and described last 
year. Condensed phosphates of polyvalent metals, notably double phosphates 
containing alkali metals possess a number of more attractive, important, and 
appreciable properties, which clarify the prospects of their application. Actu­
ally, anions are known for n = 3, 4, 5, 6, 8, 9, 10, and 12.17–28 High thermal 
stability and elevated content of phosphorus—these preconditions have 
caused their application as raw components for manufacture of phosphates 
glasses, the use of crystalline and non-crystalline ultraphosphates in quantum 
electronics are predetermined by specific properties. Some cyclophosphates 
were primarily synthesized; firstly, examined and determined in collabora­
tion with Dr. N. Chudinova and Acad. Tananaev29–31 using the experimental 
technique of research, named “Synthesis methods of Tananaev.” Facing the 
current scientific challenges, based on the conceptual principles of clean 
environmental management, our research team is conducting research on 
the synthesis of new condensed compounds, using the condensation process 
which gives the vast scope of variants and possibilities for the synthesis of 
inorganic polymers containing phosphorus. 

9.2 EXPERIMENTAL METHODS AND MATERIALS


9.2.1 OBJECTS OF THE EXPERIMENTAL STUDY


Contemporary technological development and real challenges require 
the rationalization of conceptual principles of technological schemes and 
educational approaches. Our group of scientists works not only in the field 
of research of new materials for advanced technical domains, but also to 
keep the succession of the educational system accomplished over decades. 
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To achieve this goal in order to promote Clean Technologies within our 
University/Institute, a group of scientists has organized Educational and 
Training Center “RATIO.” Main goal of this Center is the encouragement 
of researchers to conduct their work for Green Environmental Protection. 
Several training courses have been organized, quite a few educational steps in 
the ecological field have already taken place. Then, Seminars & International 
Conferences were organized with the participation of scientists – researchers 
from Georgia and various foreign countries. It should be emphasized—with 
the involvement of students of educational establishments, including not 
only Institutes and Universities but also by the inclusion of learners of insti­
tutions for disabled people. Faced present-day defies and challenges due to 
the pandemic and the rather difficult situation in the educational field, our 
training course was called “Modern learning process and interactive forms 
of education by implementation of telework method.” The basic point of our 
work was the implementation of continuity of education on the chemical and 
ecological domains, in the frame of clean environmental management. 

In aims of search of sustainable materials for ecological protection of 
the environment using clean technologies, our research is conducted in the 
open systems, containing main components: MIII O -P O -H O and MI O­2 3 2 5 2 2
MIII O -P O -H O at the temperature range 80–500°C, without using any 2 3 2 5 2
toxic elements and w/o polluting the environment. Our method of synthesis 
describes the possibilities of synthesis normal and double condensed 
compounds, so-called inorganic polymers.19,20,32–36 The interaction in the 
multi-component systems was studied, and novel phases formation and the 
solubility of obtained compounds were examined in the above-mentioned 
systems. The major task was also to examine the temperature range of areas 
of crystallization of new phosphates of mono- and trivalent metals in poly-
phosphoric acid melts. 

Other important objectives were: (1) an analysis by different methods of 
newly obtained compounds; (2) the determination and evaluation of several 
properties of the synthesized condensed phosphates. 

9.2.2 MATERIALS 

In the present study, we review solely and exclusively the interaction, 
phase formation, and the solubility in the multi-component systems MI 

2 
O - MIII O -P O -H 0, where MI – is Rb and MIII are Ga and In and Sc at 2 3 2 5 2
50–450 (500)°C. The initial components are Rb2CO3, Ga2O3, In2O3, Sc2O3, 
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and ortho-phosphoric acid (85%). The molar ratio of initial components P/ 
MIII was constant n = P/MIII = 20 for each experiment and consequently, for 
each temperature range, but sometimes depending on the tasks, it was varied 
in the range from 15 to 18. Duration of the synthesis process up to 2–14 days, 
in correlation with the temperature regime. 

9.2.3 CHARACTERISTICS OF THE METHODS 

9.2.3.1 SYNTHESIS METHOD 

The above-mentioned compounds, such as H3PO4 of percentage 85%, 
Rb2CO3, trivalent metal oxides Ga2 , In2 , or Sc2 were mixed in a O3 O3 O3 
special carbon-glass or platinum crucible during some munities. A mixture 
of these reagents was used for phase formation and heated at temperatures 
between 50°C and 350–360°C, sometimes until 500°C. Depending on the 
envisaged and desired condensed matters, in our experimental studies, the 
duration of the synthesis process was very variable, took 1 day for synthesis 
T = 400–500°C, or 2 days for T = 300–350°C and up to 10–12 days 
(synthesis T = 50–250°C). After mixing rubidium carbonate, gallium oxide, 
or indium oxide, or scandium oxide with ortho-phosphoric acid and after 
placing this mixture in the thermostatically controlled furnace at a predeter­
mined temperature, the process of phase formation is started. The choice of 
the optimal temperature range, as well as the initial components and their 
preliminary ratio are the main factors that influencing the final results of 
the experiments, which allowed to obtain new numerous types of double 
condensed phosphates/so-called inorganic polymers with various programed 
and predetermined properties. 

Afterward, the accomplishment of crystallization which has been checked 
by microscope or other methods, the crystalline phases, extracted by using 
half-litter of hot distilled water after melting of  poly-phosphoric acid. Then 
the single crystals must be washed with ethanol and acetone, then dried in 
the thermostat or in the air. 

In the course of the investigation of poly-component systems in the 
various temperature range, synthesized numerous inorganic polymeric 
compounds—double condensed phosphates were studied by various 
methods such as gravimetric analysis, method of paper chromatography, 
thermos-gravimetric analysis, roentgen phase’s analysis, IR spectroscopy, 



 

 

  
 

Newfangled Dimension of Scientists’ Responsibility 163 

scanning micro-spectroscopic analysis, and flame-spectrophotometric 
method. 

9.2.3.2 GRAVIMETRIC ANALYSIS 

The elemental composition of the newly synthesized condensed compounds 
was examined by gravimetric analysis. Phosphorus was determined by 
precipitation method using a molybdate mixture and a quinoline solution. 
Gallium, indium, and scandium were determined by the hydroxyquinoline 
precipitation method, appropriated by us for crystalline condensed matter 
forms.16,20,32–36 

9.2.3.3 METHOD OF PAPER CHROMATOGRAPHY 

The quite high stability of inorganic polymeric phosphates makes it able to 
classify them and determine the condensation degree by the method of paper 
chromatography. Synthesized di-, tri-, tetra-, octa-, dodeca-phosphates, and 
polymeric compounds were checked using paper chromatography in the 
following way: obtained crystalline samples were decomposed with H-form 
cation type ion-exchanger. In these experiments, 0.1 g of the substance was 
contacted for ca. 1 h with an aqueous suspension of 2 g (KU-2, Dowex) type 
sulfonated cation exchanger at ~0°C. After the decomposition of the main 
mass of the substance, according to the following scheme: cationite-H(solid) 
+ M-phosphate(solid) → cationite-M(solid) + H-phosphate(liquid) the solu­
tion, containing phosphoric acids was neutralized with sodium bicarbonate 
and chromatographed on Filtrak FN-11 paper by acidic solvent CCl3-COOH­
CH3COOH-CH3OH. Chromatograms were sprayed with 5% solution of 
ammonium molybdate (NH4)2MoO4 and irradiated with ultraviolet light (λ

= 400 nm).19,20,34–36 

9.2.3.4 THERMO-GRAVIMETRIC ANALYSIS 

For thermos-gravimetric analysis (TGA), it was used a Derivatograph 
Q1500-D with a heating rate of 10 degree/min, in air atmosphere and 
maximum temperature of 1280°C (sometimes to 1600°C). 
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9.2.3.5 SCANNING MICRO-SPECTROSCOPIC ANALYSIS 

Scanning electronic microscope measurements were accomplished on a JEOL 
scanning electronic microscope JSM–6510LV (well-appointed by energy-
disperse X–Max N 20 micro-X-ray spectral analyzer produced by Oxford 
Instruments). SEM measurements were carried out by means of reflected 
(BES) as well as secondary (SEI) electrons at an accelerating voltage (at 20 
kV). The employed distance was approximately 15 mm. Micrographs have 
been taken at the diverse enlargements. Micro-spectroscopic analysis was 
performed from the sampling point zones and their surface area.19,20,34–36 

9.2.3.6 ROENTGEN PHASE’S ANALYSIS 

The basic structural framework of synthesized double-condensed 
compounds is determined by the X-ray diffraction method and IR spectros­
copy. The powder diffraction intensity data collections were performed on a 
DRON–3М diffractometer, with anodic Cu–Kα radiation in the range of 2θ
= 
10–60°, detector’s speed 2° min−1, lattice spacing dα/n in Å, and I/I 0—is the 
relative intensity (used model/standard data—by ASTM—American Society 
for Testing and Materials).35–36 

9.3 RESULTS AND DISCUSSION


9.3.1 STUDY OF POLY-COMPONENT SYSTEMS IN THE 
PRESENCE OF TRIVALENT METALS AND CONTAINING RB AS THE 
MONOVALENT CATION 

9.3.1.1 STUDY OF THE INTERACTION IN THE SYSTEM RB2O -  GA2O3 - 
P2O5 - H2O AT  TEMPERATURE RANGE 80–500°C 

This work continues our systematic research on the synthesis of monovalent 
metal-polyvalent metal double condensed phosphates, so-called inorganic 
polymers, which demonstrate various potential applications. The interaction 
in the multi-component systems, containing mono- and trivalent metals 
in the presence of phosphoric acid is studied. The temperature range of 
synthesis was various: from 80°C to 500°C. In the Schema, N1 is presented 
the correlation of the condensation degree of synthesized compounds on 
the temperature during interaction in the system Rb2O Ga2O3–P2 –H2O on – O5
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the molar ratio P O /Ga O  = 15/1.5. Molar ratio for Rb O/Ga O  = n was2 5 2 3 2 2 3
following: 2.5; 3.5; 5.0; 6.0; 7.5; 8.0; 10.0. At the low temperature (from 
80 to approximately 100°C), only amorphous phase or metastable phases 
(at 105–120°C) were obtained. The gradual increase of the temperature in 
the reaction area of phosphoric acids melts lead to the formation of oligo­
phosphate: triphosphate of rubidium–gallium RbGaHP3O10 in the tempera­
ture range from 130–140°C to 280–300°C (for n = 2.5 and 3.5). In the case 
of n = 7.5, this compound is stable from 200°C to 500°C. For an initial ratio 
of components n = 8.0 and 10.0, this triphosphate is also stable between 200 
and 350°C. Cyclo-octaphospate of rubidium–gallium was obtained at molar 
ratio n = 5.0 and 6.0, at synthesis temperature from 315–320°C to 380°C. 
In addition, other oligo-phosphates, such as double acidic diphosphate 
RbGa(H P O )  and double normal diphosphate RbGaP O  were synthesized 2 2 7 2 2 7
also (schema 9.1). 

Temperature 
(°C) 

Molar ratio 
n = 2.5 

Molar ratio 
n = 3.5 

Molar ratio 
n = 5.0 

Molar ratio 
n = 6.0 

Molar ratio 
n = 7.5 

Molar ratio 
n = 8.0 

Molar ratio 
n =10.0 

80 Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

100 Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

Amorphous 
phase 

130 ∆ ∆ □ □ □ □ □ 

150 ∆ ∆ □ □ □ □ □ 

180 ∆ ∆ □ □ □ □ □ 

200 ∆ ∆ ∆ ∆ ∆ ∆ ∆ 

250 ∆ ∆ ∆ ∆ ∆ ∆ ∆ 

300 ○ ○ ∆ ∆ ∆ ∆ ∆ 

315 ○ ○ ☼ ☼ ∆ ∆ ∆ 

350 ○ ○ ☼ ☼ ∆ ∆ ∆ 

355 ○ ○ ☼ ☼ ∆ ■ ■ 

360 ○ ○ ☼ ☼ ∆ ■ ■ 

380 ○ ○ ☼ ☼ ∆ ■ ■ 

400 ○ ○ ◊ ◊ ∆ ■ ■ 

450 ○ ○ ◊ ◊ ∆ ■ ■ 

500 ○ ○ ◊ ◊ ∆ ■ ■ 
◊, Ga(PO ) -C; ○, Ga(PO ) -CI; ∆, RbGaHP O ; ☼, Rb Ga P O3 3 3 3 3 10 2 2 8 24, 
□, RbGa(H P O ) ; ■, RbGa P O2 2 7  2 2 7. 

SCHEMA 9.1
 Dependence of composition of condensation degree of condensed compounds 
from synthesis temperature T and molar ratio n = Rb2O/Ga2O3. 
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As it was already marked the powder diffraction intensity, data collections 
were performed on a DRON–3М diffractometer, with anodic Cu–Kα radiation in 
the range of 2θ = 10–60°, detector’s speed 2° min−1. It was determined that acidic 
double diphosphate RbGa(H2P2O7)2 was crystallized in two interesting modi­
fications, one of the mentioned forms is isomorphic to obtained by us, double 
compound of potassium–gallium KGa(H2P2O7)2-form I, and other to analogous 
oligo-phosphate KGa(H2P2O7)2-form II. Similarly, double acidic triphosphate 
RbGaHP3O10 was crystallized in two forms, one of which is isomorphic to 
KGaHP3O10-form I (whose synthesis temperature range is quite more which is 
150–260°C). After heating of components at a temperature higher than 265°C, 
the form II appears; this modification is not isomorphic to analogous triphos­
phates of Li-Ga, Li-In or K-Ga, K-In, or Li-Sc, K-Sc, obtained earlier. 

The dependency of composition and stability of double condensed 
phosphates from ion radius of MIII is analyzed by comparison of various 
condensed compounds obtained last year. It is necessary to emphasize that 
by examining the range of structures of inorganic polymers MIM III(PO3)4 
where MI is an alkali metal and MIII is some trivalent metal such as Gallium, 
Indium, or Scandium. It can be concluded as the radius of M3+ decreases, the 
identical period of the polyphosphate chain increases, due to the complica­
tion of its form factors; the cycles appear slowly, the number of structural 
types increases due to the correlation of the average distances between 
(MIII - O) and (MI - O). The lower the correlation between them, the higher 
the probability of big cycles’ formation becomes. XRD data for synthesized 
inorganic polymers of rubidium–gallium are presented in Tables 9.1 and 9.2. 
It is necessary to observe, that the main results obtained during the investiga­
tion of systems containing In and Sc with Rb are essentially similar to those 
of the analogous system examined above.19,20,34–36 

TABLE 9.1
 XRD Data for Synthesized Acidic Oligo-Phosphates: RbGa(H2P2O7)2-Form 1, 
RbGa(H2P 7)2-Form 1I, Acidic Triphosphate RbGaHP O10-Form 1, and RbGaHP3 10-Form II.2O 3 O

RbGa(H2P2O7)2­
Form 1 

RbGa(H2P2O7)2­
Form 1I 

RbGaHP3O10­
Form 1 

RbGaHP3O10­
Form II 

I, % d, Å I, % d, Å I, % d, Å I,% d, Å 
42 7.83 
31 7.77 
14 7.08 
20 6.70 
7 5.60 
7 4.94 

28 8.42 
19 5.90 
30 6.75 
6 5.09 
7 4.82 
28 4.57 

3 7.11 
3 6.58 
54 5.93 
22 5.54 
37 4.75 
100 4.23 

84 7.69 
39 5.75 
28 5.09 
5 4.94 
8 4.44 
54 4.19 
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TABLE 9.1
 (Continued) 

RbGa(H2P2O7)2­
Form 1 

RbGa(H2P2O7)2­
Form 1I 

RbGaHP3O10­
Form 1 

RbGaHP3O10­
Form II 

I, % d, Å I, % d, Å I, % d, Å I,% d, Å 
45 3.94 14 4.29 4 4.05 74 3.80 
26 3.91 6 4.07 5 3.99 59 3.74 
20 3.73 20 3.78 5 3.77 43 3.55 
10 3.53 46 3.76 80 3.39 35 3.24 
31 3.47 16 3.67 48 3.24 19 3.22 
41 3.42 46 3.43 90 2.99 100 3.03 
25 3.32 49 3.33 80 2.89 47 2.86 
100 3.14 100 3.20 31 2.83 4 2.76 
76 3.09 70 3.11 64 2.77 68 2.56 
17 3.04 54 3.07 7 2.72 62 2.50 
22 2.97 8 2.98 23 2.66 35 2.46 
26 2.89 9 2.94 16 2.43 9 2.43 
11 2.79 8 2.71 3 2.40 21 2.27 
17 2.57 8 2.63 10 2.37 5 2.22 
12 2.54 33 2.49 6 2.29 12 2.10 
35 2.52 8 2.44 16 2.19 9 2.07 
17 2.40 16 2.34 17 2.15 13 2.04 
42 2.36 35 2.32 5 2.11 21 1.90 
20 2.32 13 2.29 3 2.04 19 1.89 
13 2.26 6 2.22 13 2.00 21 1.86 
10 2.24 12 2.08 18 1.98 22 1.79 
25 2.17 12 2.04 14 1.95 18 1.77 
10 2.15 12 1.93 20 1.92 17 1.70 
14 2.13 5 1.89 14 1.87 27 1.65 
21 2.07 17 1.84 18 1.83 8 1.59 

TABLE 9.2
 XRD Data for Synthesized Inorganic Polymeric Phosphate – Double Cyclo­
octaphosphate of Rubidium–Gallium Rb2Ga2 and Double Diphosphate RbGaP OP8O24 2 7. 

Rb2Ga2P8O24 RbGaP2O7 Rb2Ga2P8O24 RbGaP2O7 
I, % d, Å I, % d, Å I, % d, Å I,% d, Å 
85 9.82 
80 8.10 
100 6.15 
18 5.90 
43 4.95 

4 7.62 
5 5.76 
10 5.21 
13 3.95 
16 3.64 

15 2.58 
10 2.49 
15 2.46 
11 2.44 
7 2.36 

4 2.10 
28 2.09 
6 2.03 
26 2.00 
9 1.94 
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TABLE 9.2
 (Continued) 

Rb2Ga2P8O24 RbGaP2O7 Rb2Ga2P8O24 RbGaP2O7 
I, % d, Å I, % d, Å I, % d, Å I,% d, Å 
5 4.71 36 3.43 4 2.32 9 1.86 
10 4.23 15 3.48 4 2.14 5 1.75 
16 4.15 60 3.24 5 2.11 9 1.79 
20 3.96 25 3.18 18 2.04 14 1.73 
20 3.90 9 3.12 11 1.94 9 1.68 
8 3.53 19 3.07 6 1.88 5 1.64 
45 3.40 78 2.97 6 1.86 19 1.62 
25 3.30 100 2.94 4 1.76 3 1.60 
10 3.23 54 2.91 21 1.70 14 1.54 
98 3.16 12 2.63 10 1.66 15 1.50 
28 3.06 15 2.44 5 1.61 
23 2.88 9 2.40 10 1.59 
59 2.75 9 2.33 7 1.52 
25 2.62 5 2.19 

As it has been said above, condensed compounds of rubidium–gallium, 
according to their composition and structure, correspond with phosphates of 
potassium–gallium, potassium–indium, and sometimes with rubidium–scan­
dium. Table 9.3 esented XRD data for the synthesized inorganic polymeric 
phosphate—double cyclo-octaphosphate of potassium–gallium K Ga P O2 2 8 24 
and acidic double triphosphate. Another additional conclusion—the obtained 
phosphates are not analogous to corresponding compounds of rare earth 
elements. Likewise, it has been revealed that at moderately low tempera­
tures, it’s more feasible to produce double acidic phosphates, at relatively 
high temperature appears double cyclo-octaphosphate of K-Ga, K-In, and 
Rb-Ga. It must be emphasized that the influence of molar ratio is neverthe ­
less very important. 

TABLE 9.3
 XRD Data for Synthesized Inorganic Polymeric Phosphate—Double Cyclo-
octaphosphate of Kalium-Gallium K2Ga2 and Acidic Double Triphosphate KGaHP OP8O24 3 10. 

KGaHP3 O10 K2Ga2P8O24 KGaHP3 O10 K2Ga2P8O24 
I, % d, Å I, % d, Å I, % d, Å I,% d, Å 
19 7.08 22 9.76 55 2.86 61 3.17 
21 6.55 95 8.22 60 2.74 16 3.05 
100 5.89 100 6.14 15 2.68 7 2.86 
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TABLE 9.3
 (Continued) 

KGaHP3 O10 K2Ga2P8O24 KGaHP3 O10 K2Ga2P8O24 
I, % d, Å I, % d, Å I, % d, Å I,% d, Å 
81 5.47 75 4.97 16 2.61 42 2.73 
28 4.69 8 4.25 8 4.44 33 2.61 
98 4.24 5 4.09 14 2.40 8 2.56 
30 4.01 7 3.94 20 2.35 21 2.49 
18 3.87 29 3.87 8 2.26 6 2.45 
70 3.32 8 3.52 19 2.17 7 2.41 
43 3.24 18 3.40 7 2.01 3 2.36 
18 3.10 13 3.30 21 1.90 14 2.04 
100 2.96 10 3.26 20 1.79 6 1.89 

X-Ray patterns of synthesized samples of inorganic polymeric compounds 
of potassium–gallium, isomorphs to rubidium–gallium are presented in 
Figures 9.1–9.4. 

The decomposing of triphosphates of the above-mentioned alkali metals 
by heating for 1 h shows the appearance of cyclo-octaphosphates M2Ga2P8O24, 
diphosphate MGaP2O7, and polyphosphate of gallium Ga(PO3)3. On the 
other hand, heating triphosphates for 2 days shows the final decomposition 
and obtaining only of Ga(PO )  and KGaP O or similarly RbGaP O  (Figs.3 3 2 7 2 7
9.2 and 9.3). 

In the Figure 9.5, it is presented the diffractogram of the pure polyphos­
phate of gallium Ga(PO3)3-form C obtained from solution-melts of phos­
phoric acids at the temperature range 355–500°C. 

9.4 ABOUT POSSIBILITIES OF POTENT APPLICATIONS OF 
CONDENSED PHOSPATES 

Referring to the well-known scientists A. Durif, I.V. Tananaev and A. S. 
Wagh26,29,31 chemically bounded phosphates are the real materials of the 21st 
century. Nevertheless, the development of their processing technology still 
lacks the necessary attention. Advances in the domain of inorganic polymer 
chemistry, it shows the important application of phosphates materials in 
several technical domains, including nanotechnologies. The chemistry of 
inorganic compounds of phosphorous has advanced intensively in the last 
time also for the purpose that condensed compounds of phosphorus are 
greatest applicable, useful, and convenient to promote development of the 
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FIGURE 9.1
 X-Ray patterns of synthesized samples of potassium–gallium (isomorphs to 
rubidium–gallium polymeric compounds): (a) KGaP O , (b) KGa(H P O ) , (c) KGaHP O2 7 2 2 7 2 3 10,


and (d) K Ga P O2 2 8 24. 
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FIGURE 9.2
 X-Ray patterns of synthesized samples of rubidium–gallium condensed 
phosphates (isomorphs to relevant potassium–gallium polymeric compounds): (a) 
RGa(H P O ) -form II, (b) RbGaHP O -form I, and (c) RbGaHP O -form II.2 2 7 2 3 10 3 10

chemistry of inorganic polymers, and last but not least—they are reason­
ably presumed as best fertilizers, detergents, and as materials used in 
engineering, construction, and other areas, such as raw materials, glasses, 
thermo-resistant constituents, effective applying nourishments, cleaners, 
cement substances, ion-exchange ingredients, and also catalytic agents, as 
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FIGURE 9.3
 X-Ray patterns of synthesized samples of rubidium–gallium condensed 
phosphates (isomorphs to related potassium–gallium polymeric compounds): (a) Rb Ga P O2 2 8 24 
and (b) RbGaP2O7. 

fire-retardants, etc.20,23,24,28,32 Thermal behavior of the synthesized compounds 
shows that cyclo-octaphosphates of potassium–gallium, rubidium–gallium, 
and rubidium–indium demonstrated high thermal stability. They start to 
decompose at temperature of about 650°С. Final crystal products of thermal 
decomposition of the compounds are polyphosphate of appropriate metals 
(or, in any cases, diphosphate). Performed data allow to conclude that cyclo­
octaphosphates having high chemical and thermal stability may be used as 
fire retardant additives to thermoplastics, similarly to the same compounds 
described in very interesting works.37,41 Apropos polymers’ degradation and 
stability—the synergy between predictable phosphorus fire retardants and 



 

 

 

173 Newfangled Dimension of Scientists’ Responsibility 

FIGURE 9.4
 X-Ray patterns of potassium–gallium triphosphate’s KGaHP3 O10 heated to 
600°C during 1 h (on the left) and his final decomposition by heating up to 650°C during 2 
days (on the right). 

FIGURE 9.5
 The diffractogram of the obtained long chain polyphosphate Ga(PO3)3. 
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organically modified clays can lead to fire retardancy of styrenics.37–40 The 
structure and thermal properties, as well as the vibrational and luminescent 
properties of condensed compounds determine their use in quantum elec­
tronics. The biomaterials appear on the base of hydroxyl apatite and poly-
phosphates rapidly for the causes of the development of advanced methods 
of analysis and of the significant application of phosphates materials in 
several technical domains, including modern nano-science. The market­
able requests for condensed phosphates applications are: in the production 
of fire-retardant and heat-resistant coatings and sealants, in medicine, in 
high-temperature ceramics, for the encapsulation of new types of fibrous 
or toxic, and radioactive waste components, and as an additive component 
for cement and concrete as raw ingredients/component for the production 
of phosphates glasses. By T. Gourley “…inorganic polymers are a family 
of materials that only in the last few decades, have been given their rightful 
place in the spectrum of inorganic materials.” The production of crystalline 
and/or non-crystalline condensed phosphates has triggered their application 
in quantum electronics, which is predetermined by the specific and improved 
properties of these compounds. In this point of view, the achievements in the 
frame of clean energy technologies and synthesis’ experimental technique, 
used by us “method of Tananaev” is very attractive. In fact, this method 
excludes the harmful impact on the ecology. Based on the above, the produc­
tion of new environmentally friendly and cost-effective materials based on 
inorganic polymeric compounds is of great importance. As a final point, we 
would like to underline that it had been studied in detail the possibilities 
of application of condensed cyclic octa-phosphates of rubidium–gallium 
and potassium–gallium. According to the structural analysis, the diameter 
of the channel in the case of gallium cyclic octa-phosphate is 5.2 angstrom, 
which is objectively a very good sign. The cyclo-octaphosphates K2Ga2P8O24 
and Rg Ga P O synthesized by us were studied for the catalytic activity in 2 2 8 24 
the State University, the results showed that it has unique properties as an 
inorganic polymer and can be used as a best catalyst for organic synthesis 
reactions, specifically for getting low molecular weight dienic olefins. As 
we have already indicated the properties of this compound in the model 
dehydration reaction of n-butyl alcohol by the impulsion method are studied. 
Based on the piloted experiments, it was founded that the overall conversion 
was from 52 to 65%. The studied sample is comparable to the activity of 
the compound BPO3 (50%) achieved by mixing the initial constituents and 
exceeded the activity of the zeolite catalyst sample NaZr-A (32%), tested 
under similar and comparable conditions. It has also been found that the 
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C4 olefinic hydrocarbons were definitely and firmly retained by the catalyst 
under experimental conditions.42 

9.5 CONCLUSIONS


In aims for searching of sustainable materials for ecological protection of 
the environment using clean technologies, our fundamental research was 
conducted in the open poly-component systems MI O-MIII O -P O -H O for2 2 3 2 5 2
the purpose to obtain double, triple, polymeric, and substituted phosphates. 

We have synthesized and investigated new inorganic polymers, between 
the temperature range 100 and 500 (600)°C (where MI –alkali metals K and 
Rb and MIII–Ga, In and Sc). Various double acidic di- MIMIII(H2P2O7)2 and 

MIIItriphosphates MIMIIIHP O , cyclo-octaphosphates MI P O and long3 10 2 2 8 24 
chain polyphosphates Ga(PO3)3-C and Ga(PO3)3-C

I were obtained. All inor­
ganic polymers were studied by diverse methods such as chemical analysis, 
method of paper chromatography, thermos-gravimetric analysis, roentgen 
phase’s analysis, IR spectroscopy, scanning micro-spectroscopic analysis, 
and flame-spectrophotometric method. 

The dependence of the composition of condensation degree from synthesis 
temperature T and molar ratio n = MI

2O/MIII
2O3 was studied. Investigation of 

the thermal behavior of the compound has been demonstrated high thermal 
stability of obtained phosphates, especially for cyclic compounds. These 
properties have potential applications in the fire-retardant industry, as addi­
tives to thermoplastics, which were already successfully demonstrated for 
similar phosphates. 

Synthesized cyclo-octaphosphates K Ga P O and Rg Ga P O have2 2 8 24 2 2 8 24 
unique properties as inorganic polymers and can be used as a best catalyst 
for organic synthesis reactions, specifically for getting low molecular weight 
dienic olefins. 

In order to promote Clean Technologies within University, we have orga­
nized the Educational and Training Center “RATIO,” whose main objec­
tives are: firstly, research and accomplishments in the frame of synthesis 
of new inorganic polymers-double condensed phosphates, and secondly, 
the encouragement of researchers conducted their work for Green Environ­
mental Protection. Several training courses have been organized, quite a few 
educational steps in the ecological field have already taken place, various 
interesting workshops and international conferences were organized. 
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CHAPTER 10



Synthesis and Quantum-Chemical
Investigation of Some New Types of 
1,2-Trans-Glycosides 

NELI SIDAMONIDZE, RAMAZ GAKHOKIDZE, RUSUDAN VARDIASHVILI, 
and LEVAN SAMARGULIANI 

Department of Chemistry, Iv.Javakhishvili Tbilisi State University,  
Tbilisi, Georgia 

ABSTRACT 

The condensation reaction of α-chloro-2,3,4,6-tetra-O-acetyl-a-D­
glucopyranose and α-chloro-2,3,4,6-tetra-O-acetyl-a-D-galactopyranose 
with 4,4,8,8-tetramethyl-2,3,6,7-dibenzo-9-oxabicyclo-(3,3,1)-nonan-1­
N-triptamin-5-ol, 4,4,8,8-tetramethyl-2,3,6,7-dibenzo-9-oxabicyclo-(3,3,1)­
nonan-1-N-5-methoxytriptamin-5-ol, and 4,4,8,8-tetramethyl-2,3,6,7­
dibenzo-9-oxabicyclo-(3,3,1)-nonan-1-N-4-methyltiazolylethylamino-5-ol 
in the presence of the silver carbonate catalyst has been studied аt the 
first time. As the experimental results have been obtained corresponding 
dibenzooxabicyclo-aminocontaining 1,2-trans-glucosides, their structure 
was determined by physico-chemical methods of analysis. In order to justify 
theoretically the direction of the reactions, quantum-chemical calculations 
have been performed. 

10.1 INTRODUCTION


In the series of derivatives of carbohydrates, a significant number of substances 
have been found that are used in medicine as medicines for various purposes. 
Chemical modification of known drugs based on carbohydrates is one of the 
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promising areas in the search for new biologically active substances. Modified 
saccharide derivatives are currently widely used in medicine, for example, 
as effective antiviral and anticancer drugs. In this regard, glycosyl halides 
compare favorably among carbohydrates, which serve as starting compounds 
for the synthesis of various sugar derivatives at the glycosidic center. 

Recent studies have shown that the synthesis of low-toxic compounds is 
becoming relevant in biological and pharmacological studies. Therefore, it 
is of interest to use carbohydrates to modify some heterocyclic compounds, 
which can lead to a significant change in the nature of the action of drugs.1–4 

There is little information in the literature about carbohydrates containing 
heterocyclic compounds. Nevertheless, these compounds are of certain prac­
tical interest for the synthesis of new types of 1,2-trans-glucosides. 

10.2 RESULTS AND DISCUSSION


In a number of previous works,5–7 the condensation reactions of 1-chloro­
2,3,4,6-tetra-O-acetyl-α-D-glucopyranose and 1-chloro-2,3,4,6-tetra-O-
acetyl-α-D-galactopyranose with heterocyclic amines. The corresponding 
1,2-trans-glycosides have been synthesized. 

In continuation of these works, we carried out the synthesis of tryptamine-, 
methyltryptamine-, and 4-methylthiazolyl containing 1,2-trans-glycosides. By 
condensation of 1-chloro-2,3,4,6-tetra-O-acetyl-α-D-glucopyranose (1) and 
1-chloro-2,3,4,6-tetra-O-acetyl-α-D -galactopyranose (2) with 4,4,8,8-tetra­
methyl-2,3,6,7-dibenzo-9-oxabicyclo-(3,3,1)-nonan-1-N-tryptamine-5-ol 
(3) 4,4,8,8-tetramethyl-2,3,6,7-dibenzo-9-oxabicyclo-(3,3,1)-nonan-1-N­
(5-methoxytryptamine)-5-ol (4) and 4,4,8,8-tetramethyl-2,3,6,7-dibenzo­
9-oxabicyclo-(3,3,1)-nonane-1-N-(4-methylthiazolylethylamino)-5-ol (5) 
synthesized 5-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-4,4,8,8-tetra­
methyl-2,3,6,7-dibenzo-9-oxabi-cyclo-(3,3,1)-nonan-1-N-tryp-tamine 
(6), 5-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-4,4,8,8-tetramethyl-
2,3,6,7-diben-zo-9-oxabicyclo-(3,3,1)-nonan-1-N-5-methoxytryptamine 
(7), 5-O-(2,3,4,6-tetra-O-ace-tyl-β-D-glucopyr-nosyl)-4,4,8,8-tetramethyl-
2,3,6,7-dibenzo-9-oxabicyclo-(3,3,1)-nonan-1-N-4-methylthiazolylethylamine 
(8), 5-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-4,4,8,8-tetramethyl-
2,3,6,7-dibenzo-9-oxabicyclo-(3,3,1)-nonane-1-N-tryptamine (9), 
5-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-4,4,8,8-tetramethyl-
2,3,6,7-dibenzo-9-oxabicyclo-(3,3,1)-nonan-1-N-5-methoxytryptamine (10), 
5-O-(2,3,4,6-te-tra-O-acetyl-β-D-galactopyranosyl)-4,4,8,8-tetramethyl-
2,3,6,7-dibenzo-9-oxabicyclo-(3,3,1)-nonane-1-N-4-methylthiazolyle­
thyl-amine (11). 
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The reaction was carried out at a temperature of 30–35°C in the pres­
ence of a catalyst— freshly prepared silver carbonate in ether solution. 
Ultimately, the reaction was monitored by thin layer chromatography. 
The reactions lasted 12–14 h. As a result, 1,2-trans glycosides (6–11) 
were mainly obtained, although the presence of the 1,2-cis isomer was 
also found in a small amount. The cis–trans isomers were separated on 
a column. 

In order to theoretically substantiate the direction of these reactions, we 
carried out quantum-chemical calculations. 

Calculations were performed using CS MOPAC 2000 Version 1.11. 
Before each calculation by the AM1 method (Austin Model 1), the connec­
tion was optimized - energy minimization, both by the molecular mechanics 
(MM) method and by the quantum-chemical method.8 

The condensation reaction of 1-chloro-2,3,4,6-tetra-O-acetyl-a-D­
glucopyranose (1) with 4,4,8,8-tetramethyl-2,3,6,7- dibenzo-9-oxabicyclo­
(3,3,1)-nonan-1-N-(4-methylthiazolylethyl-amino)-5-ol (5). Two possible 
pathways of the reaction are considered; with the formation of 1,2-trans-gluco­
side (structure I) and with the formation of 1,2-cis-glucoside (structure II). 

Determination of the heat of formation of the reaction products showed 
that the probability of the appearance of the product of the I structure, ΔНform 
= −922.77 kJ/mol (the product of the II structure ΔНform = 844.88 kJ/mol), 
prevails, which is confirmed by the data of PMR spectroscopy. In the PMR 
spectra of the obtained compounds 8 and 11, the signals of the anomeric 
proton H-1 bound to C-1 are located in the region d = 4.45–5.60 and splitting 

http:4.45�5.60
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as a result of interaction with hydrogen atoms at C-2 into two lines with a 
spin–spin constant interactions J1,2 = 8.0 Hz. This value is typical for the 
axial–axial arrangement of the interacting atoms (1,2-trans-glycosides). 

The mechanism for obtaining 1,2-trans-glycosides from α-chloro deriva­
tives (1,2) of sugars can be explained as follows: the halogen atom in acyl 
halogenoses is easily subjected to nucleophilic substitution. Nucleophilic 
substitution at the glycosidic center can proceed both by the SN1 mechanism 
and by the SN2 mechanism. In accordance with the laws of stereochem­
istry of these reactions, partial or complete racemization at the glycosidic 
center or configuration reversal can occur simultaneously with substitution. 
Nucleophilic substitution in derivative cyclic forms of sugars proceeds with 
the participation of the neighboring acyloxy group. Reversal condensation 
at C1 results in 1,2-trans glycosides. The resulting glycosyl cation (12) is 
immediately stabilized by an intramolecular nucleophilic attack of the ester 
group at C2 to form a cyclic ion (13). Attack of the alcohol on the glycosidic 
center of this ion leads to 1,2-trans-glycosides (14). The reaction proceeds 
without isolation of anomeric mixtures (stereospecifically), due to stereo-
chemical control due to the participation of the neighboring acyloxy group: 
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The structure of the synthesized compounds was also confirmed by the 
data of IR and 13С NMR and 1H NMR spectrometric analysis. 

In the 13C NMR spectrum, signals of carbon atoms of gem-dimethyl 
groups are observed with a shift of 24.34 and 24.13 ppm (2C(CH3)2 and 
46.52 and 44.74 ppm (2C(CH3)2; 45.22–156 ppm and 46.9–150.7 ppm (C1-8 
cyclooctal ring), 125.2, 121.0, 127.2, 108.4 (C1’-4’ benzene ring, ppm I), 
118.8, 122.43, 116.05, ppm 120.22 (C1”-4” benzene ring II ); 41.2 and 49.6 
ppm (NH–CH2-); 32.7 and 18.6 ppm (NH–CH2–CH2-), 159.7 and 160.3 ppm 
(-C=C-), and 70.02 and 66.8 ppm (-N=CH-), etc. 

13С NMR spectra of some synthesized compounds are presented in the 
table below. 

Compound Chemical shifts (CDCI3), δ, ppm 

8

 95.5 (C-1), 78.5 (C-2), 75.9 (C-3), 72.3 (C-4), 70.2 (C-5), 63.0 (C-6), 
167-171.5 (4COCH3), 12.2–21.4 (4COCH3), 46.52 и 44.74 (2C(CH3)2), 24.34 
и 24.13 (2C(CH3)2 (gem-dimethyl group), 156.8, 138.5, 59.8, 45.4, 153.2, 
133.6, 64.2, 45.22 (C1-8 cyclooctal ring), 124.39, 120.28, 133.93,113.87 (C 

 benzene ring I), 120.61, 129.69, 119.05, 125.73 (C  benzene ring II), 1'-4'
 1"-4"
49.6 (NH–CH2-), 32.7 (NH–CH2–CH2-), 161,6 и 163.63 (-C=C-), 70.2 
(-N=CH-). 

9

 104.8 (C-1); 77.4 (C-2); 79.2 (C-3); 74.0 (C-4); 69.6 (C-5); 61.2 (C-6); 
169-173.5 (4COCH3); 18.24.6 (4COCH3); 46.52 и 44.74 (2C(CH3)2); 24.34 
и 24.13 (2C(CH3)2 gem-dimethyl group)); 155.8; 140.2; 63.4; 46.5; 153.2; 
132.5; 64.8; 43.54; (C  cyclooctal ring); 124.3; 120.2; 133.9; 112.8 (C 1-8
 1'-4' 
benzene ring I); 120.6; 129.9; 118.05; 125.7 (C ring II), 40.6 (NH–CH -);1"-4"
 2
23.4 (NH–CH2–CH2-); 127.0; 119.7; 119.3; 122.1; 118.8; 135.5 (indole 
benzene ring). 

10

 95.5 (C-1), 78.5 (C-2), 75.9 (C-3), 72.3 (C-4), 70.2 (C-5), 63.0 (C-6), 
167-171.5 (4COCH3), 12.2-21.4 (4COCH3), 46.52 и 44.74 (2C(CH3)2), 
24.34 и 24.13 (2C(CH3)2 (gem-dimethyl group) 156.8, 138.5, 59.8, 45.4, 
153.2, 133.6, 64.2, 45.22 (C1-8 cyclooctal ring), 124.39, 120.28, 133.93, 
113.87 (C  benzene ring I), 120.61, 129.69, 119.05, 125.73 (C benzene1'-4'
 1"-4"
ring II), 49.6 (NH–CH2-), 32.7 (NH–CH2–CH2-), 161,6 и 163.63 (-C=C-), 
70.2 (-N=CH-). 

11

 4COCH3), 16.5-22.6 (4COCH3), 46.52 и 44.74 (2C(CH3)2), 24.34 и 24.13 
(2C(CH3)2 105.2 (C-1), 78.2 (C-2), 79.1 (C-3), 74.5 (C-4), 68.7 (C-5), 62.0 
(C-6), 165.2–170.4 (gem-dimethyl group), 150.7, 124.2, 63.0, 49.4, 148.8, 
130.2, 61.0, 46.9 (C  cyclooctal ring), 125.2, 121.0, 127.2, 108.4 (C 1-8
 1'-4' 
benzene ring I), 118.8, 122.4, 116.05, 120.22 (C  benzene ring II ), 41.21"-4  "
(NH–CH2-), 18.6 (NH–CH2–CH2-), 159,7 и 160.3 (-C=C-), 66.8 (-N=CH-). 

http:133.93,113.87
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EXPERIMENTAL PART



Optical rotation was studied on an SU-3 universal saccharimeter at 
20 ± 2°C. The purity of the compounds obtained and the Rf values 
were determined on Silufol UV-254 using solvent systems: chloro­
form–methanol 19:1 (system a); chloroform–methanol 3:2 (system 
b); chloroform–methanol 3:1 (system c). Substances were detected by 
spraying developers: sulfuric acid–water 95:5; aniline phthalate. The 
IR spectra of the samples were obtained on a UR-20 spectrometer in 
tablets with KBr. 13C NMR spectra were recorded on a Bruker AM-300 
spectrometer (75.5 and 300 MHz) in, CDCI3 and PMR spectra were 
recorded on a Bruker WM-250 spectrometer (250 MHz, CDCI3), 
internal standard TMS. 

The synthesis of 1-chloro-2,3,4,6-tetra-O-acetyl-α-D-gluco(galacto) 
pyranose (1,2) is described in,13 while 4,4,8,8-tetramethyl-2,3,6,7-dibenzo­
9-oxabicyclo-(3,3,1)-nonan-1-N-(4-methyl-thiazolylethylamino)-5-ol (3) 
– obtained according to the procedure.14 

5-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-4,4,8,8-
tetramethyl-2,3,6,7-dibenzo-9-oxabi-cyclo-(3,3,1)-nonane-1-N­
tryptamine (6). Take 0.09 g of freshly prepared carbonate silver. The 
reaction was carried out in a nitrogen atmosphere with constant stir­
ring for 12 h (30–35C). After filtering and evaporating the filtrate, the 
remaining syrup was dissolved in chloroform, treated with activated 
charcoal and again evaporated in vacuo. After separation on a column 
(system a, silicagel L 50/100), a chromatographically pure product 
was obtained with a yield of 0.87 g (55.7%), Rf 0.58 (system a). m.p. 
163–164°С, [α]D

17 + 31.3° (c 0.6, CHCI3). Found, %: С 67.28; H 5.95; 
N 3.22; C H O N . Calculated, %: С 67.51; H 6.39; N 3.58; IR44 50 11 2

spectrum (ν, cm−1): 948–1320 (gemm-dimethyl group), 1010, 1220 
(C–O–C); 2920(NH); 1726 (C=O); 580 (C-Harom); 3315 (indole 
NH groups). NMR spectrum (δ, ppm, J/Hz), TMS: 10.7 (1H, s, 
NH-tryptamine); 7.5–6.8 (12H, m, aromatic protons); 3.0–2.5 (4H, m, 
NH–CH2–CH2); 1.32 and 1.41 (12H, s, gem-dimethyl groups, 4CH3); 
4.43 (1H, H-1, d, J  = 8.0,); 5.05 (1H, H-2, dd, J  = 8.0, J  = 9.5,);1,2 2,1 2,3
3.75 (1H, H-3, dd, J  = 9.5, J  = 3.0,); 5.20 (1H, H-4, dd, J  = 3.0,3,2 3,4 4,3

J  = 9.5); 3.84 (1H, H-5, dd, J = 9.5, J  = 5.0, J  = 2.5); 4.11 4,5 5.4 5.6’ 5,6”
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(1H, H-6’, dd, J6’,6” = 12, J 6’,5 = 2.5, CH2OCOCH3); 4.22 (1H, H-6”, 
dd, J6,’6” = 12, J6”,5 = 5.0, CH2OCOCH3); 2.21, 2.10, 1.98, 1.93 (12H, 
m, 4CO–CH3); 3.55 (1H, s, NH). 

5-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-4,4,8,8-
tetramethyl-2,3,6,7-dibenzo-9-oxabi-cyclo- (3,3,1)-nonane­
1-N-5-methoxytryptamine (7). In a similar way, upon the 
condensation of 0.733 g (0.002 mol) of 1-chloro-2,3,4,6-tetra-O­
acetyl-α-D-glucopyranose in 50 mL of dry ether and 1.17 g (0.0025 
mol) of compound 4 in the presence of 0.09 g of freshly prepared 
silver carbonate, in a nitrogen atmosphere with constant stirring for 
14 h (30–35°C), compound 7 was synthesized with a yield of 0.76 g 
(46.8%). Rf 0.57 (system c). m.p. 159–160°С, [α]D

17 + 37.4°
 (c 0.47, 
CHCI3) Found, %: C 66.38; H 6.11; N 3.14. C45 N2. Calculated,H52O12
%: C 66.50; H 6.40; N 3.44. 

IR spectrum (ν, cm−1): 1375–1390 (gemm-dimethyl group), 
1030–1160 (C–O–C), 2915 (NH), 1710 (C=O), 1430 (CH3), 590 
(C-Harom). NMR spectrum (δ, ppm, J/Hz), TMS: 10.7 (1H, s, 
NH-tryptamine); 7.5–6.8 (12H, m, aromatic protons); 3.0–2.5 (5H, 
m, NH–CH2–CH2); 1.32 and 1.41 (12H, s, gemm-dimethyl groups, 
4CH3); 4.46 (1H, H-1, d, J1,2 = 8.0); 5.09 (1H, H-2, dd, J2,1 = 8.0, J2,3 
= 9.5); 3.70 (1H, H-3, dd,  J3,2 = 9.5, J3,4 = 3.0); 5.13 (1H, H-4, dd, J4,3 
= 3.0, J4.5 = 9.5); 3.84 (1H, H-5, dd, J 5,4 = 9.5, J5,6’ = 5.0, J5,6” = 2.5); 
4.11 (1H, H-6’, dd, J6’,6” = 12, J6’5 = 2.5, CH2OCOCH3); 4.20 (1H, 
H-6”, dd, J6’,6” = 12, J6”,5 = 5.0, CH2OCOCH3); 2.08, 2.02, 1.98, 1.96 
(12H, m, 4CO–CH3); 3.20 (1H, s, NH). 

5-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-4,4,8,8-
tetramethyl-2,3,6,7-dibenzo-9-oxa-bicyclo- (3,3,1)-nonane-1-N-4­
methylthiazolylethylamine (8). Take 0.11 g of freshly prepared 
carbonate silver. The reaction was carried out in a nitrogen atmosphere 
with constant stirring for 13 h (30–35C). After filtering and evaporating 
the filtrate, the remaining syrup was dissolved in chloroform, treated 
with activated charcoal and again evaporated in vacuo. After separa­
tion on a column (system c, silicagel L 50/100), a chromatographically 
pure product was obtained with a yield of 1.00 g (65.44%), Rf 0.64 
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(system a). m.p. 152–153.5°С, [α]D
18 + 31.6° (c 0.52, CHCI3). Found, 

%: С 62.45; H 6.15; N 3.34; S 3.95. C40 S. Calculated, %: С H48O11N2
62.82; H 6.28; N 3.66; S 4.18. IR spectrum (ν, cm−1): 1370–1390 
(gemm-dimethyl group), 1050–1180 (C–O–C), 2910 (NH), 1725 
(C=O), 680 (C–S–C), 2977, 1340 (CH3), 580–620 (C-Harom). NMR 
spectrum (δ, ppm, J/Hz), TMS: 4.45 (1H, d, J 1,2 = 8.0, H-1); 5.0 
(1H, dd, J 2,1 = 8.0, J 2,3 = 9.5, H-2); 3.72 (1H, dd, J3,2 = 9.5, J3,4 = 
3.0, H-3); 5.20 (1H, dd, J4,3 = 3.0, J4,5 = 9.5, H-4); 3.88 (1H, ddd, 

= 9.5, J5,6’ = 5.0, J5,6” = 2.5, H-5); 4.14 (1H,H-6’, dd, J6’,6” = 12,J5,4
 = 2.5, CH2OCOCH3); 4.20 (1H, H-6”, dd, J6’.6” = 12, J6”,5 = 5.0,J6’,5


CH2OCOCH3); 2.21, 2.10, 1.98, 1.93 (12H, m, 4CO–CH3); 9.98 (1H, 

s, =CH of thiazoline); 7.15–7.6 (8H, m, aromatic protons); 3.2–2.2 


(4H, m, NH–CH2–CH2); 3.35 (1H, s, NH); 1.44 and 1.47 (12H, s, 


gemm-dimethyl groups), 4CH3).


The derivatives of β-D-galactopyranose were synthesized in a similar 

way. 
5-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-4,4,8,8-

tetramethyl-2,3,6,7-dibenzo-9-oxabicyclo- (3,3,1)-nonane-1-N­
tryptamine (9). Yield 0.79 g (50.5%). m.p.161–162.5°С, Rf 0.59 

16(system c), [α D + 37.4° (c 0.47, CHCI3). Found, %: С 67.92; 
H 6.61; N. 3. 67. C44 N2. Calculated,%: С 67.51; H 6.39; N H50O11
3.58; IR spectrum (ν, cm−1): 1365–1380 (gemm-dimethyl group), 
1020–1230 (C-O-C); 2920(NH); 1720 (C=O); 2977, 1320 (CH3); 
1610(C=Carom); 3330 (NH indole). 

5-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-4,4,8,8-
tetramethyl-2,3,6,7-dibenzo-9-oxabicyclo- (3,3,1)-nonane­
1-N-5-methoxytryptamine (10). Yield 0.72 g (44.5%). Rf 0.37 
(system b). m.p. 149–150°С, [α]D

19 + 40° (c 0.37, CHCI3) Found,%: C 
66.21; H 6.78; N 3.83. C45  N2. Calculated,% : C 66.50; H 6.40; H52O12
N 3.44; 

5-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyrano-zyl)-4,4,8,8-
tetramethyl-2,3,6,7-dibenzo-9- oxabicyclo-(3,3,1)-nonan-1-N-4-methyl­
thiazolylethylamine (11). In a similar way, with the condensation of 0.733 
g (0.002 mol) of 1-chloro-2,3,4,6-tetra-O-acetyl-α-D-galactopyranose in 50 
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mL of dry ether and 1.08 g (0.0025 mol) of compound 3 in compound 5 was 
synthesized in the presence of 0.11 g of freshly prepared silver carbonate 
under nitrogen with constant stirring for 14 h (30–35°C) with a yield of 0.9 g 
(58.9%). Rf 0.52 (system b). m.p. 137–139°С, [α]D

16  + 39.5° (c 0.61, CHCI3 
) Found, %: C 63.27; H 6.04 N 3.29; S 3.63. C H O N S. Calculated,40 48 11 2
%: C 62.82; H 6.28; N 3.66; S 4.18. IR spectrum (ν, cm-1): 1370–1380 

(gemm-dimethyl group), 1040–1120 (C–O–C), 2923 (NH), 1715 (C=O), 

720 (C–S–C), 2854, 1627 (CH3), 580–600 (C-Harom).


NMR spectrum (δ, ppm, J/Hz), TMS: 5.60 (1H, d, J1,2 = 8.0, H-1), 

5.28 (1H, dd, J  = 8.0, J  = 9.5, H-2), 4.95 (1H, dd, J  = 9.5, J2,1 2,3
 3,2 3,4
= 3.0, H-3), 5.30 (1H, dd, J  = 3.0, J  = 9.5, H- 4), 3.94 (1H, ddd,4,3 4,5
J  = 9.5, J  = 5.0, J  = 2.5, H-5), 4.12 (1H, H-6’, dd, J  = 12,5,4 5,6’ 5,6”
 6’,6”
J  = 2.5, CH OCOCH ), 4.20 (1H, H-6”, dd, J  = 12, J  = 5.0,6’,5 2 3
 6’,6” 6”,5
CH2OCOCH3), 2.08, 2.10, 1.98, 1.93 (12H, m , 4CO-CH3), 8.90 (1H, 
s, =CH thiazoline), 7.1–7.4 (8H, m, aromatic protons), 3.0–2.4 (4H, 
m, NH-CH2-CH2), 3.30 (1H, s , NH), 1.43 and 1.45 (12H, s, gemm­
dimethyl groups), 4CH3) 

KEYWORDS 

• 4-Methylthiazolylaminoderivatives

• triptamin 
• 5-methoxytriptamin


• silver  carbonate 
• 1,2-trans-glucosides
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CHAPTER 11



Preparation and Properties of Paper
Containing Bactericidal Zeolite
Adsorbents 

VLADIMER TSITSISHVILI, NANULI DOLABERIDZE, NATO MIRDZVELI, 
MANANA NIJARADZE, ZURAB AMIRIDZE, and BELA KHUTSISHVILI 

Petre Melikishvili Institute of Physical and Organic Chemistry,  
Tbilisi State University, Tbilisi, Georgia 

ABSTRACT 

In this chapter, silver-, copper-, and zinc-containing microporous materials 
have been composed on the basis of heulandite-clinoptilolite-containing tuff 
rock from the Rkoni plot of the Tedzami deposit (Eastern Georgia) using 
ion-exchange reactions between zeolite microcrystals (250 BBS mesh) and 
a salt of a comparable transition metal (AgNO3, CuCl2, or ZnCl2) in the solid 
phase, accompanied by washing using distilled water. Obtained adsorbent­
ion-exchangers reside in the zeolite crystal structure, contain 130 mg/g of 
silver, 63–72 mg/g of copper, and 30–58 mg/g of zinc, and show bacterio­
static activity against a wide range of microorganisms, while the mixtures 
of different forms are synergistic and have higher activities than individual 
materials. Filled papers containing up to 3.0, 1.6, and 1.4 mg/g of silver, 
copper, and zinc, respectively, were manufactured in a paper mill of GPM 
company, which produces paper and three-layer corrugated paperboard from 
recycled waste. It was concluded that the application of zeolite fillers leads 
to a change in the grammage, caliper, density, tensile, and stretching of the 
paper, and these characteristics of paper filled with metal-containing bacteri­
cidal zeolites are highly dependent on the nature of the filler and the content of 
metals in it. The introduction of zeolite fillers holding divalent metals brings 
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about a notable change in the surface properties. This brings some remark­
able changes in our experimental samples with a certain copper content as 
well. On the other hand, bacteriostatic activity testing by the colony-forming 
unit assay specifies that all metal-containing samples are active against 
gram-positive bacterium Staphylococcus aureus, and zinc-containing papers 
are more active against gram-negative bacterium Escherichia coli than those 
containing silver. These results are very decisive regarding the practical 
aspects, since they open up the potentiality of replacing expensive silver 
with cheaper copper and zinc. For the production of paper active against E. 
coli, a filler with a zinc content of 1.4 mg/g is recommended, and for the 
production of waterproof paper active against Staphylococcus, a filler with a 
copper content of about 1.6 mg/g is recommended. 

11.1 INTRODUCTION


On the one hand, the current interest in bactericidal materials based on 
zeolites is due to the coronavirus pandemic, and on the other hand, due to the 
properties of zeolites (aluminosilicates of the general formula M [Al Si Ox x y 2(x+ 

y)]
.mH2O), in which ions of alkali (Na+, K+, etc.) or alkaline-earth (½Ca2+, 

½Mg2+, etc.) metals are at least partially replaced by bioactive metal ions 
(Ag+, Cu2+, Zn2+, etc.).1 Studies that started at the beginning of 2001, 
continuing to this day and reflected in numerous publications, have shown 
that synthetic and natural zeolites enriched with bioactive metals exhibit 
antimicrobial activity against a wide range of microorganisms. Most of 
the research concerned the study of silver-containing zeolites, and based 
on the experimental result of recent works on silver-, copper-, and zinc-
containing zeolites, it was concluded that the silver-containing zeolites are 
the most active. For example, silver-containing natural clinoptilolite and 
synthetic zeolite A are characterized by highest antibacterial activity against 
different isolates of gram-negative bacteria Escherichia coli, while copper-
containing, and in particular, zinc-containing forms are inferior to them in 
activity.2 Zeolite-rich tuff from the State of Chihuahua, Mexico modified 
with Ag+ or Cu2+ ions showed microbicidal effect against E. coli and a yeast 
Candida albicans, but the action of Cu-form was 20–30 times weaker than 
of Ag-form.3 

However, there are some disbenefits regarding the application of silver 
ions. These weaknesses are as follows: 
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Silver is not a cheap metal, and Ag+ is not stable in aqueous solutions; 
according to Ref. [4], it tends to be reduced to Ag0 and reacts with sulfate 
and other anions, forming insoluble salts. Therefore, the advantages of 
silver ions are not quite obvious in some cases. Thus, Zn2+ and Cu2+-loaded 
samples of synthetic zeolite X proved desirable antimicrobial activities 
against three bacteria—gram-negative E. coli and Pseudomonas aeruginosa, 
gram-positive S. aureus, and a yeast C. albicans and a fungus Aspergillus 
niger.5 According to the recent results,6 Cu-X is more active against S. aureus 
and Zn-X against E. coli, although the zinc form of synthetic zeolite A is 
inactive.2 For the preparation of bactericidal materials (while using natural 
zeolites), heulandite-clinoptilolite of various origins was utilized, and results 
for bioactive metal-enriched clinoptilolite were also inconsistent. On the one 
hand, it was found that the diameters of the zones of inhibition of the growth 
of E. coli by the Ag-, Cu-, and Zn-forms of clinoptilolite from Gördez, Turkey, 
are approximately the same; the maximum zone by Ag+ ions is 14 mm, by 
Cu2+ is 13 mm, and by Zn2+ is 12 mm.7 On the other hand, for clinoptilolite 
from Mare Baia, Romania, “activated” by Cu2+ and Zn2+ ions and tested for 
antimicrobial activity against E. coli, S. aureus, and C. albicans, only the 
copper form and only against E. coli appeared to be active.8 

Recently, we prepared and studied silver-, copper-, and zinc-containing 
phillipsites,9 analcimes,10 and heulandite-clinoptilolites.11,12 Modified 
heulandite-clinoptilolites contain over 130 mg/g of silver, 70 mg/g of copper, 
and 55 mg/g of zinc. They present dynamic bacteriostatic activity against 
gram-negative bacterium Escherichia coli, gram-positive bacteria Staphy­
lococcus aureus and Bacillus subtilis, fungal pathogenic yeast Candida 
albicans, and a fungus Aspergilus niger. Their mixtures reveal a synergistic 
effect—the silver form with the addition of copper and zinc forms is the most 
active against Staphylococcus and other microorganisms, and mixtures of 
copper and zinc forms are the most productive. 

The purpose of our work was to prepare paper samples with heulandite­
clinoptilolite bactericidal fillers and study their properties. The choice of 
heulandite-clinoptilolite of sedimentary origin from a wide range of zeolites 
of Georgia as a suitable raw material for the preparation of bactericidal 
fillers was made due to its properties—a high content of the zeolite phase 
and exchangeable ions of alkali and alkaline earth metals. In addition, it 
was taken into account that the legislation of the European Union recog­
nizes clinoptilolite of sedimentary origin as a fodder additive for all animal 
species, which indicates its complete safety. The preliminary results of our 



 

 

 

194 Environmental Technology and Sustainability 

research have been published.13–15 This chapter summarizes and supplements 
these results. 

In papermaking, zeolites have been in the application as fillers mainly to 
enhance optical properties, bulkiness, printability, and to augment retention 
at the wet end since the 1960s,16 but according to Ref. [17,18], some studies 
on the introduction of germicidal zeolite fillers into paper have only started 
in recent years. 

11.2 EXPERIMENTAL METHODS AND MATERIALS


11.2.1 ZEOLITE FILLERS 

Heulandite-clinoptilolite-containing tuff rock from the Rkoni plot of the 
Tedzami deposit (Eastern Georgia) with zeolite phase content of 90% was 
used as a starting material. 

Ion-exchange modification included the following steps: mixing of zeolite 
and salt (AgNO3, CuCl2, or ZnCl2) powders (250 BBS mesh), grinding of 
mixtures in an agate mortar, and washing of mixtures transferred to a filter 
with distilled water until the complete disappearance of nitrate or chlorine 
anions, after which the modified samples were first dried in air and then at 
100–105°С in a thermostat; details of the ion-exchange procedure are given 
in our recent publication.11,15 

The chemical composition of native and modified samples described 
by averaged empirical formulas of dehydrated zeolites (Na Ca Mgd)aKb c
[AlSi ] calculated from the X-ray energy dispersive spectroscopy data xO72
obtained using an Oxford Instruments X-Max 20 analyzer, as well as calcu­
lated scientific ion-exchange capacity of samples are given in Table 11.1. 

TABLE 11.1 Chemical Composition of Native and Modified Zeolites. 

Sample Empirical formula 
Biometal content Scientific ion-exchange 

capacity, meqv/g mg/g mmol/g 
HCR 
AgHCR 
CuHCR1 

CuHCR2 

ZnHCR1 

ZnHCR2 

(Na0.25K0.06Ca0.19Mg0.15)Me0.08[AlSi3.6O72] 
Ag0.46(Na0.11K0.06Ca0.10Mg0.09)[AlSi3.6O72] 
Cu0.36(Na0.08K0.06Ca0.03Mg0.04)[AlSi3.9O72] 
Cu0.42(Na0.03K0.05Ca0.02Mg0.02)[AlSi4.1O72]

. 

Zn0.16(Na0.10K0.06Ca0.13Mg0.13)[AlSi3.65O72] 
Zn0.32(Na0.07K0.05Ca0.05Mg0.07)[AlSi3.9O72]

. 

130 
63 
72 
30 
58 

1.2 
1.0 
1.14 
0.46 
0.89 

3.03 
3.03 
2.87 
2.78 
3.00 
2.87 

Me—impurities (Fe, etc.). 



 

 

Preparation and Properties of Paper Containing Bactericidal Zeolite Adsorbents 195 

Bacteriostatic properties of zeolite samples determined by the disk diffu­
sion (Kirby–Bauer) method in standard conditions (details are given in Ref. 
[11–13]) using the cultures of different microorganisms are expressed in 
diameters of the zones of inhibition of their growth (see Table 11.2). 

TABLE 11.2 Diameters (mm) of the Zones of Inhibition of the Growth of Microorganisms 
by Native and Modified Heulandites. 

Microorganism 
Sample 

HCR AgHCR CuHCR1 CuHCR2 ZnHCR1 ZnHCR2 

Escherichia coli (strain ATTC 8739) 0 21 15 36 0 35 
Staphylococcus aureus (ATTC 6538) 0 19 19 53 0 52 
Bacillus subtilis (ATTC 6633) 0 30 21–36a 41 19 42 
Candida albicans (ATTC 10231) 0 20.5 15 54 15a 61 
Aspergillus niger (ATTC 16404 – A. 
brasiliensis) 0 25 14 a 65 17 69 

aSecondary growth. 

11.2.2 PREPARATION OF FILLED PAPER 

The filled papers were fabricated on the production line of the paper mill 
of the GPM company (2 Akhvlediani str., line 10, Tbilisi, Georgia), which 
produces paper and three-layer corrugated paperboard from recycled waste 
paper. Usually fillers are added to wet paper to distribute them evenly 
throughout the volume, but to impart bactericidal properties to the paper 
surface, introduction of silver-, copper-, and zinc-containing zeolite fillers 
was carried out on almost dry paper, throughout coating, by including a 
zeolite suspension in a binder of cooked starch. It has been concluded that 
it is ideal to add 140–160 g (in terms of the initial heulandite-clinoptilolite 
matrix H+(H O) [AlSi O ]) of zeolite filler and extend it over 40–60 square 2 3 3.6 9.2
meters of paper web entering the reel drum (Fig. 11.1); designation and 
description of prepared paper samples are given in Table 11.3. 

11.2.3 CHARACTERIZATION OF FILLED PAPER 

The digital trinocular compound microscope T690C-PL-10M (AmScope, 
the USA) and scanning electron microscope JSM6510LV (Jeol, Japan) 
were used to study the morphology of the paper samples. To determine the 
chemical composition of paper samples, X-ray energy-dispersive (XRED) 
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FIGURE 11.1
 Scheme of entering zeolite fillers into paper. 

Source: Reprinted from Ref. [15]. https://doi.org/10.51582/interconf.7-8.12.2021.050 © 2021 
Copyright belongs to the authors of this chapter. 

TABLE 11.3
 Designation and Description of Paper Samples. 

Designation Description 
P Ordinary GPM paper 
P-HCR Paper with heulandite-clinoptilolite from Rkoni HCR filler 
P-AgHCR Paper with AgHCR filler containing 130 mg/g of silver 
P-CuHCR1 Paper with CuHCR1 filler containing 63 mg/g of copper 
P-CuHCR2 Paper with CuHCR2 filler containing 72 mg/g of copper 
P-ZnHCR1 Paper with ZnHCR1 filler containing 30 mg/g of zinc 
P-ZnHCR2 Paper with ZnHCR2 filler containing 58 mg/g of zinc 
P-(½Zn + ½Cu)HCR Paper with mixture of ZnHCR1 and CuHCR1 fillers in weight ratio 1:1 
P-(¾Zn + ¼Cu)HCR Paper with mixture of ZnHCR1 and CuHCR1 fillers in weight ratio 3:1 

spectra and mappings of different atoms were recorded using X-Max 20 
analyzer (Oxford Instruments, the UK). X-ray diffraction (XRD) patterns 
were obtained from a modernized Dron-4 X-ray diffractometer (the USSR) 
employing the Cu-Kα line (λ = 0.154056 nm); the paper samples were 
scanned in the 2Θ range from 5° to 70° with a 0.02° step at a scanning speed 
of 1°/min. 

Accelerated aging of paper was done in an oven for 72 h (according to Ref. 
[19]) at a temperature of T = 90−100°C and a comparative humidity of 25% 
and 65%. Meanwhile, the relative weight loss was 1.8–2.2% and 2.7–3.3% 
for paper samples aged at modest and high relative humidity, respectively. 

https://www.doi.org/10.51582/interconf.7-8.12.2021.050
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It is worth mentioning, before the experiments, samples of main and aged 
paper were conditioned at a temperature of 20–25°C and a relative humidity 
of 25–30%. Then, our samples were kept until they reached an equilibrium 
moisture content. It should be noted that this can only be achieved if, after 
two successive weighings of the sample (carried out after 1 h), the last mass 
differs from the previous one by no more than 0.25%. 

Nevertheless, the basis weight (BW, grammage) of the paper was obtained 
on an electronic analytical balance (Type: FA 2204N, Made by JOAN Lab, 
China). Then the caliper (thickness) was measured with a micrometer as the 
perpendicular distance between two circular plane parallel surfaces under 
a pressure of 1 kg/cm2. The maximum tensile force F developed in a test 
specimen (the paper strips 25 mm × 150 mm) and the increase in length 
of the test specimen ΔL before rupture were determined using a Universal 
Testing Machine (UTM) (made in Hongtuo, China). Meanwhile, we have 
done the following two measurements: 

Measurements have been carried out in machine direction (MD) (this is 
in fact the direction of the paper web which is running on the machine) and 
measurement in a cross direction (CD) (which is in fact the direction that is 
perpendicular to the paper sheet that is running on the machine during paper 
production). 

Evaluation of the bactericidal activity of paper samples was carried out 
by the disk diffusion test using the same cultures and strains as for character­
ization of zeolite fillers; colony-forming unit (CFU) counting was carried out 
against bacteria interacting with the paper surfaces, E. coli (ATTC 25922) 
and S. aureus (ATTC 25923); conditions are described in Ref. [14]. 

11.3 RESULTS AND DISCUSSION


11.3.1 STRUCTURE, CHEMICAL COMPOSITION, AND GENERAL 
PROPERTIES 

11.3.1.1 STRUCTURE AND CHEMICAL COMPOSITION 

Generally, paper is a heterogeneous mixture of plant material such as 
cellulose ([C H O ] ), hemicellulose, lignin, etc., filling materials such as6 10 5 n
calcium carbonate (CaCO ), china clay (kaolinite Al Si O (OH) ), etc., and3 2 2 5 4
chemical additives such as rosin, alum, starch, etc. depending on the grade 
of the paper. Plant material in the form of fibers and filling material in the 
form of particles are clearly visible in SEM images of an ordinary paper 
(Fig. 11.2). 
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FIGURE 11.2
 SEM images of ordinary paper. 

FIGURE 11.3
 XRED spectra of ordinary (P) and fillered paper samples. 

Source: Reprinted from Ref. [15]. https://doi.org/10.51582/interconf.7-8.12.2021.050 © 
2021 Copyright belongs to the authors of this chapter. 

The large-scale XRED spectrum (taken from an area of 400 μm × 500 μm) 
of filler-free paper (Fig. 11.3, P) shows intense lines of carbon C and oxygen 
O atoms, as well as weak lines of calcium Ca atoms (all spectra also contain 
lines of gold used as a sputter coating material); spectra of filled paper show 
lines of silicon Si and aluminum Al (Fig. 11.3, P-HCR), as well as lines of 
bioactive metals Ag (Fig. 11.3, P-AgHCR), Cu (Fig. 11.3, P-CuHCR), and 
Zn (Fig. 11.3, P-ZnHCR). 

The XRD patterns of paper samples (Fig. 11.4) show broad peaks of 
cellulose in the region 5°<2Θ<30° and narrow peaks of calcite CaCO3 at 
large 2Θ angles. 

The XRD patterns of the fillered paper do not differ from the pattern 
of the original paper, since the cellulose broad peaks overlap the intense 
low-angle peaks of heulandite-clinoptilolite (at 2Θ = 9, 11, and 22°), and 
the XRD method turns out to be useless for the study of paper with zeolite 
fillers, but the XRED spectra confirm the presence of silicon and aluminum 
atoms in an approximate ratio of Si/Al = 4 in the fillered samples (Fig. 11.3, 
P-HCR, P-AgHCR, P-CuHCR, and P-ZnHCR). 

https://www.doi.org/10.51582/interconf.7-8.12.2021.050
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FIGURE 11.4
 Powder XRD spectra of ordinary (P) and fillered paper samples. 

Source: Reprinted from Ref. [14]. https://doi.org/10.51582/interconf.19-20.07.2021.038 © 
2021 Copyright belongs to the authors of this chapter. 

The main inorganic constituent of GMP paper is calcium carbonate, but 
the paper also contains different impurities, and SEM images (Fig. 11.5) 
show micrometric and nanosized particles of various shapes and sizes. 

FIGURE 11.5
 SEM images of paper with zeolite fillers. 

Source: Reprinted from Ref. [14]. https://doi.org/10.51582/interconf.19-20.07.2021.038 © 
2021 2021 Copyright belongs to the authors of this chapter. 

Calcite (CaCO3) particles were identified using XRED mapping of Ca 
atoms (Ca-XRED, Fig. 11.6a, right), and very common micrometric glass 
(SiO2

.nNa2O
.mСаО) particles were highlighted by XRED spectra (Fig. 

11.6a, left). 

https://www.doi.org/10.51582/interconf.19-20.07.2021.038
https://www.doi.org/10.51582/interconf.19-20.07.2021.038
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FIGURE 11.6A
 Part of XRED spectrum, SEM image, and XRED Ca-mapping of filler-free 
paper. 

Source: Reprinted from Ref. [14]. https://doi.org/10.51582/interconf.19-20.07.2021.038 © 
2021 2021 Copyright belongs to the authors of this chapter. 

In paper, there is a small amount of zinc oxide in the form of nanopar­
ticles and the silicate of magnesia (talc, (MgO)n

.(SiO2)m) in the form of large 
particles (Fig. 11.7b). 

FIGURE 11.6B
 SEM image of a talc particle in the upper right corner, transparent in the 
XRED mappings of carbon (C) and calcium (Ca, showing two large calcite particles) and 
visible in the mappings of silicon (Si) and magnesium (Mg). 

Source: Reprinted from Ref. [14]. https://doi.org/10.51582/interconf.19-20.07.2021.038 © 
2021 Copyright belongs to the authors of this chapter. 

In the XRED spectra of paper with a silver-containing filler (Fig. 11.3, 
P-AgHCR), the intensity of the silver signal at 2.5 keV increases with an 
increase in the amount of introduced filler, and on the XRED Ag-mappings, 
the density of silver-containing particles increases. Thus, when the AgHCR 
filler is introduced in an amount of 1 g/m, the average distance between the 
particles is 25 μm (Fig. 11.7a), and when the filler is introduced in an amount 
of 3 g/m, the average distance between the particles decreases to 5 μm (Fig. 
11.7b). According to the XRED Ag-, Cu-, and Zn-mappings of filled paper 
(Figs. 11.8 and 11.9), bioactive metals are evenly distributed over the surface 
of the paper, and the distance between particles depends on the type and 
amount of zeolite filler introduced into the paper. 

https://www.doi.org/10.51582/interconf.19-20.07.2021.038
https://www.doi.org/10.51582/interconf.19-20.07.2021.038
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FIGURE 11.7
 SEM images and XRED Ag-mapping of paper with a silver-containing filler 
AgHCR introduced in an amount of 1 g/m (a) and 3 g/m (b). 

FIGURE 11.8
 SEM images and XRED mappings of paper with copper-containing fillers 
CuHCR (a) and CuHCR (b), and zinc-containing fillers ZnHCR (c) and ZnHCR (d),1 2 1 2 
introduced in an amount of 3 g/m. 

The content of active metals was estimated from the XRED spectra 
in comparison with the carbon peak. The chemical composition of paper 
samples according to the data of XRED spectroscopy is given in Table 
11.4. The content of zeolite filler (4 g/m2 ≈ 2.3 wt.%) and silver (3 mg/g) in 
sample P-AgHCR approximately corresponds to that indicated in Ref. [17] 
for zeolites immobilized on cellulose nanofiber mats and in Ref. [18] for 
zeolite powders delivering antibacterial performance to cellulosic paper; the 
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silver content is slightly lower, and the zinc content is slightly higher than in 
a FAU-type zeolite membranes with antimicrobial activity.20 

TABLE 11.4
 Bioactive Metals and Filler Contents in Filled Paper Samples. 

Sample 
Bioactive metal content, mg/g Filler content, 

g/m2Ag Cu Zn 
P-HCR 
P-AgHCR 
P-CuHCR1 

P-CuHCR2 

P-ZnHCR1 

P-ZnHCR2 

P-(½Cu + ½Zn)HCR 
P-(¾Zn + ¼Cu)HCR 

0 
3.0 ± 0.5 
0 
0 
0 
0 
0 
0 

0 
0 
1.5 ± 0.25 
1.6 ± 0.25 
0 
0 
0.8 ± 0.12 
0.4 ± 0.07 

0 
0 
0 
0 
0.75 ± 0.11 
1.4 ± 0.2 
0.7 ± 0.1 
1.0 ± 0.1 

3.5 ± 0.5 
4.0 ± 0.6 
3.7 ± 0.6 
3.8 ± 0.6 
3.6 ± 0.6 
3.7 ± 0.6 
3.7 ± 0.6 
3.8 ± 0.6 

11.3.1.2 PHYSICAL AND MECHANICAL PROPERTIES 

The values of basis weight (grammage), caliper (thickness), and density are 
shown in Figure 11.9 and the data on tensile strength in Figure 11.10. 

It appears that fillers affect the grammage and thickness of the paper, 
but these figures are mainly determined by the production conditions. The 
density of ordinary GMP paper (0.64 g/cm3) corresponds to the density of 
unbleached kraft paper (0.58–0.69 g/cm3) and is slightly larger than the 
value for corrugated medium paperboard (0.61 g/cm3), but the basis weight 
(~150 g/m2) and thickness (235 µm) of the ordinary paper are quite low. The 
introduction of pure heulandite-clinoptilolite and metal-containing zeolite 
fillers generally leads to an increase in grammage and density of filled paper. 

The ordinary GMP paper P has approximately doubled tensile in the 
MD compared to the CD, which is typical for cylinder machines. It is very 
important to note that the application of pure HCR zeolite filler can eventu­
ally lower the tensile strength by something around 20% in both directions 
while maintaining the same TSMD/TSCD ratio in the corresponding P-HCR 
paper. On the other hand, the metal-containing fillers affect tensile strength 
in a different manner as follows: 

•

 For papers containing silver and copper, P-AgHCR and P-CuHCR1, 
respectively, and for papers with mixed filler, P-(½Cu+½Zn)HCR 
have a higher “tensile strength.” 

http:0.58�0.69
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FIGURE 11.9
 Grammage, caliper, and density of paper samples. 
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FIGURE 11.10
 Tensile strength of paper samples. 
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•

 For papers with a high copper content P-CuHCR2 have a low “tensile 
strength,” especially in the cross direction. 

•

 For papers with zinc or those papers containing P-ZnHCR1 have a 
lower “tensile strength” in the machine direction and a raised “tensile 
strength” in the cross direction. 

Tensile strength is determined by: (1) fiber strength, (2) fiber length, (3) 
fiber bonding, and (4) the structure and formation of the sheet in combina ­
tion. It can be assumed that the strength of the fiber itself does not change 
with the addition of fillers. According to the data of optical and scanning 
electron microscopy, we have observed the following: 

•

 the average fiber diameter is 7–12 μm, 
•

 the maximum fiber diameter is 60 μm, 
•

 the maximum fiber length is 2 mm, and 
•

 these strength indicators also do not change when fillers are added 

to the paper. 

It should be noted that the formation of the paper sheet depends on: 

1.

 the parameters of the cylinder machine and 
2.

 the conditions of papermaking that are the same for ordinary paper 

and filled paper. 

Therefore, the structure of the paper along with fiber bonding are the 
main reasons for the changes in tensile strength in filled paper. 

Based on the data of the Society of Mechanical Engineering (SEM), the 
microscopic structure of the paper does not rely on the application of zeolite 
fillers. Although, this cannot keep out the chance of some disorientation of 
the fibers in reference to the machine direction (since some of the fibers lie 
in the cross direction). 

Accelerated aging of ordinary paper P leads to a reduction in TS, espe­
cially in the machine direction. And it should be noted that the TSMD/TSCD 
ratio decreases as well (please refer to Fig. 11.11). The same condition is true 
with most filled papers. For instance, for aged papers (P-CuHCR1) expecting 
to become “square” (TSMD/TSCD = 1), but for silver papers and papers with a 
mixture of fillers P-(¾Zn+ ¼Cu)HCR, the opposite effect is expected (i.e., 
TS mainly reduces in the cross direction, and the TSMD/TSCD ratio rises). 

The breaking length was calculated as BL(km) = 102.TS(kN/m)/BW(g/ 
m2), 
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FIGURE 11.11
 Tensile strength of aged paper samples. 
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where 
(BL) = Limiting length of a strip of uniform width (calculated)** 

(** beyond this value, if such a strip were suspended by one end, it is 
expected to break, due to its own weight). 

Observed results are shown in Figure 11.12. 

With the exception of copper-filled paper P-CuHCR1, the breaking length 
in the filled paper samples decreases in both machine and cross directions. 

Figure 11.13 shows the tensile strength limit or the value of σ (which is 
the ratio of the force F causing rupture of the sample to the cross-sectional 
area WC of test specimen, calculated as σ(MN/m2) = 10–6.F(N)/W(m)C(m)) 
and Figure 11.14 shows the tensile index TI (calculated as TI(Nm/g) = 1000. 
TS(kN/m)/BW(g/m2)) for native and aged paper. 

The tensile strength limit graph (Fig. 11.13), the calculated breaking 
length (Fig. 11.12), and the tensile index (Fig. 11.14) show the maximum 
rates in both directions for copper-containing paper P-CuHCR1. 

Stretch represents the capability of paper to accord to a desired contour 
or to survive nonuniform tensile stress. This is a very important factor in all 
papers, but is of particular importance in papers where stress–strain proper­
ties are being modified or controlled.21 Stretch data in terms of percentage 
elongation (i.e., the ratio of the increase in length of the test specimen ΔL to 
the original test span L) are given as: 

S(%) = 100.ΔL(m)/L(m) 

These are shown in Figure 11.15. 
It also should be noted that the elongation (%) of ordinary paper in the 

CD is greater than in the MD (SMD/SCD<1), and this pattern holds for filled 
papers as well. 

Application of zeolite fillers leads to a stretch reduction in both direc­
tions; this effect is observed for a paper sample with a high copper content 
P-CuHCR2. The value of stretch in the cross direction in most paper 
samples decreases to the greatest extent. But for the silver-containing paper 
P-AgHCR, the stretch in the machine direction changes more strongly, and 
in the zinc-containing paper P-ZnHCR1, the stretch in the cross direction 
practically does not change. 

Accelerated aging of ordinary paper P leads to a decrease in stretching 
mainly in the MD. Now, if we compare stretching in aged filled paper with 
the indicators of ordinary paper, then in most paper samples the elongation 
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FIGURE 11.12
 Breaking length of paper samples. 

FIGURE 11.13
 Tensile strength limit of paper samples. 
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FIGURE 11.14
 Tensile index of paper samples. 

(%) reduces. This effect is, of course, the most pronounced for a paper sample 
with a mixture of fillers P-(½Cu + ½Zn)HCR. Nevertheless, in a number of 
samples, such as P-ZnHCR1 and P-(½Cu + ½Zn)HCR, the elongation changes 
more strongly in the machine direction. But according to our experimental 
observations, in other samples, such as P-HCR, P-CuHCR2, P-ZnHCR2, and 
P-(¾Zn+ ¼Cu)HCR, the elongation (%) varies more strongly in the cross 
direction. It is worth mentioning that our particular interest is the sample of 
paper with a high copper content (P-CuHCR ) where S /S >1. However, 2 MD CD
in the silver-containing sample of (P-AgHCR) paper, the elongation (%) 
augments in both directions. And also we have concluded that in copper 
containing sample of (P-CuHCR1) paper, the elongation (%) augments in the 
cross direction and reduces slightly in the machine direction. 

A comparison of stretching in aged filled paper with that of aged ordinary 
paper shows that the percentage elongation increases for most of the paper 
samples; this effect is most pronounced for the silver-containing paper 
sample. This means that we should only expect a significant reduction in 
elongation for a paper sample with a mixture of fillers P-(½Cu + ½Zn)HCR. 
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FIGURE 11.15
 Stretch of native and aged paper samples. 

11.3.1.3 WETTABILITY 

The wettability of a paper or paperboard is determined based on the coat­
ings and treatments done to it and is very important in a number of paper-
related applications, including packaging. A drop of water on the surface of 
conventional GMP paper instantly spreads and is absorbed into the paper 
(Fig. 11.16); the same happens on the surface of paper with pure zeolite and 
silver-containing fillers. 
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FIGURE 11.16
 Spreading of a drop of water on the surface of the paper and its absorption, 
the interval between shots—0.3 s. 

FIGURE 11.17
 Drying of a drop of water on the surface of the paper P-CuHCR1, the 
interval between shots—3 h. 

On the surface of paper with fillers containing divalent metals, a drop of 
water does not spread and is absorbed into the paper much more slowly; a 
drop on the surface of paper with copper-containing filler does not absorb at 
all and dries out (Fig. 11.17), and this effect occurs both on the smoother top 
(felt) side of the paper and on the rougher wire side. 

To obtain quantitative indicators, the specific water absorption of samples 
pre-dried, kept in water for 10 s, and then dried in air at room temperature for 
1 h was determined. The results are shown in Table 11.5. After weighing the 
moisture-containing samples, they were dried for 20 h and weighed again for 
comparison with the weight of the original samples; weight changes do not 
exceed ± 0.65%. The P-CuHCR1 sample exhibits the highest hydrophobicity; 
an increase in the copper content (P-CuHCR2 sample) reduces the effect. 

In the second series of experiments, the specific absorption of water vapor 
was determined for the dried samples placed in a desiccator for 95 h at a unit 
relative pressure of water vapor; the water absorption was calculated relative 
to the total surface and mass of the samples. The results are shown in Table 
11.5. The introduction of fillers with divalent metals insignificantly increases 
the adsorption of water vapor, but this has no practical value. 
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TABLE 11.5
 Water Absorption Indicators of Paper Samples. 

Sample Weight gain after 
wetting, % g/g 

Water vapor adsorption 
mg/cm2 

P 73 0.215 1.08 
P-HCR 91 0.206 1.03 
P-AgHCR 72 0.206 1.03 
P-CuHCR1 2 0.227 1.14 
P-CuHCR2 7 0.230 1.15 
P-ZnHCR1 5 0.224 1.12 
P-ZnHCR2 6 0.244 1.22 
P-(½Zn + ½Cu)HCR 10 0.240 1.21 
P-(¾Zn + ¼Cu)HCR 12 0.223 1.12 

11.3.2 BACTERICIDAL ACTIVITY


According to the disk diffusion tests, paper with a silver-containing filler 
P-AgHCR shows a bacteriostatic effect on E. coli and S. aureus (diameter of 
the inhibition zone 11 and 12 mm, respectively), paper with a zinc-containing 
filler P-ZnHCR1 shows less activity against B. subtilis (inhibition zone of 
18 mm, secondary growth), and all other paper samples do not prevent the 
growth of microorganisms on their surfaces. 

On the contrary, the colony-forming unit (CFU) assay performed using 
gram-negative (E. coli) and gram-positive (S. aureus) bacteria confirmed 
the bacteriostatic activity of all paper samples with metal-containing fillers 
(Table 11.6). 

TABLE 11.6
 CFUs Counting in Relation to Control for Bacteria in Contact with the 
Surfaces of the Paper Samples. 

Bacteria
Paper sample 

E. coli S. aureus 
P 1.0 1.0 
P-HCR 1.0 1.0 
P-AgHCR 0.50 0.53 
P-CuHCR1 1.0 0.67 
P-CuHCR2 1.0 0.47 
P-ZnHCR1 0.52 0.70 
P-ZnHCR2 0.24 0.73 
P-(½Zn + ½Cu)HCR 0.48 0.65 
P-(¾Zn + ¼Cu)HCR 0.50 0.62 
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A similar situation is described in the study of the antibacterial activity 
of a synthetic FAU-type zeolite membrane: membranes exchanged with 
Ag+ showed an agar-diffusive bactericidal activity against E. coli and no 
inhibition halo around the initial Na+ and Zn2+ exchanged membranes, but a 
significant decrease in CFU for the bacterial solutions incubated with Zn2+ 

membranes. Daou et al.20 suggested that “Zn2+ exchanged zeolite membrane 
presented a bacteriostatic activity that is less diffusive in agar.” In the case of 
paper, the activity of zinc-containing samples against E. coli is comparable 
and even exceeds that of silver-containing ones—for P-ZnHCR2 containing 
about 1.4 mg/g of zinc, the number of CFUs decreases by more than four 
times, while the silver-containing sample P-AgHCR kills about half of the 
E. coli CFUs. The CFU assay has shown that pure copper-containing forms 
P-CuHCR1 and P-CuHCR2 are not active against E. coli, and all metal-
containing paper samples are active against Staphylococcus, the most active 
is paper P-CuHCR2 with a copper content of 1.6 mg/g. 

By this, zinc-containing fillers can be recommended for production of 
paper with bactericidal activity against E. coli, and copper-zinc-containing 
fillers for production of waterproof paper with bactericidal activity against 
Staphylococcus. 

11.4 CONCLUSION


Application of zeolite silver-, copper-, and zinc-containing fillers prepared 
on the basis of natural heulandite-clinoptilolite into paper made by waste 
recycling leads to a change in the grammage, caliper, density, tensile, and 
stretching of the paper. 

The “tensile strength” of paper filled with metal-containing bactericidal 
zeolites is related to the nature of the filler and its metal content. The 
application of pure zeolite filler (HCR) and metal-containing fillers into the 
structure of the paper evenly decreases the strength of the fibers binding in 
both directions. However, the application of the silver filler (AgHCR), and 
in particular, the filler with a low copper content (CuHCR1) will augment the 
“tensile strength” in both directions. This shows that these fillers enhance the 
bonding between the paper fibers. 

Accelerated aging of most papers will reduce “tensile strength.” This is 
mainly in the machine direction, but Ag and Cu + Zn papers indicate the 
opposite effect. 
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The elongation (%) in the CD is higher than in the MD. However, for 
filled paper, it is strongly dependent on the nature and metal content of the 
filler. This emphasizes the impact of metal-containing zeolites on the binding 
forces (between paper fibers) and the effects of the nature and content of 
metals in the filler. Thus, changing indices of elongation are enhanced in the 
aged paper, making some of them more resistant to aging. 

The introduction of zeolite fillers containing divalent metals copper 
and zinc causes a significant change in surface properties: papers with zinc 
(P-ZnHCR1), and in particular, with copper filling (P-CuHCR1) become 
waterproof, but with an increase in the content of metals (P-CuHCR2 and 
P-ZnHCR2) and for mixtures, this property is lost to a certain extent. 

Paper samples contain up to 3.0, 1.6, and 1.4 mg/g of silver, copper, and 
zinc, respectively. According to the colony-forming unit assay, all metal-
containing papers are active against Staphylococcus, and zinc-containing 
papers are more active against E.coli than those containing silver. From an 
industrial point of view, these results are very useful as they open up the 
possibility of replacing expensive silver with cheaper copper and zinc. For 
the production of paper active against E. coli, a filler with a zinc content of 
1.4 mg/g is recommended, and for the production of waterproof paper active 
against Staphylococcus, a filler with a copper content of about 1.6 mg/g is 
recommended. 
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CHAPTER 12



Investigation of Complex Formation
Process of Lead (II) with Fulvic Acids at 
pH = 7: An Ecosystem Approach 
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R. Agladze Institute of Inorganic Chemistry and Electrochemistry,  
Ivane Javakhishvili Tbilisi State University, Tbilisi, Georgia 

ABSTRACT 

Lead is a highly toxic element, which has unfavorable outcomes on the 
biological, neurological, and cognitive functions of the body. Complexes 
of lead with macromolecular organic substances are characterized with less 
bioavailability and accordingly with less toxicity. Fulvic acids are macro-
molecular natural organic substances. Through the functional groups, they 
take part actively in complex formation and sorption processes that move 
along in natural waters, bottom sediments, and soils. Fulvic acids form stable 
complexes with heavy metals and radioactive elements, and stipulate their 
migration forms in natural objects. 

Already existing data about stability constants of complex compounds of 
fulvic acids along with heavy metals are heterogeneous. Even for the same 
metals (among them lead), at the same value of pH, the values of stability 
constants of fulvate complexes differ in several lines from one another, which 
make it impossible to calculate the migration forms of metals in natural 
waters and to determine the toxicity and bioavailability through the obtained 
stability constants. Such a condition is largely designated by disregarding the 
dependence of the ionization degree of fulvic acids and average molecular 
weights of the associates of fulvic acids at the value of pH in the complex 
formation process, which ends up by getting the wrong results. 
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 In this work, the complex formation process of fulvate complexes of lead 
(II) was studied by the gel chromatographic method at pH = 7.0. 

Pure samples of fulvic acids were isolated from natural waters. Their 
elemental compositions and dissociation constants were established. The 
average molecular weight of oligomer of fulvic acids (Mw = 1350) was 
utilized to observe the composition of lead fulvate complex (1:1) and 
stability constant β = 3.14 × 104; lg β = 4.50. Through the obtained results, 
it will be possible to calculate the migration forms of lead in natural waters, 
determine the toxicity and bioavailability, and evaluate the ecological condi­
tion of water reservoirs. 

12.1 INTRODUCTION 

Lead contamination of natural water systems has adverse behavioral, physi­
ological, and biochemical effects on humans. The most toxic forms of lead 
are Pb2+, [PbOH+], [Pb(OH)2

0], and different inorganic complexes. They 
react with the biomolecules of the body to form extremely stable biotoxic 
compounds.1–3 The complexes of heavy metals with macromolecular organic 
substances are characterized with less bioavailability and accordingly with 
less toxicity.4,5 

The macromolecular natural organic substances, fulvic acids (FA), are one 
of the most important ligands governing the geochemical cycling of metals 
in the environment. They are the considerable organic matter of natural 
waters (please refer to Ref. [6–11]). It is very important to note that fulvic 
acids form stable complexes with heavy metals and radionuclides,6,8,12–22 

and stipulate migration forms related to natural waters and soils.6,8,23–28 

Consequently, fulvic acids could possibly have some effect on the toxicity 
and bioavailability of metals in the living environment. Even though many 
reliable studies as well as empirical details on stability constants (β) of 
complex compounds of FA with lead (as in the case of other metals) are 
heterogeneous, but they differ in several lines from each other.20,29–41 This 
condition is normally designated by neglecting the average molecular weight 
(Mw) of the associates of fulvic acids, whose value in its turn relies on the 
value of pH, and in the end, produce the wrong results. For this reason, it is 
not very easy to study the complex formation processes; 

•

 To take place in natural waters, 
•

 To identify migration forms of Pb (II), 
•

 To classify and estimate chemical–ecological condition of natural 

waters. 
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The main aim of this chapter is to study the complex formation process 
among the pure samples of fulvic acids, isolated from natural water, and Pb 
(II) to calculate the moderate stability constant of lead fulvate complex. It is 
worth mentioning that the complex formation process of fulvate complexes 
of lead was investigated using the gel chromatographic process at pH = 
7.0. While studying the complex formation process, we have considered 
the moderate molecular weights of the associates of fulvic acids at pH = 7. 
Meanwhile, it should be noted that for the optimal determination, we have 
used Sephadex G-25 (the limits of fractionating 100–5000). 

12.2 EXPERIMENTAL METHODS AND MATERIALS


In order to be able to provide the pure samples of fulvic acids, after filtration 
through membrane filters (with 0.45 μm pore size), water of lake Paravani 
was distilled by the frozen approach. These samples were then acidified with 
6 M HCl to pH 2 and kept on water bath at 60℃ (for 2 h) for coagulation 
of humic acids. After we have completed this stage of experiments, the 
solution was centrifuged for 10 min at 8000 rpm (Centrifuge T-23). Then, 
for the isolation of fulvic acids from the centrifugate, we have used the 
adsorption chromatographic method with charcoal as a sorbent. Afterward, 
we have carried out “desorption” of amino acids and carbohydrates with 
0.1 M HCl. It is very important to note that for desorption of polyphenols, 
we have considered 90% acetone–water solution. Right after, the elution of 
the fraction of fulvic acids was performed using 0.1 N NaOH solution.6,14,42 

Hereafter, we obtained alkalic solution of fulvic acids for the purification 
process (this was done through a cation exchanger KU-2-8). In order to be 
able to study the concentration of fulvic acids in our experimental solutions, 
we have decided to use the gravimetric method. It is important to note that 
the part of the solution was dried under vacuum until we have reached the 
constant weight. Meanwhile, the elemental composition of standard samples 
of fulvic acids isolated from natural waters and the average meaning of 
dissociation constants, respectively equal to 

C = 53.75%, H = 4.29%; O = 40.56%, N = 0.89%, S = 0.51%; 
pK = 4.37, pK  = 10.4; ash = 0.35%.H,COOH H,Ph−OH

The parameters of Sephadex G-25 are as follows: 

• mass of dry gel equals to 17 g, 
• height of swelled layer of gel equals to 42 cm, 
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• inner diameter of column equals to 1.6 cm. 

It should be noted that for the calibration of Sephadex G-25, blue dextran, 
polyethylene glycol along with molecular weights 300, 600, 1000, and 
glucose were used. The titer of standard substances was 1 mg/mL, transmis­
sion speed 3 mL/min, and applied volume of solution 2 mL. 

Increasing quantity of standard solutions of FA and lead (II) solutions 
with one and the same concentration, prepared from the standard solutions, 
considered for atomic absorption method, were placed in fluoroplastic cylin­
ders. On the other hand, the constant ionic strength was made by adding 1 
mL of 0.1 M potassium nitrate. At the end, the final volume of solutions was 
10 mL. And the concentration of hydrogen ions was regulated by 0.01 M 
potassium hydroxide and 0.01 M nitric acid, in model solutions at pH = 7. 

The aliquots of varied solutions (2–2 mL) were located at the top part 
of the column. The elution process was completed using 0.1 M potassium 
nitrate, which had obviously the same pH as the aliquots of solution. We 
obtained the quantity of metals connected with fulvic acids in fractions, 
which releases substances with molecular weights 300≤ Mw>5000. The 
concentration of lead was determined by atomic absorption spectrophotom­
eter (Model: Agilent 280Z AA). 

12.3 RESULTS AND DISCUSSION 

Table 12.1 shows that the content of lead in high weight molecular frac­
tion (300≤Mw>5000) increases with the augmentation of the concentration 
of fulvic acids (this may only be explained by the formation of fulvate 
complexes). During the determination of molar concentrations of fulvic 
acids, the fact that they form associates in water solutions was taking into 
account as well. Our experimental technique was established on water solu­
tions of fulvic acids by the gel chromatographic method. This was done in 
the interval of pH 4–11, considering line dependence between the average 
molecular weight (Mw) of fulvic acids and the value of pH. And then this is 
expressed in the following manner: Mw = 1350 pH 4540,1 considering pH = 
7, Mw (FA) = 4910. 

However, in diluted water solutions, the forms of lead (stability 
constants of lead (II) hydroxo complexes are β1,1 = 1,84.106  and β1,2 = 
3,17.1012)43 were calculated through the following eqs 12.1–12.3: 

Pb2+% = 100/(1 + β  [OH-] + β  [OH-]2) (12.1)1,1 1,2



 

  

  

  

 

 

    

  

 

 

221 Investigation of Complex Formation Process of Lead (II) 

PbOH+% = β1,1[OH-]100/(1 + β1,1[OH-] + β1,2[OH-] (12.2) 

Pb(OH)2
0 % = β1,2[OH-]2 100/(1 + β1,1[OH-] + β1,2[OH-]2 (12.3) 

As the results show, Pb2+ is the dominant form at pH = 7.0. 
For the cases in which we cannot consider the charges of ion, the reactions 

of formation of lead fulvate complexes could be written in the following 
way: 

Pb(II)free = PbFA (12.4)+ mFAtotal m 

β  = [PbFA ]/([Pb(II)free ]m) (12.5)m ] [FAtotal

In homogeneous systems, where [Pb(II)free] is not a constant value, the 
numeral value of the stoichiometric coefficient (m) is equivalent to the 
tangent of the tilt angle of straight built-in coordinates lg([PbFAm]/[Pb(II) 
free]) and lg[FA]. During the experimental approach by the gel chromato­
graphic method, [PbFAm] is considered equivalent to the concentracion of 
metal in high weight molecular fraction (300≤Mw>5000) and 

[Pb(II)free] = [Pb (II)total] −
[PbFAm] (12.6) 

To observe the exact value of the tangent tilt angle of straight line, the 
least square method was used: 

m = tgα = (nΣxi − Σxi )/(nΣxi
2 − (Σxi)

2) (12.7)yi Σyi

where xi = lg [FAtotal] and yi = lg([PbFAm]/[Pb (II)free]) (12.8). 
Consequently, the numeral value of “m” equals to 1.28 (please refer to 

Table 12.1 and 12.2). 

TABLE 12.1 Data for Identification of the Composition of Lead Fulvate Complexes, pH = 
7; Mw(FA) = 4910; 300≤ Mw(PbFA)>5000; [Pb(II) ] = 14.89 × 10−5.total

mol/L [PbFAm]: lg [FAtotal] lg([PbFAm]: 
[FAtotal] [PbFAm] [Pb(II)free] [Pb(II)free] [Pb(II)free]) 

1.72 × 10-5 4.95 × 10-5 9.54 × 10-5 0.52 −4.7645 −0.2840 
2.58 × 10-5  6.00 × 10-5  8.48 × 10-5 0.70 −4.5884 −0.1549 
3.44 × 10-5 7.74 × 10-5  6.75 × 10-5 1.15 −4.4634 0.0607 
4.30 × 10-5  8.82 × 10-5 5.67 × 10-5 1.55 −4.3665 0.1903 
5.16 × 10-5 10.05 × 10-5 4.44 × 10-5 2.26 −4.2873 0.3541 
6.02 × 10-5 10.23 × 10-5 4.26 × 10-5 2.40 −4.2204 0.3802 
6.88 × 10-5 10.55 × 10-5 3.94 × 10-5 2.68 −4.1624 0.4281 
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TABLE 12.2 Determination of Composition of Lead Fulvate Complexes Using Least 
Square Method, Mw (FA) = 4910; pH = 7; Xi = lg [FA ], Yi = lg([Pb FA ]:[ Pb (II)free]).total m

Xi Yi XiYi Xi2 
−4.7645 −0.2840 1.3531 22.7005 

−4.5884 −0.1549 0.7107 21.0534 

−4.4634 0.0607 −0.2709 19.9219 

−4.3665 0.1903 −0.8309 19.0663 

−4.2873 0.3541 −1.5181 18.3809 

−4.2204 0.3802 −1.6046 17.8112 

−4.1624 0.4281 −1.7819 17.3255 
∑Xi = −30.8529; (∑Xi)2 = 951.9014; ∑Yi = 0.9745;  ∑Xi2 = 136.2597; ∑XiYi = −3.9426; m = 1.28. 

TABLE 12.3
 Data for the Identification of the Composition of Lead Fulvate Complexes, 
pH = 7; Mw (FA) = 1350; 300≤ Mw(PbFA)>5000; [Pb(II) ] = 14.89 × 10−5.total

mol/L [PbFAm]: lg [FAtotal] lg([PbFAm]: 
[FAtotal] [PbFAm] [Pb(II)free] [Pb(II)free] [Pb(II)free]) 
6.25 × 10-5 4.95 × 10-5 9.54 × 10-5 0.52 −4.2041 −0.2840 

9.37 × 10-5  6.00 × 10-5  8.48 × 10-5 0.70 −4.0283 −0.1549 

12.50 × 10-5 7.74 × 10-5  6.75 × 10-5 1.15 −3.9031 0.0607 

15.62 × 10-5  8.82 × 10-5 5.67 × 10-5 1.55 −3.8063 0.1903 

18.75 × 10-5 10.05 × 10-5 4.44 × 10-5 2.26 −3.7270 0.3541 

21.87 × 10-5 10.23 × 10-5 4.26 × 10-5 2.40 −3.6601 0.3802 

25.00 × 10-5 10.55 × 10-5 3.94 × 10-5 2.68 −3.6020 0.4281 

TABLE 12.4
 Determination of the Composition of Lead Fulvate Complexes by the Least 
Square Method, Mw(FA) = 4910; pH = 7; Xi = lg [FA ], Yi = lg([Pb FA ]:[Pb (II)free]).total m

Xi Yi XiYi Xi2 
−4.2041 −0.2840 1.1939 17.6744 

−4.0283 −0.1549 0.6240 16.2272 

−3.9031 0.0607 −0.2369 15.2342 

−3.8063 0.1903 −0.7243 14.4879 

−3.7270 0.3541 −1.3197 13.8905 

−3.6601 0.3802 −1.3916 13.3963 

−3.6020 0.4281 −1.5420 12.9744 
∑Xi = −26.9309; (∑Xi)2 = 725.2773; ∑Yi = 0.9745;  ∑Xi2 = 103.8849; ∑XiYi = −3.3966, m = 1.28. 
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TABLE 12.5
 Data of Stability Constants of Lead Fulvate Complexes by the Leden Method. 

Mol/L  F(FA) 
[FAtotal] [PbFA] [Pb(II)free] [FAfree] 
6.25 × 10-5 4.95 × 10-5 9.54 × 10-5 1.30 × 10-5 3.99 × 104 

9.37 × 10-5  6.00 × 10-5  8.48 × 10-5 3.37 × 10-5 2.10 × 104 

12.50 × 10-5 7.74 × 10-5  6.75 × 10-5 4.76 × 10-5 2.41 × 104 

15.62 × 10-5  8.82 × 10-5 5.67 × 10-5 6.80 × 10-5 2.29 × 104 

18.75 × 10-5 10.05 × 10-5 4.44 × 10-5 8.70 × 10-5 2.60 × 104 

21.87 × 10-5 10.23 × 10-5 4.26 × 10-5 11.64 × 10-5 2.06 × 104 

25.00 × 10-5 10.55 × 10-5 3.94 × 10-5 14.45 × 10-5 1.85 × 104 

pH = 7; [Pb(II) ] = 14.89 × 10−5 M; Mw(FA) = 1350; 300≤Mw(PbFA)>5000; F(FA) = [PbFA]/([Pb ]total free
[FA ];[FA ] = [FA ] − [PbFA];  [Pb(II) ] = [Pb(II) ] − [PbFA]. free free total free total

TABLE 12.6
 Conditional Stability Constants of Lead Fulvate Complexes by the Least 
Square Method, Mw (FA) = 1350; pH = 7; Xi = [FAfree]; Yi = F (FA).

 Xi Yi XiYi Xi2 
1.30 × 10-5 3.99 × 104 0.5187 1.69 × 10-10 

3.37 × 10-5 2.10 × 104 0.7077 11.3569 × 10-10 

4.76 × 10-5 2.41 × 104 1.1472 22.6576 × 10-10 

6.80 × 10-5 2.29 × 104 1.5572 46.24 × 10-10 

8.70 × 10-5 2.60 × 104 2.262 75.69 × 10-10 

11.64 ×10-5 2.06 × 104 2.3978 135.4896 × 10-10 

14.45 × 10-5 1.85 × 104 2.6732 223.5025 × 10-10 

∑Xi = 51.02 × 10−5; (∑Xi)2 = 2603.0404 × 10−10; ∑Yi = 17.3 × 104; ∑Xi2 = 516.6266 × 10−10; ∑XiYi = 
11.2638; β = 3.14 × 104; lg β = 4.50. 

Hence, the system Pb(II)(solution)-FA-H2O at pH = 7.0 dominates lead 
fulvate complex, with the structure 1:1. So the complex formation reaction 
(pH = 7.0) may be written in such a way: 

Pb(II) + FA = PbFA (12.9) 

For the calculation of average stability constant of lead fulvate at pH = 7, 
Leden function F(L) was used.44 The calculation of characteristics of Leden’s 
function, 

F(L) = F(FA) = [PbFA]/([Pb(II)free ]) = β1 + β2 ] (12.10)][FAfree [FAfree

is not complicated during the study of fulvate complexes by the gel chro­
matographic method. The concentration of metal connected to fulvic acids 
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[PbFA] quantitatively equals the quantity of metals (mol/l) determined in 
high weight molecular fraction (300≤Mw>5000), 

[FA ] = [FA ] − [PbFA] (12.11) free total

and 

[Pb(II)free] = [Pb(II)total]  [PbFA] (12.12) 

whereas: 
*  [FA ]—the total amount of fulvic acids in solution (mol/L),total

* [FAfree]—the concentration of free ligand (mol/L), 

* [Pb(II) ]—the total amount (mol/L) of metal in the sample, which is a constant valuetotal
according to the condition of the experiment. 

The complexation of fulvic acids to metal ions may not be explained 
in strict frames due to the poorly defined nature of fulvic acids in contrast 
with the complexation of single ligands. So, in order to be able to obtain 
the stability constants of fulvate complexes, it is required to consider just 
a few assumptions. The obtained results show (Table 12.1) that in case of 
using the average molecular weight of FA associate at pH = 7 (Mw = 4910), 
it is impossible to calculate the concentration of free ligand. Without it, it’s 
impossible to calculate the stability constant of lead fulvate complex. 

Therefore, the meaning of Mw of oligomer of FA (Mw = 1350) was 
used for the determination of the concentration of free ligand ([FAfree]) 
and stability constant. The changes of molecular weights do not cause the 
changing of the numeral values of stoichiometric coefficient (m) (please 
refer to Tables 12.3 and 12.4). When [FAfree] aspires to zero, β could be 
approached by the graphical method. 

The section which is cut on the ordinate by the straight line built-in coor­
dinates F(FA)—[FAfree] is considered equivalent to the stability constant. The 
value of β determined by the “square method”: 

β = (Σyi −
aΣxi)/n (12.13) 

where xi = [FAfree], 

Yi = F(FA) and 
2 2 

a = (nΣxiyi − ΣxiΣyi)/(nΣxi − (Σxi) ) (12.14) 
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The necessary data for the calculation of stability constants of lead fulvate 
complex are given in Tables 12.5 and 12.6; β = 3.14 × 104; lg β = 4.50. 

12.4 CONCLUSION 

We have observed that Pb(II)(solution)-FA-H2O system at pH = 7.0 domi­
nates the lead fulvate complex [PbFA] with the structure 1:1, β = 3.14 × 104; 
lg β = 4.50. Through the obtained results, it will be possible to calculate 
the migration forms of lead in natural waters, determine the toxicity and 
bioavailability and evaluate the ecological condition of water reservoirs. 
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CHAPTER 13



Conditioned Feasibility of the
Application of Georgian Natural Zeolite–
Laumontite for Sustainable Development 
of Agriculture 

OSIPOVA N., KVERNADZE T., and BURKIASHVILI N. 

P. Melikishvili Institute of Physical and Organic Chemistry, Tbilisi, 
Georgia. 

ABSTRACT 

Natural zeolites are characterized by well-developed, ordered crystalline 
microporous structures. Zeolites represent unique natural minerals by their 
physical–chemical properties, and simultaneously, they are characterized by 
selective, ion-exchange, and adsorptive properties that condition the feasi­
bility of their practical application. 

Especially, an effective application of natural zeolites in agriculture for 
increasing the yield of crops and maintaining an ecologically healthy envi­
ronment should be noted. 

The ion-exchange property and adsorptive ability of zeolites against 
microelements and other ions in the soil positively affect the soil structure 
and the processes that condition germination, growth, development, and 
chemical indices of plants, as well as their yields. 

13.1 INTRODUCTION


The 21st century puts forward a very real problem of increasing demand 
for food supplies. As a matter of fact, about 50% more food generation is 
needed to meet the demand of people by 2050. In modern days, climatic 
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abnormalities and water scarcity necessitate more efficient agricultural 
production systems to be able to feed the booming population.1,2 

The soil is a main source for meeting the demand for food products, 
but nowadays, the areas usable for agriculture are drastically decreasing 
because of natural and technical erosions that are often caused by the 
unforeseen actions of people. The outcomes of demanding practices are 
the degradation of soil and water qualities (i.e., heavy metal contamina­
tion that reduces crop productivity), consumption of soil organic carbon, 
and eventually, per capita food grain accessibility.3 Long-term in-depth 
farming activities make the agricultural land useless, resulting in low soil 
retention capacity. Therefore, increasing the productivity of agricultural 
crops using both intensive and rational application of mineral fertilizers 
and recultivation of arid, contaminated areas are the main problems that 
the scientists of the world face today. In this regard, farming with zeolites, 
which are environment-friendly materials has attracted an attention owing 
to their benefits in agricultural projects. The use of these minerals as soil 
improver simplifies the improvement of soil’s physical and chemical prop ­
erties. Zeolites reduce the rate of nutrient release from both organic and 
inorganic fertilizers and allow better nutrient opportunities throughout the 
crop growth stages.4 

The improvement of the wide range of agronomic crops concerning 
growth, yield, and quality traits with the application of zeolites has been 
well studied by many scientists.5–11 

Because of poor application of mineral fertilizers, about 50% of them 
are not consumed by plants and are washed away by underground waters 
that pollute the environment. To neutralize the negative sides of mineral 
fertilizers and increase the yield of crops, the application of natural 
zeolites of sedimentary origin seemed encouraging. Natural zeolites have 
exclusivity for most indispensable nutrients, including “ammonium” 
(NH +), “phosphate” (PO 2−), “nitrate” (NO −), and “potassium” (K+) in4 4 3 
their distinctive porous structure that decreases nutrient leaching. It is 
very important to note that the unreasonable application of nitrogenous 
fertilizers promotes their easy discharge from soil to groundwater. This, of 
course, will have very negative anthropogenic impacts on the groundwater 
quality. Therefore, in modern agricultural systems, soil nutrient reten­
tion is a very important factor to account for maximum nutrient use and 
productivity. This will surely improve the soil nutrient status and prevent 
groundwater contamination.12–14 
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It should be noted that the slow-release nature of zeolites is very advan­
tageous to avail the nutrients optimally throughout the crop growth. These 
unique features of zeolites improve fertilizer, water use, and productivity. 
This will eventually diminish the environmental pollution by reducing 
nitrate leaching. The foregoing features greatly improve the productivity, 
growth, and of course, the quality of crops. 

In modern days, cereal crops play a dominant role in the global agri­
culture. They are main food products for people and forage for agricultural 
animals. Out of different sorts of cereal crops, wheat (both spring and winter) 
is the main and the most valuable food product. In its turn, winter wheat 
exceeds all the other cereals with quality of grain. On the whole, wheat 
can be considered to be the basic livelihood for mankind. Therefore, all the 
possible agrotechnical methods are used today to raise the yield of this crop 
and achieve high harvests. But in many respects, this depends not only on the 
weather conditions and correct choice of cultivation technology but also on 
weed vegetation, the agricultural land plot, and various crop diseases. 

All the above are the limiting factors for raising the level of crop yield 
under the conditions of intensive farming. 

Weeds, taking a lot of water and nutrients out of soil, oppress the growth 
and development of cultivated plant and reduce the crop capacity. Another 
reason causing sharp decrease in productivity of grain crops, sometimes up 
to 75%, is the possibility of diseases such as mildew, rust, and root rot.15,16 

Destruction of weeds is one of the basic agrotechnical actions for 
maintaining steady high crop yield of agricultural crops. Usually, actions 
for the struggle against weeds are divided into two groups: precautionary 
and destructive, in turn subdivided into agrochemical and chemical ways 
of struggling. These methods are rather labor consuming, expensive, and 
in some cases, poorly effective. A very small dose of herbicide can poorly 
affect the weeds, and a larger dose causes destruction not only of weeds but 
also of cultivated plants. 

In connection with an intensive use of natural sedimentary zeolites in 
plant growing,17–19 the data given in a number of studies show that adding of 
natural zeolites into protected and open ground, appreciably hampers germi­
nation of weeds, and in some cases, completely excludes their spreading on 
the field plot.20–22 

In most of the above studies, clinoptilolite-bearing rocks (natural zeolite) 
were more commonly used than chabazite- and philipsite-bearing rocks.23 

The presented research shows the possibility of positive use of laumon­
tite-bearing rocks in plant growing (for winter wheat as an example), and 
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compares the obtained results with the results of the influence of traditional 
mineral fertilizers on this plant. 

13.2 EXPERIMENTAL METHOD


Experiments were carried out in the laboratory and field conditions. All the 
experiments were performed in three series and 11 variants, each with four 
replications. 

The first variant (absolute background) was pure soil without fertilizers. 
The second variant (control) was the soil containing mineral fertilizers at 

a ratio of N P K  kg/ha (this norm of mineral fertilizers is recommended 90 100 80
for wheat growing). Both variants served as objects of comparison. 

AISI species (Production Association “Tavtavi” of Tserovani, Georgia) 
of winter wheat served as a test. 

Laumontite-bearing rocks of the deposit in the vicinity of Tbilisi, near the 
botanical garden were used in the present work. The laumontite content in 
the rock amounts up to 60–75% calcium dominating the cation composition. 
The rock, alongside with the zeolites, contains montmorillonite, chlorine, 
pyroxene, and other minerals.24 These zeolites are characterized by high 
cation-exchange capacity CEC (4.25 meq/g), which practically is twice as 
high as that of clinoptilolite.25 

Laboratory investigations were carried out to show the influence of 
laumontite applied into the soil on germination, seed vigor of wheat, and 
shoot sprouting of the plant. The experiments were performed as follows: 
Special plates with corresponding holes for water drainage were used. A 
layer of gray cinnamonic soil with 6 cm height was placed on a filter paper; 
the plate area was 0.05 m2; the number of sown seeds in all cases equaled 
100. Laumontite was added to the soil in amount of 200, 400, and 600 g/m2 

accordingly in the first series of experiments. In the second series of experi­
ments, mineral fertilizers, according to the agrochemical norms of NPK used 
in Georgia, were added to laumontite placed on special plates. In the third 
experiment, the same doses of zeolites as in the second one were used but at 
halved NPK norms. 

For control, the pure soil (S) and the soil containing mineral fertilizers in 
accordance with the agrochemical norms (S-NPK) were used. Calculation of 
germination, seedling emergence, and height of the plant was evaluated by 
arithmetic means according to the eqs 13.1 and 13.2. 

RSE% = 100[(s.e.(tp)–s.e.(rp)]/s.e.(rp) (13.1) 
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where RSE is relative seedling emergence; s.e.(tp) is the number of seedlings 
on the treated plots; s.e.(rp) is the number of seedlings in the control experi­
ments (pure soil) or the soil with NPK addition. 

RPH% = 100[p.h.(tp)–p.h.(rp)]/p.h.(rp) (13.2), 

where RPH% is relative plant height; p.h.(tp) plant height on treated plot; 
p.h.(rp) seedling height in control experiment. 

The field experiment was carried out at 18–30oC in the vicinity of a 
village Kvemo-Chala, Kaspi region (Georgia). 

I series of experiments: In the third, fourth, and fifth variants, only 
laumontite-bearing rocks were introduced into the soil in amounts of 200, 
400, and 600 g/m2, correspondingly. 

II series of experiments: In the sixth, seventh, and eighth variants, 
combinations of laumontite rocks and mineral fertilizers according to the 
agrochemical norms fixed for Georgia, N , P , and K  kg/ha, correspond­90 100 90
ingly 200, 400, and 600 g/m2 of laumontite-bearing tuff and full dose of 
mineral fertilizers, were used. 

III series of experiments: In the ninth, 10th, and 11th variants, a combina­
tion of laumontite-bearing rocks and half the doses of mineral fertilizers in 
amount of 200, 400, and 600 g/m2, correspondingly was applied. 

The soil used for the experiments was gray-cinnamonic and weakly alka­
line. Table 13.1 gives some indices of the original as well as the laumontite­
enriched soil. 

TABLE 13.1
 Some Indices of Original Soil and the Soil Enriched in Laumontite-bearing 
Rock, 600 g/m2. 

Samples pH H2O Humus, Content of uptake per mg/100g soil 
% Ca Mg H Ca + Mg % ratio of 

Ca and Mg 
Soil 8.3 1.83 19.34 13.02 - 32.36 Ca–60% 

Mg–40% 
Soil + laumontite 8.3 1.53 24.92 12.28 - 37.20 Ca–67% 

Mg–33% 

Table 13.2 shows that the fraction of granulation <0.01 mm predomi­
nates in the soil; therefore, it may be attributed to the clayed, so-called 
heavy soil.27 
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TABLE 13.2
 Granulometric (Fractional) Composition of Original Soil and Soil Enriched in 
Laumontite-bearing Rock, %. 

Size of particles in mm and their percentage 

Sample 
1–

0.
25

 m
m

0.
02

6–
0.

05
 m

m

0.
05

–0
.0

1 
m

m

0.
01

–0
.0

05
 m

m

0.
00

5–
0.

00
1 

m
m

<0
.0

01

<0
.0

1 

Soil 0 29 20 13 18 20 51



Soil + laumontite 0 32 22 8 15 23 46



The experiments were carried out on separate trial plots; each plot equaled 
1 m2; 44 plots were used in all. The distance between trial plots was 50–70 
cm (Scheme). 

SCHEME OF EXPERIMENTS


Replications Variants 
I I 2 3 4 5 6 7 8 9 10 11 
II II 10 9 8 7 6 5 4 3 2 1 
III I 2 3 4 5 6 7 8 9 10 11 
IV II 10 9 8 7 6 5 4 3 2 1 

Absolute background (soil without fertilizers)—the first variant; Control 
(soil with fertilizers)—the second variant; I series of the experiments include 
the third, fourth, and fifth variants; II series of the experiments include the 
sixth, seventh, and eighth variants; III series of the experiments include the 
ninth, 10th, and 11th variants. 

Prior to sowing, the soil was subjected to plug treatment. The mineral 
fertilizers of about 100 and 50 g/m2 and the corresponding amounts of 
laumontite-containing rocks were applied. 

Wheat was sown by manual embedding of seeds into the soil (600 grains/ 
m2). Germination of seeds proceeded in 10 days after sowing. 

The yield of wheat and straw mass output from the four replications were 
calculated for q/ha, together with the relative indices of wheat grain yield 
and straw mass output and mass of 1000 wheat grains, RCY%, ROM%, and 
RMG%, against absolute background and control with NPK.26 

The most important indices such as mass of 1000 wheat seeds character­
izing technological properties of the grain and the plant root weight were 

http:0.05�0.01
http:0.026�0.05


 

 

Conditioned Feasibility of the Application of Georgian Natural Zeolite–Laumontite 237 

determined according to the influence of laumontite as well as their mixes 
with the mineral fertilizers introduced into soil. 

In all the variants of the experiments, some biomaterial indices of wheat 
were determined. Part of the given field experiments were subjected to 
mathematical statistical treatment with determination of the least significant 
difference (LSD) to establish the level of probability and relative accuracy 
of the experiment, Sx%. 

13.3 RESULTS AND DISCUSSION 

The main results of the laboratory experiments are given in Table 13.3. From 
the obtained data, it is seen that the same dependence of E  on the laumon­(seed)
tite amount introduced into the soil is observed for all the three variants. 

TABLE 13.3
 The Values of Relative Seedling Emergence E  of Wheat on the Treated (seedl)
Plots Compared with 1) Absolute Background (S) and 2) Control (S)-NPK. 

Object of study Control-(absolute background-soil) Control-S-NPK 
E(seed)% E(seed)% 

Series I 

1) S+200gL 300 128 

2) S+400gL 575 285 

3) S+600gL 450 214 

Series II 

1) S+200gL+NPK 200 71 

2) S+400gL+NPK 325 142 

3) S+600gL+NPK 225 85 

Series III 

1) S+200gL+1/2 NPK 250 100 

2) S+400gL +1/NPK 400 185 

3) S+600gL+1/2 NPK 300 128 

The maximum values of energy E(seed) are observed in the case of laumontite 
introduced in the amount of 400 g/m2. However, in series II, we can observe 
the decrease in E(seed) value as compared with series I. While decreasing the 
value of NPK (series III), the increase in these values compared with series 
II is observed. 
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We have also found that the increase of laumontite content in soil enhances 
the growth of seedling height calculated by eq 13.2, which makes comparable 
with absolute background while using laumontite in amount of 200, 400, 
and 600 g/m2. Similar dependence is observed while comparing the obtained 
results with those of the control experiment soil-NPK 25, 50, and 90%. 

Thus, the results of the present study testify that in extreme conditions, 
the introduction of laumontite into the soil provides an increase in seedling 
emergence of wheat, while in series II and III, where the mixture of laumon­
tite with mineral fertilizers is used, it appears to be effective, especially in the 
series where mineral fertilizers are used according to agrotechnical norms. 

Phenological observation of the process of wheat growing in field condi­
tions showed that the introduction of laumontite into the soil oppressed 
the growth of weeds and positively affected the immunity of this plant to 
diseases. A visual calculation of the weediness of the experimental field 
was carried out in May and July. According to the Maltsev16 modified scale, 
weediness was less than 1%; weediness within the limits of 1–5%, 5–25%, 
25–50%, and over 50%. The obtained results are given in Table 13.4. 

The data given in this table show that the weediness of the field where 
zeolites have been used changes within the limits of 25–50%. On the field 
where laumontite-bearing rocks and their combination with mineral fertil­
izers were applied in the soil, the weediness did not exceed 5%, except for 
the sixth and seventh variant, where it exceeded 5%. That was caused by 
a little concentration of laumontite in the soil and a high dose of mineral 
fertilizers. It has been noticed that the increase in amount of zeolites applied 
in the soil caused decrease of the degree of germination of weeds. 

In the same period, the heights of weeds (averaged from 20 plants from 
each plot) were determined; the higher they are, the stronger they oppress 
cultivated plants, in our case, wheat. 

The comparative heights of weeds in relation to heights of wheat seed­
lings are given in Table 13.4 as well. 

On the field where laumontite-containing rocks were not used, the heights 
of weeds and wheat seedlings were equal at the end of the experiment, while 
the heights of weeds evolved on the soil enriched in laumontite were much 
lower than those of wheat seedlings. 

The results have confirmed the earlier assumption that applying of natural 
zeolites, in particular laumontite, into the soil oppresses the growth and 
development of weeds; at the same time, does not render negative influence 
on the growth of the cultivated plant, wheat in our case. 
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TABLE 13.4
 Estimation of Amounts and Comparative Heights of Weeds on the Experimental Field.
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Applying of zeolite into soil protects the leaves against various diseases 
as well.28 By phytopathological control, the disease of wheat, leaf rust was 
revealed on some fields, especially on the fields without laumontite-bearing 
rock where percentage of the disease was 10–20%; on the fields where 
laumontite-bearing rocks were used separately and in combination with 
mineral fertilizers, it did not exceed 10%. 

The experiments of wheat growing under field conditions with laumontite-
containing rocks introduced into the soil led us to very interesting results, not 
only for raising the yield of the crop but also for improving the technological 
indices of wheat grain. 

The obtained results dealing with the influence of laumontite-containing 
rocks and their combination with mineral fertilizers on the productivity of 
wheat grain and straw mass outputs as well as the important indices of the 
estimation of technological properties of seed, such as a mass of 1000 wheat 
grains are summarized in Table 13.5. 

As evidenced from the data given in Table 13.5, application of mineral 
fertilizers favorably affects the productivity of wheat grain and straw mass 
output, but markedly decreases the mass of 1000 wheat grains. All these 
data are the average values of four replications in separate variants. The 
mass of 1000 wheat grains determines the productivity of agricultural crops. 
The heavier the weight of seeds, the higher their productivity.15 In our case, 
mineral fertilizers do not exert a favorable influence on the mass of 1000 
grains. 

The introduction of laumontite-bearing rocks into the soil exerts a signifi­
cant influence on the growth and productivity of wheat grains, on the straw 
mass output, and to a lesser extent, on the mass of 1000 grains. These effects 
increase with increasing the doses of the introduced zeolite-bearing rocks. 
Thus, while the enrichment of soil in zeolites was 600 g/m2, the productivity 
of wheat grain increased against the absolute background (the first variant) at 
100% and compared with the control with fertilizers (the second variant) at 
40%. The similar situation was observed in case of straw mass productivity, 
which increased by 60% and 24%, and the mass of 1000 wheat seeds by 
6.8% and 14.6%, correspondingly. 

Not entirely the usual picture is obtained when laumontite-bearing rocks 
are used together with mineral fertilizers,23 but it coincides with the data 
presented in Ref. [29] devoted to the study of the influence of laumontite-
bearing rocks on the germination of wheat seeds. 

Application of natural zeolites on the background of mineral fertilizers 
results in the increase of productivity of agricultural crops,23,30 while with the 

http:productivity.15
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TABLE 13.5
 Influence of Laumontite-bearing Rocks and its Mix with Mineral Fertilizers 
(N P K ) kg/ha Applied into the Soil on the Yield of Wheat Grain (q/ha); Green Mass of 90 100 80
Straw (q/ha) and Mass of 100 Grains (g). 
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The first series of experiment 
First 30.2 - -30.3 50.13 - -23.00 38.3 - 7.6 
Second 43.3 43.3 - 65.12 29.9 - 35.6 -7.00 -
Third 40.65 34.6 -6.1 60.00 19.7 -7.9 36.8 -3.9 3.4 
Fourth 49.32 63.2 13.9 75.00 49.6 15.2 39.1 2.1 9.8 
Fifth 60.65 100.8 40.1 80.50 60.6 23.6 40.8 6.5 14.6 

LSD0.95 

-3.3 q/ha 

Sx-2.4% 

LSD0.95 

-0.7 q/ha 

Sx-3% 

LSD0.95 

-2.4 q/ha 

Sx-2.1% 
The second series of experiment 

First 30.2 - -30.3 50.13 - -23.0 38.3 - 7.6 
Second 43.3 43.4 - 65.12 29.9 - 35.6 -7.0 -
Third 40.7 34.8 -6.0 59.9 19.5 -8.0 37.7 -1.6 5.9 
Seventh 42.15 39.6 -2.7 60.6 20.9 -7.0 39.0 1.8 9.5 
Eighth 47.85 38.4 10.5 74.6 48.9 15.0 39.5 3.1 10.9 

LSD0.95 
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Sx-2.7% 

LSD0.95 

-0.7 q/ha 

Sx-0.3% 

LSD0.95 

-2.4 q/ha 

Sx-2.1% 
The second series of experiment 

First 30.2 - -30.0 50.13 - -23.0 38.0 - 7.6 
Second 43.3 43.4 - 65.12 29.9 - 35.6 -7.0 -
Ninth 41.9 38.7 -3.2 64.0 27.2 -1.7 38.8 0.5 8.1 
Tenth 47.5 57.3 9.7 76.5 52.6 17.5 38.8 1.3 9.0 
Eleventh 50.0 65.6 15.5 77.5 54.6 19.038 39.1 2.1 9.8 

LSD0.95 
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increase in the content of mineral fertilizers in a mix, the positive effect of 
laumontite-bearing rocks is weakened (the third and especially the second 
series of the experiments). Such important positive effects of laumontite­
bearing rocks on the productivity and some other indices of wheat are difficult 
to explain. First, most probably laumontite favors preservation of moisture in 
soil for some period of time, which is most important for sowing and germi­
nation of winter wheat. Second, laumontite-bearing rocks are characterized 
by significant cation-exchange capacity compared to clinoptilolite, relatively 
often used in practice of plant growing. Third, we consider that in the winter-
spring period, under the influence of laumontite soil conditioning, the creation 
of a favorable microbial landscape is apparently taking place.19,26,31 

The main unfavorable effects exerted on the growth of plantings, which 
cannot be eliminated by traditional methods, are determined by the stresses 
of the root system in the soil. The development of the root system of plants 
contributes to the cultivation of soil, provides conservation of soil aggregates 
of the size exceeding 250 μm, and prevents erosion processes. 

A series of works showed that the application of natural zeolites contrib­
utes to the development of plant root systems even on contaminated, infertile 
soil and results in soil conditioning30,32 and the creation of optimal structures. 
The mass of the grass root system, designated for the creation of golf fields at 
the application of substrates based on clinoptilolite-bearing tuffs and apatite, 
may be increased by two to five times more than the control.33 

In our experiments, the increase in plant root mass also took place, calcu­
lated for 20 plants taken from every variant and four replications, that is, an 
average value out of 80 plants of one plant-g/plant. Alongside it, a regularity 
similar to that observed with the yield of wheat was detected. Maximum 
growth in the weight of wheat roots took place with the application of only 
laumontite-bearing rocks to the soil in an amount of 600 g/m2. Compared 
to the absolute background (first variant), the increase amounted to 125%, 
and compared to the control with mineral fertilizers (second variant) to 
39%. Apparently, the application of laumontite to the soil contributes to 
the creation of favorable water regimes and structuring in the zone of root 
system, that is rhizosphere. 

Maximum germination of seeds and further development of plants with 
a decrease of the possibility of their death are not less important factors in 
plant growing. 

The present work, in connection with the above stated, considers the 
issue of the influence of laumontite-bearing rocks and their mixture with 
mineral fertilizers on the example of the germination of wheat seeds and the 
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process of ear formation (Table 13.6). As seen from Table 13.6, the process 
of ear formation in the first variant (absolute background) is greatly lowered, 
output of stem forms 53.2%. The application of mineral fertilizers to the soil 
markedly increases the stem output up to 86.3%. Approximately, such was 
the case when only laumontite-bearing rock was applied into the soil, but the 
effect was strengthened with increase in the zeolite dose. Thus, at the amount 
of 600 g/m2, it was equal to 93%. 

The application of a mixture of laumontite-bearing rock and mineral 
fertilizer somewhat weakens this effect, but it is higher than in case of only 
mineral fertilizers. The process of ear formation in all variants, apart from 
the first one, is high, and the number of stems without ears is insignificant 
from 1.9–3.5%. 

Under the influence of laumontite-bearing rocks and their mixes with 
mineral fertilizers, an alteration in the biometric indices of wheat (Table 
13.6) also takes place. 

TABLE 13.6
 Influence of Laumontite-containing Rocks and its Mix with Mineral Fertilizers 
on the Germination, Development, and Some Biometric Indices of Wheat. 
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First 319.0 298.0 21.0 53.2 92.5 8.5 32.0 1.75 1.07 
Second 518.0 502.5 15.5 86.3 100.0 11.8 40.0 1.59 1.31 
Third 514 497.0 17.0 85.7 98.7 10.6 37.0 1.47 1.27 
Fourth 532 518.5 14.0 88.7 101.9 11.7 37.5 1.93 1.48 
Fifth 557.0 539.0 18.0 92.9 105.2 12.6 43.0 2.23 1.70 
Sixth 473.0 462.0 12.0 78.8 102.5 10.7 34.0 1.34 1.16 
Seventh 515.0 500.0 15.0 85.8 99.2 11.0 38.0 1.57 1.28 
Eighth 528.5 518.5 10.0 88.1 103.0 11.4 38.0 2.06 1.40 
Ninth 511.1 498.0 13.0 85.2 97.4 11.5 38.0 1.49 1.31 
Tenth 536.0 520.0 16.0 89.3 103.2 11.2 39.0 1.75 1.39 
Eleventh 544.5 531.5 13.0 90.7 103.4 11.6 40.0 1.85 1.47 

The obtained data given in the table prove that under the influence of 
mineral fertilizers as well as laumontite-bearing rocks, the stems are length­
ened. This somehow may provoke a danger for their lodging, which is not 
desirable. On the other hand, increase of length of an ear conditions the 
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growth of the amount of grains in the ear. Thus, the average quantity of 
grains in the ear (in 20 plants of four replications) equals 32 on the pure 
soil; on the plot where the mineral fertilizers were used—40, and in the fifth 
variant where only the laumontite-bearing rock was applied in the amount of 
600 g/m2—43. At this time, the mass of grain per ear increased to 1.07, 1.31, 
and 1.7 g, correspondingly. The obtained data coincide to those in the work.34 

13.4 CONCLUSION


Thus, summing up the obtained results, we can make the following conclu­
sion: The application of laumontite-bearing rock in plant growing, with the 
wheat taken as an example, makes positive effect on the quality and quantity 
indices of this crop. Moreover, their influence is expressed in greater extent 
than in case of application of mineral fertilizers. 
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ABSTRACT 

Lightweight concrete is a building material with a density not exceeding 
2000 kg/m3. Its structure is determined by the structure of the used compo­
nents and manufacturing methods. The advantages of these building mate­
rials are their low density, good thermal insulation, frost resistance, high 
thermal resistance, and ease of use of blocks, which is due to their large 
size and low weight; also important is their wide range, which allows you to 
choose the optimal material composition suitable for operating conditions. 
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In lightweight concrete production, pumice, along with binders, is one of the 
main components of their composition. Pumice, or porous volcanic glass, is 
formed during a volcanic eruption in conditions of strong lava boiling. These 
minerals are frothy, have a low volumetric weight, high porosity, and high 
toughness. All these properties make them valuable mineral raw materials 
that are mainly used as additives for lightweight concretes and hydraulic 
cements. Pumice is abundant in Georgia (more than 35 million m3). The 
prospects for the use of these minerals are great, so the study of their physical 
and chemical properties is relevant and obligatory. 

We studied six pumice samples from four different locations in the 
Javakheti region of Georgia (two Khulgumo samples, two Okami samples, 
one Modegami sample, and one Paravani sample). Chemical, X-ray diffrac­
tometric, infrared spectroscopic, petrographic, and granulometric methods 
were used for investigations. The chemical and mineralogical compositions 
of the analyzed samples, peculiarities of their structures, bulk and compacted 
samples’ volume masses, and their granulometric compositions were deter­
mined. The slags with the best properties will be recommended as additives 
for use in lightweight concrete production. 

14.1 INTRODUCTION


For the sustainable development of the country, it is necessary to clearly 
define and work out such priority areas of the economy as the production of 
highly efficient products using local natural resources. 

Pumice reserves in Georgia exceed 35 million m3,1 so the prospects for 
their use are very high. Pumice is a variety of acidic volcanic and magmatic 
rocks formed by volcanic eruptions in the upper layers of acidic lavas during 
boiling2,3 and differing from each other in the content of silicon in minerals 
as well as in structural and textural features. There are fibrous, vesicular, 
frothy, and cellular pumice textures. Their structure may be finely porous 
or coarsely porous. The average porosity is 80%, the density is 2–2.5 g/ 
cm3, and the hardness according to the Mohs scale is 5–5.6. The volume 
weight is 0.3–0.9 g/cm3. Pumice is chemically inert and begins to soften at 
1300–1400°C.4 

Due to the high porosity, pumice is a good thermal insulator, and a 
large number of closed pores ensure its good frost resistance. Pumice from 
different deposits has different textures. For their practical use, the size of the 
pores and the nature of the glassy substances included in their composition 
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are of great importance. According to the SiO2 content, pumice igneous 
rocks are divided into acidic igneous (content of SiO2 is more than 65%), 
medium igneous (content of SiO2 is 54–65%), basic igneous (content of SiO2 
is 45–52%), and ultra-basic igneous rocks (content of SiO2 is below 45%).5 

The minerals that form such igneous rocks in most cases are quartz, feldspar, 
and mica. Amphibole, plagioclase, monoclinic, and rhombic pyroxenes can 
also be found in pumice as crystalline inclusions. Pumice is mainly used 
as lightweight aggregates for concretes, as well as a hydraulic additive to 
cements and lime.6–10 

Lightweight concretes are made with porous aggregates. Their densities 
do not exceed 2000 kg/m3. The structure of such concretes is determined by 
the structure of their constituent components and manufacturing methods. 
The composition of this type of building materials is not regulated at the 
level of state standards; there are only recommendations. Manufacturers 
independently determine the percentage content of components. The 
advantages of these building materials are their not very high density, good 
thermal insulation, frost resistance, and ease of use of blocks, which is due to 
their large size and low weight. Their wide range, allowing you to select the 
optimal composition of the material suitable for the operating conditions, is 
also important. An attention is drawn to their high thermal resistance. Various 
types of porous lightweight concretes that are used in bearing structures, as 
well as bearing structures that also perform the function of a thermal insu­
lator, are known today. Of the many types of concrete, some are widely used 
and some are used in limited quantities. Currently, new varieties of concrete 
have been obtained that have not yet been used in practice, although there is 
a prospect of their use in the future.9,10 

14.2 EXPERIMENTAL METHODS AND MATERIALS


Six samples of four different locations of Javakheti region of Georgia were 
studied: 

•

 two samples of Khulgumo location of Ninotsminda Municipality— 
gray and reddish; 

•

 one sample of Paravani location of Ninotsminda Municipality— 
reddish; 

•

 two samples of Okami location of Akhalkalaki Municipality—gray 
and reddish; 

• one sample of Modegham location of Borjomi Municipality—gray. 
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Chemical, X-ray diffraction, IR spectroscopic, petrographic, and granu­
lometric analysis methods were used for the study. X-ray diffractometric 
analysis was carried out on a Dron-4 device (Russia). The X-ray diffrac­
tometer was connected to a personal computer via the USB port multimeter 
AX-18B and the corresponding PC software-PC-Link, which allows the 
processing of experimental data in Excel format; infrared spectrometric 
analysis was carried out on an Agilent Cary 630 FTIR Spectrometer in the 
range of 350–5000 cm–1 (USA); chemical analysis was carried out on a 
Spectroscout XEP-04 (Germany). 

14.3 RESULTS AND DISCUSSION


14.3.1 RESULTS OF CHEMICAL ANALYSIS OF PUMICE SAMPLES 

The results of the chemical analysis of the studied pumice samples are 
presented in Table 14.1. In terms of SiO2 content, the samples have a medium 
acidic environment. It should be noted that they contain large amounts of 
iron, magnesium, and calcium. 

14.3.2 RESULTS OF PETROGRAPHIC ANALYSIS 

Petrographic analysis of the samples showed that the gray sample from the 
Khulgumo location is a porous rock in the main amorphous mass, in which 
the smallest plagioclase grains9 (albite—Na [AlSi3O8] and anorthite—Ca 
[Al2Si2O8]) with pore sizes greater than 2 mm are observed. The red Khul­
gumo sample is a hard porous rock with a pore size of 1–2 mm. Plagioclase 
grains (albite—Na[AlSi O ] and anorthite—Ca [Al Si O ]) are mainly3 8 2 2 8
observed in the amorphous mass. The rock pores are filled with zeolite 
Mx/n[AlxSiyO2(x+y)]∙pH2O by rather large porphyry grains over 1 mm in 
size. In some places, reddish-brown iron rust is observed.9 

The red sample of Paravani locality is also a hard porous rock, the main 
mass of which is amorphous and has a reddish hue under the influence of 
iron rust. The smallest grains of plagioclase, Na[AlSi O ] and Ca[Al Si O ]),3 8 2 2 8
are occasionally observed in the mass. Relatively large porphyry grains of 
pyroxene CaMg(S O ) or CaFe(S O ), plagioclase [Na(AlSi O ], and amphi­i2 6 2 6 3 8
bole Ca (Mg,Fe) {S O } {OH} over 1.5 mm in size are often found in the 2 5 i4 11 2 2 
rock.2,9 
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The gray-colored sample of the Okami locality is a highly porous rock, 
the size of which is so large that most of the hewn sample (more than 80%) 
falls on a porous area. The main amorphous mass is black, grayish areas 
are found in it (reddish are less common). No small plagioclase grains were 
observed here, which distinguishes this sample from other studied samples. 
Large porphyry segments of plagioclase larger than 2 mm are often found 
in the rock. The red porous rock of the same locality also has large pores. 
The main amorphous mass is black, reddish areas are found in it. Here, as in 
the black samples of the same locality, there are no small plagioclase grains. 
Instead, the rock contains large plagioclase porphyry grains over 3 mm in 
size (Fig. 14.1). 

FIGURE 14.1
 Petrographic section of pumice of the Okami location: (a) red pumice and 
(b) gray pumice. 

The gray porous sample of Modegham location is constructed from 
highly chlorinated (Mg,Fe)Al(AlS13 )(OH)8 volcanic glass. Small grains 010
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of plagioclase and porphyry segments of the same mineral are developed in 
the main amorphous mass. Plagioclase is rarely observed in the amorphous 
mass. Thus, the mineralogical composition of the examined samples is 
similar, although there are differences as well. Interestingly, the porosity of 
the samples is significantly different from each other, so the pumice studied 
has a wide range of applications depending on what properties of the concrete 
we want to obtain. 

14.3.3 RESULTS OF BOTH X-RAY DIFFRACTOMETRIC ANALYSIS AND 
IR SPECTROSCOPY 

X-ray diffraction analysis (XRD analysis) as well as X-ray fluorescence 
spectral analysis of pumice samples were performed for structural as well 
as mineralogical studies (Figs. 14.2 and 14.3). XRD analysis showed that 
all pumice samples contained a large amount of the amorphous phase quartz 
(SiO2); both types of feldspar, potassium-sodium-containing (alkaline) and 
sodium-calcium-containing (so-called plagioclase subgroup), were observed 
in all samples. In small amounts, samples also contained mica. 

FIGURE 14.2
 X-ray diffractograms of pumice samples (with cobalt tube). 
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FIGURE 14.3
 X-ray diffractograms of pumice samples. 

X-ray fluorescence analysis was performed to detect iron atoms in the 
crystallographic plane. During the experiment, the solid content of iron in 
pumice samples was established, as was the presence of strontium in all 
samples, which was not detected by chemical analysis (Figs. 14.2 and 14.3). 

IR spectral analysis was performed in the middle and far regions of IR spec­
trum. Table 14.2 shows the IR spectra of the test samples. Studies have shown 
that pumice is a mixture of silicates and aluminosilicates of various structures.11,12 

Both amorphous and layered silicates and aluminosilicates are present here.12 In 
addition, there are quite large amounts of iron, magnesium, calcium, sodium, 
and potassium cations in the samples,10 so the spectra are very diverse. 

TABLE 14.2
 Vibrational Assignment of the IR Spectrum of Studied Samples. 

Vibrational Pumice samples 
assignment Grey Red pumice, Red Gray Red Gray 

pumice, Khulgumo pumice, pumice, pumice, pumice, 
Khulgumo Paravani Okami Okami Modegham 

σ Si–O, δ Si–O–Si 465, – 431, 470 441, 466 402, 465 433, 468 410, 466 
Mg–O–Si, Fe–O–Si, δ 543, 580, 541, 582, 632 543, 570, 537, 577, 541, 582, 541, 574, 
Si–O, δ O–Si–O 629 627 – 630 – 
ν Si–O–Si 779 789 778 745 770 – 
ν Si–O, ν Si–O–Si(Al) 1028, 1089 1037, 1094 1045, 1077 1035 1018, 1093 1043, 1095 
δ H–O–H 1647 1651 1637 1654 1654 1651 
ν OH− 3503 3501 3526 3503 3502 3538 
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It should be noted that the vibrational frequency of the Me2−(O–Si) 
bond of Mg- and Fe-substituted pumice coincides in the range of 530–630 
cm−1,10,12 so it is difficult to assign particular bands in this region. Here, the 
band frequencies and their intensities vary depending on the content of bi-
and trivalent iron cations.11 It should be noted that the overall picture of the 
spectrum of all investigated samples is similar, although the band intensities 
and frequencies are different due to different chemical and mineralogical 
compositions of the minerals. 

The granulometric composition of the studied porous materials as well 
as the moisture, density, and bulk mass were determined. The results are 
presented in Table 14.3. 

TABLE 14.3
 Physical Characteristics of Porous Materials. 

Material name, Quarry Moisture, % Bulk mass, kg/m3 Tightened bulk 
mass, kg/m3 

Gray pumice, Khulgumo 1.4 1077 1232 
Red pumice, Khulgumo 2.2 993 1182 
Red pumice, Paravani 2.7 1078 1233 
Gray pumice, Okami 9.0 590 723 
Red pumice, Okami 2.1 775 937 
Gray pumice, Modegham 3.7 765 902 

14.4 CONCLUSION


During the study, it was found that the tested pumice samples have a medium 
acidic environment (content of SiO2 is 54–65%), although they differ both in 
chemical and mineralogical compositions and in pore sizes. Both their bulk 
and compacted volume weights are different. The experiment showed that 
according to its results, it is possible to select and recommend porous mate­
rials of different compositions and volumes to obtain structural lightweight 
concretes of appropriate strength and weight. 

KEYWORDS 
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ABSTRACT 

The design of chemical processes and chemical products that limit or 
eliminate the use or synthesis of hazardous compounds is known as green 
chemistry. It applies throughout a chemical product’s life cycle, including 
its design, manufacture, usage, and final disposal. Introducing green 
chemistry to the nanoworld creates a new era in the scientific field of green 
nanotechnology. Green nanotechnology contributes nanosized materials 
that can be synthesized safely and are less hazardous to the environment. 
Nanosized materials have advantages over conventional materials because 
of their shape, size, surface morphology, and composition. The synthesis 
and applications of biobased nanomaterials are a suitable way to reduce 
their harmful effects on health and the environment. The implementation of 
12 principles of green chemistry throughout the research makes the world 
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more sustainable and less toxic. This chapter includes fabrication methods 
of different green nanomaterials and their applications to produce various 
energy feedstocks, such as solar cells, batteries, and supercapacitors. The 
enhanced rate of production of sustainable green energy through the green 
synthesized nanomaterials makes the future world more eco-friendly and 
energy efficient. 

GRAPHICAL ABSTRACT 
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15.1 INTRODUCTION


Development is a socioeconomic and political concept that has to be done 
with keen observation of the surroundings. We can categorize different coun­
tries in the modern world in the aspect ratio of development into developed, 
developing, and underdeveloped. Day-to-day improvement in science and 
technology is the main cause of industrial and personal stability of human 
life in developed countries. The Commission for Science and Technology 
for Development (CSTD) under the United Nations is the organization to 
evaluate the development index of different countries based on science 
and technology. CSTD encourages development with suitable sustainable 
goals. So, sustainability becomes an unavoidable word in the new scientific 
era. Scientific innovations should lead to the commercial and sustainable 
development of different countries. The experiments on different scientific 
sectors should be successful if they can enrich the economic condition and 
also reduce the impact of toxic effects on the environment. 

Sustainable development is a term that arrived years ago, but the imple­
mentation of sustainability is still under question. Preserving resources for 
future generations is one of the key differences between sustainable devel­
opment policy and traditional environmental policy, which also attempts to 
internalize the externalities of environmental degradation.1 The key point 
that has to be remembered to achieve sustainability in society is to preserve 
the environment as much as possible. Irradiation of toxic materials from 
nature is the primary principle. Industrialization and urbanization lead to 
the dumping of both industrial and household wastes into natural resources. 
To avoid these phenomena, we have to obey the 5Rs which include: Reuse, 
Recycle, Refuse, Repurpose, and Reduce. Beyond the 5R principle, the 
implementation of principles of green chemistry can introduce more path­
ways to sustainable development. Green chemistry is a new methodological 
approach used in chemistry to attain an eco-friendly culture in chemistry. 
Recently, one-pot synthesis of multicomponent reactions in accordance 
with the green chemistry principle is very relevant.2 Nanotechnology has an 
essential role to play in international sustainability initiatives.3 The unique 
features that nanoparticles display due to their tiny size are the primary 
reason for their diverse applications; however, this may pose a significant 
threat to the environment.4 

The cumulative integration of green chemistry principles with nanotech­
nology introduces a new term known as “Green Nanotechnology.”5 Green 
nanotechnology is described as the development of clean technologies to 
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minimize human health and potential environmental concerns. Green nanotech­
nology is, in many respects, the natural progression of nanotechnology, driven 
by the need to reconcile the vast range of possible and practical nanotechnology 
applications with the requirement for so-called sustainable development.6 

This chapter deals with novel innovations in the field of green nanotech­
nology. It describes the synthesis of green nanoparticles, the application of 
nanotechnology in the green energy strategy, and the environmental reme­
diation practices that can be achieved using nanomaterials. And at last, we 
address how existing and future green nanotechnology capabilities match 
with and support the United Nations’ Sustainable Development Goals. 

15.2 GREEN NANOTECHNOLOGY: A NEW INITIATIVE


Green nanotechnology introduces a new perspective in material science, that 
is, the production of safer nanomaterials and the application of nanotech­
nology for eco-friendly purposes. There are some specific reasons for the rise 
of such a novel initiative in the material world. The main reasons include7: 

•

 The scarcity of numerous natural resources, such as clean water, 
fossil fuels, and certain minerals 

•

 The environment’s limited carrying capacity emphasizes the impor­
tance of regulating or reducing emissions and rebuilding damaged 
areas 

•

 As a basic component of the concept of sustainable development, 
intra- and intergenerational equity necessitates consideration of the 
distribution of risks and benefits of new technologies among the 
population and in the global dimension 

•

 The question of participation’s sustainability has implications for the 
processes of opinion formation and decision-making in designing 
technology and its interactions with the public. 

Nanomaterials having a size in the nanorange (10−9 m) have some pecu­
liar properties. The sizes, shapes, and various morphologies associated with 
nanomaterials, such as nanoparticles, tubes, wires, fibers, etc., make them 
efficient to produce new materials targeted to several applications. Nano­
materials (NMs) are gaining popularity in technological applications due to 
their tunable chemical, physical, and mechanical properties, as well as their 
superior performance when compared to bulkier alternatives. Due to the 
nanorange size, nanomaterials have a high surface area (surface-to-volume 
ratio) and associated high reactivity.8 According to the morphological 
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differences, the nanomaterials are classified into nanowires, nanotubes, 
nanopillars, nanofibers, nanospheres, nanocubes, and nanopyramids. Vari­
ance in the chemical composition again categorizes nanomaterials into 
single constituent nanoparticles, composites, metallic nanoparticles, ceramic 
nanomaterials, carbon-based nanomaterials, branched dendrimers, quantum 
dots, nanogels, polymeric nanomaterials, and core–shell nanomaterials.9 Due 
to this wide variety in nanomaterials, different nanomaterials are produced 
through green synthesis and applied for targeted green applications. 

Green chemistry is a sustainable approach to the processing, synthesis, 
and application of chemical substances to eliminate health and environmental 
risks.10 Green chemistry is often taught as a set of 12 Anastas and Warner 
principles. The principles include guidance for expert chemists to use in the 
implementation of new synthesis and technological processes. 

a.

The 12 main concepts of green chemistry:11 
1.

 Avoid using wastes as much as you can. Act in advance. 

It is better to avoid waste. “Act in advance” instead of cleaning up 
waste after it has been created. 

2.

 It is much better to think of using the synthetic methods. 
3.

 Consider using less dangerous chemical synthesis to save human 

health and our living environment. 
4.

 Try to design safer chemicals with minimum toxicity. 
5.

 Try to consider using much safer solvent as auxiliaries. 
6.

 Design for a clean technology to reach the energy efficiency. 
7.

 Consider using renewable raw materials. 
8.

 Reduce derivatives by minimizing temporary modification 

processes. 
9.

 Consider selective catalysis reagents. 
10. Design the chemical products for degradation for sustainability. 
11. Before the formation of hazardous substances, consider using real-

time control for pollution prevention. 
12. Select safer substances to minimize chemical accidents. 

15.3 GREEN SYNTHESIS 

Every pathway for the production of different nanoparticles has both advan­
tages and disadvantages. The normal pathways that are used for the produc­
tion of different NPs include the hydrothermal method, microwave method, 
chemical vapor deposition, chemical coreduction, magnetic and mechanical 
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stirring, coprecipitation method, and magnetron sputtering. Both bottom-up 
and top-down synthesis methods are used to produce different nanoparticles. 
In this, the green synthesis is a bottom-down method of fabrication of various 
NPs, such as carbon nanotubes and quantum dots. The green synthesis is 
the pure biological method adopted to prepare the nanoparticles; hence, the 
source of production is different organisms such as bacteria, fungi, yeast, and 
plants. The advantages of biological synthesis over conventional techniques 
include energy efficiency and low-cost production, fewer accidents, a safe 
product, economics, lesser waste, competitive advantages, and protection of 
human health and communities.12 

FIGURE 15.1
 a) Different methods of preparation of nanomaterials and b) feedstocks for 
green synthesis. 

Source: Adapted from Ref. [12] 

15.3.1 BIOSYNTHESIS OF METAL NANOPARTICLES 

The production of metal nanoparticles from living organisms increases the 
possibilities of natural nanofactories. There is a list of things that we have to 
consider in the green synthesis of metal nanoparticles.13 
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1. Selection of the best organisms 
2. Optimal conditions for cell growth and enzyme activity 
3. Optimal reaction conditions. 

Not only the source of the production of nanoparticles must be eco­
friendly, but the substances that are used to facilitate the reactions should 
also be nontoxic and renewable. Water, the universal solvent, is used as the 
best solvent in the greener approach to nanoparticle synthesis. Most of the 
synthetic methods of nanoparticle synthesis widely use organic solvents, 
which are highly toxic and expensive. Instead of organic solvent, the use 
of biophilic water as a solvent makes the synthesis more sustainable for the 
environment. S. Machado et al. produced zerovalent iron nanoparticles from 
leaf extract using water as the solvent.14 Other solvents, such as supercritical 
CO2, are also used sometimes, but there is some complexity in the isolation 
of nanoparticles by the usage of CO2-philic surfactants. The choice of various 
reducing agents is also a matter of concern in the process of nanoparticle 
synthesis. Normally, reagents that can be seen as reducing agents are LiAlH4, 
NaBH4, dimethylformamide, etc. These are strong reducing agents and 
high-level chemicals. Instead of these, the green alternatives have reducing 
agents such as β-D glucose, ascorbic acid, light-roasted coffee, and prune 
juice.15 Poly(methylhydrosiloxane), waste from the silicon industry, is used 
to reduce phosphine oxide to phosphine.16 

The capping agents are protective stabilizers of nanoparticles in colloidal 
synthesis because they suppress nanoparticles overgrowth and prevent 
aggregation and coagulation. Some of the common capping agents are 
polymer-based capping agents, such as polyethylene glycol (PEG), poly­
vinyl pyrrolidone (PVP), and polyvinyl alcohol (PVA). We can also use 
biocompatible amino acids, carbohydrates, and starch as capping agents.17,18 

In this chapter, we have to look at the green routes of preparation of some 
common metal nanoparticles. The inertness of gold metal makes the gold 
nanoparticle more biocompatible and less reactive.19 The mixing of cumin 
with an aqueous solution of sodium tetrachloroaurate produces unprec­
edented gold nanoparticles. The significance of cumin as a precursor is that 
it will not allow the produced nanoparticles to aggregate because the cumin 
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phytochemicals get coated on the nanoparticles very strongly.20 Some of the 
common plants that we can use for the preparation of AuNPs are Hibiscus 
rosa sinensis, Salvia officinalis, Lippia citriodora, Pelargonium graveolens, 
Punica granatum, and Coriandrum sativum.21,22 Several microorganisms are 
also used as initial substrates. Both extracellular and intracellular methods 
can be used for the biogeneration of AuNPs. The extracellular method is 
common because it reduces the number of processing steps.23 

Synthesis of silver nanoparticles (AgNPs) employs Polyalthia longi­
folia leaf extract as a capping and reducing agent, as well as D-sorbitol 
is utilized to improve the nanoparticles’ stability. AgNPs were produced 
using a Foeniculum vulgare extract, and their antibacterial efficacy against 
Escherichia coli and Staphylococcus aureus was reported. Both gold and 
silver nanoparticles can be prepared by eco-friendly route with the usage of 
Emblica officinalis (Indian gooseberry). The primary metabolites of plants 
can act as reducing and stabilizing agents in the conversion of metallic silver 
into silver nanoparticles.24 

Viability, commercial feasibility, eco-friendliness, reliability, no waste 
generation, and simplicity are the major attractive features of green synthesis. 
By using Raphanus sativus var. longipinnatus leaf extract, the fabrication of 
spherical cobalt nanoparticles is reported. Face-cubic structured CoNPs are 
synthesized from a gram-positive bacterium named Bacillus thuringiensis. 
The prepared nanoparticles are efficient against malaria and dengue carriers 
(Aedes aegypti and Anopheles subpictus). Similarly, CO3O4 nanoparticles can 
be synthesized from a fungus called Aspergillus nidulans with an average 
size of 20.29 nm through the extracellular method.25 

El-Belely et al. conducted the cyanobacterial-mediated green synthesis of 
zinc oxide nanoparticles. The first step is the biomass preparation from the 
microalga Arthrospira platensis, and after that, the biomass is subjected to 
centrifugation, and the filtrate is used for the preparation of ZnONPs.26 

For the treatment of eutrophic wastewater, iron nanoparticles are devel­
oped from the eucalyptus leaf extracts. The synthesis, as well as application of 
the work, is in accordance with the 12 principles of green chemistry. Wang et 
al. collected the pure eucalyptus leaves and washed it thoroughly with deion­
ized water. After that, the leaves were dried under sunlight. The leaf extract 
is prepared through constant boiling of the leaves in deionized water at 80°C. 
With the addition of FeSO4, the appearance of a black color was an indication 
of the reduction of Fe+2.27 Phosphorous and nitrogen are the leading elements 
that can cause eutrophication at a higher rate. The usage of the developed 
FeNPs in the wastewater reduced the pollution within 21 days. For 21 days, 
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the removal efficiency of developed NPs was 71.7% and 30.4% for nitrogen 
and phosphorous, respectively. The chemical oxygen demand (COD) is an 
indication of pollution in water. The amount of dissolved oxygen required 
in water to oxidize chemical organic compounds is known as the chemical 
oxygen demand (COD). The synthesized FeNPs have 84.5% efficiency in 
the removal of pollutants. The fungal-based preparation of copper nanopar­
ticles is also reported in the latest era. Copper nanoparticles are synthesized 
from Aspergillus niger strain STA9. The fungal isolates were collected from 
different biosources, such as rotten fruits, vegetables, and soil.28 Two main 
approaches in preparing bionanoparticles are in vitro biosynthesis and in 
vivo biosynthesis. In vitro biosynthesis uses biological extracts or particular 
compounds, and in vivo biosynthesis uses living cells. However, in other 
circumstances, it is difficult to tell whether the synthesis mechanism is 
particular, that is, biosynthetic, or unspecific, that is, biomimetic. 

15.3.2 BIOSYNTHESIS OF ORGANIC AND POLYMER-BASED 
NANOPARTICLES 

As we know, metal/metal oxide nanoparticles are synthesized in a greener 
way that reduces the toxicity of the preparatory path of inorganic metal/metal 
oxide nanoparticles. The invention of a novel synthetic route for the prepara­
tion of urea from ammonium nitrate breaks down the conventional idea of 
chemistry. There is a belief that an organic compound can be prepared only 
from another organic compound. The synthesis of urea from an inorganic 
compound demolished this concept. Likewise, we can synthesize inorganic 
metal/metal nanoparticles from organic sources. The organic and natural 
polymer-based nanoparticles are conventionally prepared from bioresources. 
The biological polymers present in nature include protein, carbohydrates, 
and lipids that can be used as precursors for the production of polymer-based 
nanoparticles. Silk, keratin, collagen, elastin, and corn zein are some of the 
protein polymer nanoparticles.29 

15.4 APPLICATION


15.4.1 ENERGY-RELATED APPLICATIONS 

15.4.1.1 SOLAR CELL 

A solar cell or photovoltaic cell converts solar energy directly into elec­
trical energy. Nowadays, the other methods of energy production are not as 
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sustainable as solar energy. Solar energy is clean, sustainable, and not a cause 
of atmospheric pollution. The problem faced for enhancing the demand for 
solar cells is the expense. We have to concentrate our research on the produc­
tion of less expensive materials that can be used as solar cells or solar panels. 
In the area of materials chemistry, the innovation of eco-friendly and less 
expensive materials, which can convert solar energy into electrical energy 
through a single step, should be a landmark. There exist various semiconduc­
tors and nanocomposites which can act as solar energy converters. Silicon 
due to its high corrosion resistance, long-term durability, and optimal thermal 
expansion properties served as a peculiar material for solar cells. The first-
generation solar cells are mostly made up of silicon; they have high demand 
due to their efficiency, even though they are expensive. The second-genera­
tion solar cells are made of hybrid materials such as copper indium gallium 
selenide and cadmium telluride (CdTe). The flexibility of these hybrids is 
attractive. But the third-generation solar cells are now devoid of semicon­
ducting techniques. Quantum dot technology, tandem/multijunction cells, 
hot carrier cells, up- and down-conversion technologies, and solar thermal 
technologies are included in it. Organic photovoltaics (OPVs), copper zinc 
tin sulfide (CZTS), perovskite solar cells, dye-sensitized solar cells (DSSCs), 
and quantum dot solar cells are some of the third-generation members. 

A team from the University of California, Berkeley, invented a pathway 
to produce solar cells from cheap plastic wastes. It is a very economical, 

FIGURE 15.2
 The graph showing the percentages of efficiency of different types of solar 
cells. 

Source: Adapted from Ref. [30] 
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sustainable, and renewable energy production method. Plastic is treated 
as one of the major pollutants in the soil. Recyclability of plastic wastes 
and conversion of plastic into high-demandable solar cells is a 100% green 
approach.30 The efficiency of different types of solar cells is picturized below. 

Is it possible to modify the efficiency of a solar cell using green nanoma­
terials? The question is something interesting and if the answer is yes, then 
it should be an asset to renewable energy management. There are ways to 
increase the efficiency of silicon-based solar cells using nanomaterials. Green 
tea-modified multiwalled carbon nanotubes have a considerable amount of 
photovoltaic performance. The incorporation of green tea-modified MWCNTs 
to poly(3,4-ethylene dioxythiophene): Poly(styrene sulfonate) (PEDOT: 
PSS)/n-Si facilitates the hole transport in PEDOT: PSS. The green tea-modified 
MWCNTs help to improve the photovoltaic capacity of the device by splitting 
of excitation and through the suppression of recombination of charge carriers.31 

The copper oxide (CuO) is a P-type semiconductor. The development 
of dye-sensitized solar cells using green synthesized copper nanoparticles 
has been reported. Due to the narrow bandgap (1.2–1.9 eV), CuO nanopar­
ticles have high photoconductivity; hence, they can be used in photothermal 
applications.32 

15.4.1.2 HYDROGEN ECONOMY 

The future world has to face big issues with their energy requirements due to 
plenty of reasons. The conservation of energy states that “energy can neither 
be created nor be destroyed but it can convert from one form to another.” 
Today’s energy resources are mainly based on fossil fuels. The burning of 
fossil fuels induces the emission of greenhouse gases, and as a result, the 
average temperature of the earth is increasing. Articles show that there is 
an increase in global surface temperature of about 0.7°C in the past century, 
and it will increase above 2.4°C by 2050.33 Various international nongov­
ernmental agencies and the United Nations itself demand suitable methods 
to reduce the emission of greenhouse gases like CO2 and CH4. One of the 
methods is the reduction of the usage of fossil fuels. Our transport system 
is completely employed by the usage of fossil fuels. So, as an alternative to 
fossil fuels, scientists propose hydrogen as a renewable fuel for a sustainable 
future. Fuel cells are represented as energy-efficient and clean technology 
that will almost certainly be used in future vehicles.34 

The production of hydrogen is possible in different ways: 

1. Hydrogen from direct chemical reactions 
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2. Hydrogen from hydrocarbons 
3. Hydrogen from water (water electrolysis). 

The production of hydrogen from hydrocarbons, that is, from biomass and 
fossil fuels and how nanotechnology can help to improve the efficiency of 
hydrogen production are our questions of concern. About 95% of hydrogen 
is produced from natural gases using steam methane reforming. Partial 
oxidation, plasma reforming, autothermal reforming, and coal gasification 
are also used to produce hydrogen from fossil fuels. The steam reformer is 
used to react fossil fuels with steam at high temperatures. At high tempera­
tures, components of natural gases like methane, propane, gasoline, petrol, 
and diesel are converted into hydrogen.35 

C H + mH O = mCO + (m+n/2) + Hm n 2 2 

Several existing reports show that smart nanomaterials can act as a cata­
lyst in the steam reformer to improve the production of hydrogen. Cargnello 
et al. reported Pd@CeO2 core–shell nanostructured dispersible material that 
can be used as a catalyst precursor in methanol steam reforming operations.36 

Similarly, nanopowdered zirconia is used to catalyze the steam reform reac­
tion of bioethanol.37 Recently in 2016, Ali and team proposed coke-resistant 
nickel nanoparticles for steam reformation of methane.38 

Generally, biomass is a term that represents organic compounds containing 
carbon, hydrogen, and other elements. Biomass resources are used in the 
paper, textile, and food industries. The production of hydrogen as a form of 
energy from biomass is under discussion. The two main ways to produce 
hydrogen from biomass are35: 

1. Thermochemical hydrogen production 
2. Biological hydrogen production 

2.1 Biophotolysis of water using green algae and blue-green algae 
(cyanobacteria) 

2.2 Photofermentation 
2.3 Dark fermentation 
2.4 Hybrid reactor. 

The gasification of biomass produces hydrogen according to the following 
equation: 

Biomass + O2 or H2O → CO, CO2, H2O, H2, CH4 + other 
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Nanomaterials can catalyze the abovementioned reaction and increase 
the rate of hydrogen production. Yang et al. proposed that zerovalent iron 
nanoparticles (Fe(0) NPs) can increase the rate of hydrogen fermentation of 
grass.39 Mishra et al. produced nickel oxide and cobalt oxide nanoparticles 
hydrothermally and studied their effect on the enhancement of production 
of hydrogen from palm oil mill effluent.40 The nano-Nickel-Lanthanum­
Ferrous-γ Al2O3(nano-Ni-La-Fe/γ Al2O3) can remove the tar, a waste mate­
rial produced after the biomass steam gasification.41 The electrochemical 
production of hydrogen from water is a simple process. By applying external 
electrical energy, water is split into H2 and O2. The produced hydrogen is 
stored and applied in the fuel cell converting the chemical energy into elec­
trical energy, and it makes the process reversible. 

Fuel
cell
   )H2
+O
    22
( H O 

Electrolysis


The photoelectrochemical water splitting is possible with the help of 
Fe O nanoparticles. Fe O  nanoparticle coated on chiral molecule used for 3 4 3 4
water splitting is an approach for generating hydrogen from water.42 In a 
photoelectrochemical reaction, the photons enable the semiconductor to 
promote a redox reaction. 

15.4.1.3 BATTERIES 

Batteries are the primary energy storage systems. Batteries are a collection 
of electrochemical cells, and they can be charged by applying an electric 
current and discharged whenever required. Batteries are used in clocks, 
watches, remotes for household requirements, and industrially they are used 
in automobile, medical, aerospace, and telecommunication industries. Due 
to the large requirement for energy storage in all industries, the novel innova­
tions in battery technology increase the profit of companies. The breakdown 
of batteries creates solid waste and eliminates a specific amount of chemicals 
into the environment. As we all know, primary cells are nonrenewable and 
nonchargeable single usage cells like Leclanché cells, dry cells, and primary 
lithium cells. But the innovation of secondary cells is more attractive because 
of the rechargeability and reusability. Nickel–cadmium batteries, lead-acid 
batteries, and lithium-ion batteries are some examples. A worldwide research 
is going on in the area of Li-ion batteries due to their high performances, 
specific energy and volumetric energy density, cyclability, charging rate, 
stability, and safety.43 
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The necessity of the fabrication of different cells in a greener method is 
increasing day by day. More and more greener approaches in this field are 
mandatory because of the requirement of energy storage systems in various 
industries. And after the usage, these substances should not be considered as 
a primary waste. The scientific reports suggest that it is possible to develop 
secondary Li-ion batteries from biomass and biomass-derived materials. A 
typical Li-ion battery contains different components such as electrode scaf­
folds, active cathode/anode, binders/additives, and separators/solid-state 
electrolytes. The preparation of each of these components from natural 
biomass is possible. This novel idea introduced a new term in green energy 
which is “green batteries.” The 2D nanosheet silk or nanoporous structured 
rice husk can develop an anode, while glucose is used for the cathode. 
Nanoplates of D-gluconic acid lactone are used as a coating to cathode and 
nanorods of bacteria absorbing Sn can act as anode scaffold. Nanofiber 
agarose is the separator material and starch and silk fibroin make a polymer 
electrolyte and interlayer, respectively. The binder material used in Li-ion 
cells is generally derived from any seaweed.44 

The preparation strategies of different battery components from natural 
biomass or biomass-derived products are tedious. The problem with this 
technique is the low yield and some unavoidable greenhouse gas emissions 
in the processing techniques. So, greener methods adoption in the processing 
of green batteries is a future idea, and extension of the green method in the 
synthesis of alkali-metal secondary batteries gives more advantages. 

15.4.1.4 SUPERCAPACITORS 

Supercapacitor systems based on two-dimensional underpotential deposition 
reactions are highly reversible, with their behavior resulting from the pseu­
docapacitance associated with the potential dependence of two-dimensional 
coverage of electroactive adatoms on an electrode substrate surface. The 
capacitance of this type can be 10–100 times that of the double-layer capaci­
tance of the same electrode surface. The chemical and associated electrode 
potentials in such systems are a constant function of the degree of charge, 
unlike the thermodynamic behavior of single-phase battery reactants, which 
is a fundamental difference from battery behavior.45 

The advantages of a supercapacitor over a double-layer electrostatic 
capacitance are: 

1. Low-voltage operation 
2. Phase angle as a function of frequency 
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3. Highly reversible 
4. Capacitance not constant with voltage. 

The fabrication possibility of supercapacitors using green nanomaterials 
is a fact to check. Dhanemozhi et al. produced ZnO nanoparticles from a 
leaf extract and suggested that the produced ZnO nanoparticles are suitable 
for supercapacitors with the help of characterization techniques. The team 
collected green tea leaves (Camellia sinensis) for the green synthesis of zinc 
oxide nanoparticles (ZnO Nps). From the Tauc plot, the bandgap of ZnO 
nanoparticles is concluded as 3.40 eV. Cyclic voltammogram results indicate 
a good capacitance behavior and low equivalent series resistance, hence a 
fast diffusion of electrolyte ions into the composite.46 

Bandgap energy calculation using Tauc plot: 
αhѵ = A (hѵ – Eg)

n 

where α—absorption coefficient; h—Planck’s constant; ѵ—frequency of the 
photon; A—constant; Eg—energy band gap; n = 1/2—direct transition from 
the valence band to the conduction band; and n = 2—indirect transition from 
the valence band to the conduction band. 

For ZnO nanoparticles, direct transition, so the equation becomes: 
αhѵ = A (hѵ – Eg)

1/2 ↔ (αhѵ)2 = A (hѵ – Eg) 

The (αhѵ)2 versus hѵ graph gives the energy band gap. 

FIGURE 15.3
 Tauc plot showing bandgap of ZnO nanoparticles. 

Source: Reproduced with permission from Ref. [46]. Copyright Elsevier. 
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15.4.1.5 TRIBOELECTRIC NANOGENERATORS 

Triboelectric nanogenerators (TENG) transform mechanical energy harvested 
from the environment into electricity, which can then be used to power small 
devices like sensors or to recharge consumer gadgets. The basic principles 
of TENGs are triboelectrification and electrostatic induction. TENGs can be 
considered as energy harvesters because they convert all mechanical ener­
gies such as vibration, mechanical triggering, rotation energy, and wind into 
electrical energy. Since TENGs are devices that convert mechanical energy 
into electrical energy, they can act as sensors of any physical work. The factor 
that determines the overall performance of TENGs is the charge density on 
the two surfaces. Even though the material is the same, the efficiency of 
different TENGs may be different due to the differences in charge densities. 
The relative charge density or triboelectric charge density is defined with 
reference to a standard material.47 

Reports had shown that TENGs can be prepared using biomaterials such 
as cellulose and chitosan.48 Kim et al. proposed a cellulose-based triboelec­
tric nanogenerator, which can act as a folding sensor, humidity sensor, and 
electronic paper. The dielectric layer of this TENG is made up of nanofiber 
cellulose and for electrode material and counter triboelectric layer, Ag 
nanowires are used. The manufactured gadget is disseminated and entirely 
dissolved in deionized water using a sonicator for 30 min and comes back to 
the original ingredient without causing any pollution.49 

15.4.1.6 BIOFUELS 

Any fuel derived from biomass can be considered biofuel. Conventional 
fossil fuels including petrol, diesel, and natural gas create a higher amount of 
atmospheric pollution due to incomplete combustion (partial oxidation), and 
it leads to the emission of poisonous gases like carbon monoxide. The new 
term biofuel has more advantages over conventional fossil fuels because of 
the higher oxygen content, generally 10–12% greater than fossil fuels. The 
green approach to biofuels arises due to the renewable and nontoxic nature 
of biofuels, whereas fossil fuels are nonrenewable and toxic. Both fossil fuels 
and biofuels have the same source, even though the difference still exists. 
Biofuels are refined immediately after the organic matter died but in the case 
of fossil fuels, it takes millions of years after the death of organisms. From 
this comparison itself, the necessity of a rise in biofuel industries is under­
stood. The advanced biofuels are cellulosic and algae-based fuels that consist 
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of biodiesel, ethanol, and biogas. Nanotechnology has been included in the 
biofuel production process as a viable solution to the economic infeasibility of 
advanced biofuels, either by changing the feedstock or boosting the biomass 
content. The industry is still growing and there exists more to explore. 

FIGURE 15.4
 Classification of biofuels, products, and feedstocks. 

Source: Adapted from Ref. [50] 

The fundamental premise for utilizing nanotechnology in the biofuel 
business is to combine science (green and catalytic chemistry) and technical 
solutions in the pursuit of environmentally friendly energy sources. The 
specific characteristics of nanomaterials that help to be an efficient candidate 
in biofuel energy production include high surface areas, high degree of 
crystallinity, catalytic activity, stability, adsorption capacity, durability, and 
efficient storage capacity.51 

Liu et al. confirmed that the use of calcium oxide nanocatalyst has a high 
catalytic performance for the transesterification of soybean oil to biodiesel 
than the conventional aluminum-based catalysts such as calcined K2CO3/γ-
Al2O3 and KF/γ-Al2O3.

52 Magnetic nanoparticle-based catalysts have been 
proven to be advantageous due to their ease of separation from reaction 
media and reuse, resulting in more cost-effective, industrial-scale biodiesel 
production.53 Due to the high surface area of nanoparticles, they can load 
a high amount of enzyme during biocatalysis. Higher enzymatic stability 
and the possibility of enzyme reusability of nanoparticles make them more 
efficient in large-scale biofuel production. 
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15.4.2 OTHER APPLICATIONS 

15.4.2.1 WATER REMEDIATION 

The 12 principles of green chemistry include the conversion of polluted 
materials in the surroundings to a clean and clear form. At present, nature is 
heavily contaminated through water, air, and soil pollution. Water pollution 
becomes a great threat in front of human life because it will lead to water 
scarcity subsequently. Even though ¾ of the earth’s surface is concentrated 
by water, the amount of clean water is very little. The underground water 
and running water is getting polluted day by day through heavy chemical 
usage and waste disposal of water resources. The recyclability of waste­
water through the purification process and desalination of saltwater are two 
possible mechanistic pathways to reduce water scarcity in the future. 

The process of water remediation can be achieved with the help of 
nanoparticles. Zerovalent iron nanoparticles (n-Fe(0)) are used to clean 
high-contaminated dark-brown color distillery wastewater having a foul 
smell and higher values of biological oxygen demand (BOD), chemical 
oxygen demand (COD), and total suspended solids (TSS).55 The nanosized 
iron particles are prepared in accordance with green chemistry principles. 
The contaminated distillery water was treated with both n-Fe(0) and ferrous 
sulfate heptahydrate, and the result shows that nanosized zerovalent iron 
particles are more efficient in purification. 

FIGURE 15.5
 Comparative study on the efficiency of FeSO4, 7H2O, and nanosized 
zerovalent iron particles. 

Source: Reproduced with permission from Ref. [55]. Copyright Elsevier. 
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The nanoparticles have the ability to adsorb heavy metal ions.56 Explora­
tion of this property of different nanoparticles helps to remove the presence 
of heavy metal ions from water. Carbon-based nanomaterials, zerovalent 
metals, metal oxide-based nanomaterials, and nanocomposites are used for 
this purpose. Najafabadi et al. suggested that nanofibrous chitosan/graphene 
oxide composite is an efficient adsorbent of Cu+2, Pb+2, and Cr+6.57 

15.4.2.2 DESALINATION 

Desalination is the process of removal of minerals from saltwater and 
extracting clean drinkable water through reverse osmosis. In reverse osmosis, 
by applying external force, the natural flow of solvent is changed against 
the concentration gradient. The solvent molecules start to flow from low 
concentration to high concentration. Cao et al. developed silver nanopar­
ticles using watermelon peel extract as a reducing agent and concluded that 
the developed AgNps are the perfect material in solar-driven interfacial 
evaporation for seawater desalination.58 

A solar still is a device that uses solar energy to desalinate salt water or 
dirty water. Designing a solar still using suitable nanomaterials is a brilliant 
idea for the desalination process. The abovementioned system is a perfect 
green approach because desalination using solar energy is a completely green 
procedure. Cuprous and aluminum oxide nanoparticles, Fe3O4 multiwalled 
carbon nanotubes, and copper oxide with nanostructured coated absorber 
plates (NCAP) are the different nanomaterials that are used in solar still for 
increasing productivity and performance.59 

15.4.2.3 NANOMEDICINE 

Nanomedicine is a new generic term that encapsulates the concept of envi­
ronmentally safe chemical aspects in the field of medicine using nanotech­
nology. Nowadays, nanomedicine gets hype in medicinal chemistry with the 
usage of different nanometal particles, polymers, and biological materials. 
Safe chemical reactions and different biomaterials, such as plant extract and 
microorganisms, are synthesized in green pathways for developing novel 
green synthesized drug delivery systems.60 The discussion is going on the 
basis of the synthesis and functioning of green synthesized nanomedicinal 
systems and their future applications in nanomedicine. Zhang et al. invented 
nanometal iron oxide modified with folic acid and coated with polyethylene 
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glycol, which acts as a targeting agent for intracellular uptake. The synthe­
sized drug delivery system incorporates several materials and hence has a 
high atom economy.61 

Quantum dots and carbon dots have been utilized successfully for 
active and passive drug delivery. Zhu et al. prepared a functional shell 
composed of 2-deoxyglucose (DG)-polyethylene glycol (PEG) connected 
with the compound of lipoic acid, lysine, and 9-poly-D-arginine (LA– 
Lys–9R) by a hydrazone bond and a core of CdTe quantum dots (QDs) to 
deliver the hypoxia-inducible factor-1 RNA into hypoxic cancer cells.62 

For imaging-guided delivery, Feng et al. developed a tumor extracellular 
microenvironment-responsive drug nanocarrier based on cisplatin (IV) 
prodrug-loaded charge-convertible CDs. The charge-convertible CDs’ 
strong tumor-inhibition efficacy and negligible side effects demonstrate 
their capabilities as a smart drug nanocarrier with enhanced therapeutic 
effects.63 

15.5 FUTURE PERSPECTIVES AND CONCLUSIONS


Green nanotechnology is a future vision in the area of nanoscience. The 
chapter detailed the basic agendas of green chemistry in the field of nano­
technology. Instead of toxic materials, green synthesis and application 
of biobased green nanomaterials are discussed in accordance with the 12 
principles of green chemistry. The various advantages of using nanosized 
materials have already been discussed. They have several advantages over 
the conventional alternatives due to their small size and large surface area. 
But this peculiar property of nanomaterials becomes a threat. NP emissions 
to the environment can happen at any time. Due to its small size, it is easy 
to enter the life system which causes various threats to organisms. The NP 
can undergo oxidation and have the ability to form highly reactive and toxic 
reactive oxygen species (ROS). There is still a need to design NPs that 
are nontoxic and have more ecologically favorable qualities. The future of 
green nanotechnology relies on this. Synthesis of less reactive and nontoxic 
nanomaterials from a biobased feedstock for energy-related applications 
helps to achieve a sustainable socioeconomic energy goal. In the medicinal 
and environmental industries, improvements in green nanomaterials will 
reach a new high point, and green manufacturing will make significant 
progress. 
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ABSTRACT 

In the present scenario, the topic has gained relevance due to the climate 
crisis and increasing population. Our planet, people, and economy are 
craving sustainable solution. COP26 has addressed the situation as code red 
and calls for net zero emission. The climatic crisis has created devastating 
destruction around the world, depletion of fossil fuels urges humans to look 
for alternative sources, and the entire geopolitics plays around it. Biodegrad­
able batteries will provide great relief to the environment as the ordinary 
batteries create e-waste as they are less recyclable. For the existence of 
every creature on this planet, clean technology and the use of sustainable 
materials is the armour for the environment. This chapter discusses present 
clean technologies like biodegradable batteries and other sustainable battery 
material innovations. Further, it discusses the sustainable energy materials 
for hydrogen storage. 

16.1 INTRODUCTION


The global problems of environmental degradation made society think about 
green tech and explore sustainable energy materials; hence, green initiatives 
are made to tackle the problem. The main goal is to replace the harmful 
materials and use other alternatives which will not deplete the natural 
resources. Sustainable materials reduce the carbon footprint. The level of 
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carbon dioxide rises up day by day in the earth’s atmosphere because of the 
overwhelming use of fossil fuels to generate electricity. This caused green­
house gas emissions. Green technology is environmentally friendly, which 
will solve all the alarming situations that the planet undergoes. Now the 
world is running to EVs, hydrogen, and solar. Replacing the damage caused 
by fossil fuels, energy is the right field to start the cleansing. Sustainable 
energy materials will provide hope for humanity for a sustainable future. 
Research fields are heavily occupied with these material works. 

Battery technologies play a vital role in the present world. They have 
many applications from cell phones to medical devices. EVs are the new 
trend in automobile sector because they can reduce the carbon consumption, 
as a result the demand for energy materials rises; hence, battery technology 
will revolutionize the way of living. For an eco-friendly approach biode­
gradable battery is an upcoming promising solution. These batteries use 
materials that degrade over time; hence, it has got applications in medical 
field. To decarbonize the environment hydrogen can rise to green hydrogen. 
The merits belonging to hydrogen are: it is light weight, has high energy 
density, and has no emission of harmful chemical by-products. This chapter 
will speak about the materials used in Li-ion, Li-Sulfur, Li-oxygen batteries, 
biodegradable batteries, and hydrogen. 

16.2 BATTERIES


A battery is a device that can convert chemical energy into electrical energy 
through an electrochemical redox reaction. The basic unit inside a battery 
is a cell, and it contains three main parts. They are two electrodes and an 
electrolyte (between these electrodes). When two electrodes are connected 
in a circuit, it starts to create ions, and these ions take part in a reaction with 
electrolytes. Hence, the electron jumps to move from one terminal to another 
through the external circuit. This is how the battery works. Batteries require 
two different materials for their electrode, then only they can conduct the 
electricity. Hence, the material chosen for the electrodes should be dissimilar. 

Batteries are of different capacities and voltages and even different shapes 
and sizes. Hence, they are classified into primary batteries (nonrecharge­
able) and secondary batteries (rechargeable). There are three main kinds 
of primary batteries; they are zinc-carbon, alkaline, and lithium. These 
batteries do not contain liquids. Hence, they are known as dry cells. Zinc-
carbon batteries are the standard batteries invented by Georges Leclanche. 



 

 
 
 
 
 
 
 

285 Green Technologies and Sustainable Energy Materials 

In this battery, the positive electrode is made out of a carbon rod. They are 
surrounded by powdered carbon and manganese (IV) oxide. The negative 
electrode is zinc alloy, and the electrolyte is ammonium chloride compared 
to alkaline batteries, alkaline batteries can store more energy and last longer. 
The positive electrode encompasses manganese (IV) oxide, and the negative 
electrode is zinc, but the electrolyte is a concentrated alkaline solution with 
potassium hydroxide. The other category is the button, which is more often 
used in quartz watches and hearing aids. The negative electrode is made of 
zinc or lithium, and the positive electron is manganese oxide, silver oxide or 
copper oxide, and alkaline electrolytes. 

Secondary batteries (rechargeable) are the following categories, which 
include lead-acid, nickel-cadmium, and nickel-metal-hydride (NiMH). 
Lead-acid batteries are the most commonly recycled consumer product. 
Because of their closed-loop life cycle, lead-acid batteries are a sustainable 
solution. All components of a discharged automotive battery are collected, 
recycled, and sold to battery manufacturers by a certified recycler. The 
cradle-to-cradle method ensures that your car, truck, boat, or motorbike 
battery has been and will be recycled indefinitely. This makes the lead-acid 
battery an economic and environmental success. Lead-acid batteries help to 
promote sustainability in a variety of ways, including lowering greenhouse 
gas emissions in automobiles with start-stop engines and reducing fuel usage 
by up to 10%. Lead-acid batteries are leading the way in fulfilling the world’s 
expanding energy demands as the most environmentally sustainable battery 
technology. A new lead-acid battery contains more than 80% recycled lead 
battery material, making it the greenest energy storage technology available. 

Nickel-cadmium is one of the best options for sustainability since it can be 
charged and discharged hundreds of times. NiMH has become more popular 
because it can replace NiCd batteries (because Cd causes severe pollution), 
and it is an excellent alternative for NiCd, which is often used topped up 
with quick recharge. New set of batteries like lithium-ion, lithium-sulfur, 
lithium-oxygen, and sodium ion emerge as a result of sustainability and their 
capacity to ensure power from mobile battery to medical devices. Researches 
try different type of materials to increase the capacities of these batteries. 

16.2.1 Li-ION BATTERIES 

Li-ion batteries are made up of materials such as cobalt, graphite, and 
lithium. These materials are considered critical, and also, they withstand 
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temperature up to 80°C which allow them to have intense activity with less 
loss of battery life; hence, it has become a ubiquitous factor in today’s energy 
storage industry. Battery prototypes are evaluated using electrochemical 
performance, cell balance, efficiency, and cycle life, and the final evaluation 
is conducted through its favorable characteristics.1 Cathode materials can be 
changed to make a sustainable way of recycling like hydrophobic eutectic 
solvents (HESs), which is a green solvent.2 Hanada et al.2 demonstrated a 
novel cathode recycling process which is an environmental harmonic recy­
cling process. In a Li-ion battery, Li+ is the agent ion, and the host network 
compounds are metal chalcogenide transition metal oxide and polyanion 
compounds. Their intercalate compounds can be divided into several 
crystal structures, such as layered, spinal, olivine, and tavorite.3 Different 
types of chalcogenides, LiTiS2 (LTS), were widely studied due to their high 
gravimetric energy density combined with long cycle life, and it was made 
commercialized by EXXON.4 LiCO2introduced Goodenough is the first and 
the most commercially successful form of layered transition metal oxide 
cathode.5 LiNiO2 has the same crystal structures as LiCoO2 and a similar 
theoretical specific capacity of 275 mAh/g. The high energy density and 
lower cost compared to Co-based materials are the main research driving 
forces.3 

Cathode materials: The commonly used cathode material is LiCoO2, 
Li-Mn-O, LiFePO4, and lithium layered metal oxide. Li-Mn-O is low cost 
and has desirable electrochemical properties. Its different forms make it 
suitable for interacting with small helium and lithium ions. The lambda 
form of spinal (Mn2O4) makes it for the intercalation of Li-ion. This spinal 
high thermal threshold, excellent rate capability, and environmental impacts 
are advantages. Lithium metal oxide also is used as cathode materials. 
LiNi Mn O  and Li Cr Mn O  are joint solid solution compounds.6 

0.5 0.5 2 1.2 0.4 0.4 2
The best option is an application that requires fast charging and discharging 
layered metal oxides. Olivines (LiFePO4) have a flat discharge plateau and 
capacity in the range of 150–160 mAh/g.7 Using nanocomposite of LiFePO4 
with conductive carbon matrix8,9 advances the synthesizing olivines with 
other transition metals. 

Searching for new cathode materials, researchers developed a new 
compound called polyanionic. These compounds occupy lattice positions 
and increase cathode redox potential while also stabilizing its structure6,10 

LiFeSO4F(LFSF) is an exciting cathode material because of its high cell 
voltage and specific capacity (151 mAh/g).11 

http:0.50.521.20.40.42


 

 
 

 
 

 
 
 

  
 
 

  
 

 

 

287 Green Technologies and Sustainable Energy Materials 

Anode materials: Most commonly used anode materials are 
carbon(graphite) and lithium alloyed metals. Commercialized lithium 
alloyed metal is oxide spinel Li4Ti5-O12.

12 Use the minimum potential inter­
calation electrode to avoid the production of dendrites. The carbon material 
used as the anode is graphite, and they have sheets peeled in hexagonal 
or rhombohedral arrangement.13 Graphitic carbon is used as anode mate­
rial in commercial Li-ion cells. Intermetallic elements like Al3Ni, Fe-Sn, 
Sn-Sb, and Sn-Cu show results as anode materials. Carbonaceous anodes 
show improvement in charge–discharge efficiency and discharge capacity.14 

Natural Graphite has been modified in different ways to improve its prop ­
erties, like “kish” graphite.1,4 To develop an artificial graphitic anode, it 
requires heat treatment. Non-graphitic carbon has a graphene domain but 
does not have the structural order shown by graphene; hence, they are 
disordered carbon.14 Li-Al is the first alloy type anode developed for Li-ion 
batteries. Lithium–titanium oxide is a material used as an alternative for 
carbon anodes. 

Commercial Li-ion batteries use graphite-based anode, and the other 
materials are graphene, Li-carboxylates, CNT, Li-M (M-Si, Ge, Sn, etc.) 
alloys, and lithium transition metal oxides. Carbon has an attractive balance 
of relatively low cost, abundance, moderate energy density, power density, 
and cycle life compared to any other intercalation-type anode materials, 
which enabled carbon anode enabled Li-ion battery to become commercially 
viable more than 20 years ago.3 Graphitic carbon has large graphite grains 
and achieves close to theoretical charge capacity. However, this carbon does 
not combine with PC. Hard carbons smell graphitic grains with disordered 
orientation and are much less susceptible to exfoliation. These grains have 
nanovoids between them which result in isotropic volume expansion; impu­
rities like hydrogen atoms provide extra capacity to carbon-based anodes. 
Lithium titanium oxide (LTO) has been successfully commercialized 
because it allows the combination of superior thermal stability, and also it is 
highly safe as it prevents the Li dendrite formation. Figure 16.1 shows the 
range of average discharge potentials and specific capacities for all types of 
electrodes. 

Electrolyte materials: A sustainable battery always relies on a suit­
able electrolyte consisting of salt and solvent combinations, for example, 
polyethylene oxide (PEO). In liquid electrolyte, the ion conduction of the 
electrolyte is field-trial which is guided by the concepts of dielectric and 
viscosity constants.15 Aqueous electrolytes (organic and ionic liquids), 
gelled electrolytes, and solid organic and inorganic electrolyte materials 

http:carbon.14
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FIGURE 16.1
 Approximate range of average discharge potentials and specific capacity of 
some of the most common (a) intercalation-type cathodes (experimental), (b) conversion-type 
cathodes (theoretical), (c) conversion type anodes (experimental), and (d) an overview of the 
average discharge potentials and specific capacities for all types of electrodes. 

Source: Reproduced with permission from Ref. [3]. Copyright 2014 Elsevier. 

are commonly used electrolytes. The significant electrolytes currently used 
comprise a mixture of cyclic and linear carbonates and electrolyte additives 
such as vinylene and ethylene carbonates or sulfides are used for electrolyte 
solvents to improve cyclic performance.16 

16.2.2 SODIUM-ION BATTERIES 

Sodium-ion battery is one of the sustainable solutions available since it can 
be found worldwide, unlike other batteries. This can unhook main challenges 
faced with Lithium-ion battery (LIB) technology, as it is a scarce resource 
and having geopolitical constraints. On one hand, Sodium-ion battery (SIB) 
provides good environmental and electrochemical performance, which also 
has a lower demand for scarce resources.17 The abundance of resources and 
the lower cost give the pull to switch from lithium-ion batteries to sodium-
ion batteries. The components and electrical storage mechanisms of SIB and 
LIB are the same.18 Aluminum is one of the cost-effective alternatives to 
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copper as a current collector for SIBs. The reported cathode material for SIBs 
is tunnel-type transition metal oxides, transition metal sulfides, fluorides, 
oxyanionic compounds, Prussia blue analogs, and polymers. Non-graphitic 
carbonaceous materials are taken as the anode in SIB. The commonly used 
electrolyte is NaClO4 or NaPF6 salts in carbonate ester solvents, mainly in 
propylene carbonate (PC). Aqueous electrolytes are more favorable for SIB 
than organic electrolytes.18 

Cathode materials: High specific energy, high-rate capability, and excel­
lent cycling life are the chemical features of cathode material. The mainly 
used materials are transition-metal oxide, polyanionic compounds, metal 
hexacyanometalates, and organic compounds19 transition-metal oxides like 
layered NaxMO2(M=Co, Mn, Fe, Cr, Ni, etc.). Delmas et al.19 classified 
this into O3- and P2- phases depending upon the location of Na+ between 
M layers.20 Na+ and M are packed in ABCABC arrangement. NaxCoO2 is 
the potential cathode to SIBs. Due to its analog to LiCoO2 in LIBs21 high 
practical capacities can be given by layered NaxMnO2.

22 Other interesting 
host material is NaFeO2, as Fe is an abundant resource with highly active 
F3+/  couple23 layered oxides like NaCrO , NaNiO , NaV O demonstrated4+ 2 2 x y
as electrochemically active in SIBs. Tunnel NaxMO2 is one of the extensively 
investigated Na storage cathodes with a theoretical specific capacity of 121 
mAh/g.24 Liu’s group synthesized single-crystalline Na MnO  nanowires0.44 2
through a polymer-pyrolysis process, exhibiting a high reversibility capacity 
for SIB application.25 Polyanionic compounds are very promising SIB cath­
odes because of their structural diversity and stability and also the substantial 
inductive effect of the anions. 

Polyanionic compounds mainly contain olivine NaFePO4, NASICON 
Na V (PO )3, fluorophosphates (Na MPO F, Na (VO ) (PO ) F ), pyro­3 2 4 2 4 3 x 2 4 2 3-2x
phosphates (Na MP O , Na M (PO ) P O ) (M=Fe, Co, Mn), and sulfates2 2 7 4 3 4 2 2 7
(Na Fe  (SO ) , Na, Fe (SO )  ·2H O.NASICON Na V  (PO )  provides a2 2 4 3 4 2 2 3 2 4 3
reversible and stable V3+/4+redox reaction, which occurs at 3.4 V. Carbon 
coating and creating a porous structure can improve the electrochemical 
activity of Na3V2(PO4)3. To enhance the electrochemical performance of 
Na3V2(PO4)3 cationic substitutions can also be used. For the high-performance 
cathode material, fluorophosphate is an excellent option. Metal hexacyano­
metalates, metal fluoride, organic cathode materials. All organic Na ion full 
batteries based on Na4C8H2O6 displayed an average operation voltage of 1.8 
V and a practical energy density of about 65 Wh/Kg.26 Figure 16. 2 shows the 
electrode materials used in SIBs. 

http:electrolytes.18
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FIGURE 16.2
 Electrodes used in SIBs. 

Anode materials: Available anode materials consist of carbonaceous 
materials, alloy-type materials (Sn, Sb, P, Ge, SnSb, Sn4P3, etc.), metal oxides/ 
sulfides based on conversion reaction (Fe O , CuO, Co O , MoS , SnS , etc.),2 3 3 4 2 2
titanium-based compounds (Na2Ti3O7, TiO2, etc), and organic compounds. 
Well-known anodes for SIBs are carbonaceous materials. Adelhelms group 
first reported about the graphite as SIB anode, since it showed electrochem­
ical activity in the diglyme-based electrolyte.27 Sodium storage behavior in 
natural in got explored by Chen’s group they ether-based electrolyte found 
out its exceptional rate capability, unprecedented cyclability. Due to signifi­
cant lattice distance and highly disordered structure, hard carbon is favorable 
for sodium storage performance of hard carbon can enhance significantly by 
rational morphological and structural engineering.28 Tailored nanostructures 
and doping heteroatoms can improve carbon’s electrochemical performance, 
reactivity, and electric conductivity. Zhou et al. prepared s doped N rich 
nanosheets with H2S/Ar mixed gas. Hence, it showed high capacity and 
excellent rate performance as a SIB anode.29 Graphene is a popular 2-D 
material with a large surface area, good flexibility, high chemical stability, 
and electronic conductivity.30 Dai et al. used 3D N-doped graphene foams as 
the SIB anode. They achieved a high initial reversible capacity.31 Soft carbon 
has higher electronic conductivity, representing28 a graphitize non-graphitic 
carbon. 

Another type of material that is authentic to use as an anode for SIB is 
alloy-type material. This family mainly contains Sn (Na15Sn4, 847 mAh/g), 
Sb (Na3Sb, 660 mAh/g), P (Na3P, 2596 mAh /g), Ge (NaGe, 369 mAh/g), 
Bi (Na3Bi, 385 mAh/g). Using the density functional theory (DFT), sodium 
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insertion into the crystalline tin is explained in four steps by caviar and cedar 
that successively32 fabricates a composite of nano-Sn and carbon can change 
(buffer) the volume fluctuation and suppress the accumulation. Darice et al. 
investigated the sodium storage mechanism of antimony (Sb), using in situ 
XRD.28 Other metals like Ge, Bi, In, and Pb can form an alloy with sodium 
for SIB anode by designing carbon-containing composites, and porous micro/ 
nanostructure can improve the electrochemical performance of a metal oxide. 
Metal sulfide is the other potential candidate metal sulfide, including layered 
metal disulfides and nonlayered metal sulfides FeS/FeS2, Sb2S3, NiS/Ni3S2, 
CoS/Co S . Various titanium-based compounds TiO , Li Ti O , Na Ti O7,9 8 2 4 5 12 2 3
Na Ti O , Na Li Ti O , NaTi (PO ) are used at low cost, with no 2 6 13 0.66 0.22 0.78 2 2 4 3 
toxicity, low strain, and excellent cyclability. Sustainable anode materials 
are organic compounds that are abundant in biomass. 

Electrolyte Materials: The common solutes like (NaClO4, NaPF6, and 
NaSO3CF3) use the solvents like easter-based propylene carbonate (PC), 
ethylene carbonate (EC), diethyl carbonate (DEC), either based ethylene 
glycol dimethyl ether (DEGDME), and tetra ethylene glycol dimethyl ether 
(TEGDME) in an organic electrolyte system. For Na2So4 solute H2O is taken 
as the solvent (aqueous electrolytes). Polymer electrolytes (PEO-NaClO4, 
PEO-NaCF3SO3, PMMA-SiO2) show Na-ion transmissibility and inorganic 
NASICON-type to have great potential due to its 3D channel. Due to super­
sonic conductivity, Na3PS4-series solid-state electrolytes have great atten­
tion. On the other hand, Na Sn P , Na PSe , and Na P A S  electrolytes10 2 3 4 3 .62 .38 4
show excellent ionic conductivity. Low cost, long lifespan, environmental 
friendliness, and easy manipulator are the merits of Sodium-ion batteries’ 
aqueous electrolytes. NASICON-type Na Zr Si PO  solid-state electrolyte3 2 2 12
with Na3V2(PO)3 electrodes are best for all-solid-state batteries and are 
considered the batteries with more minor hazards without liquid leakage 
flammability and volitation. 

16.2.3 LITHIUM-SULFUR BATTERIES 

Lithium-sulfur is considered a high-energy rechargeable system. It has a 
sulfur cathode and lithium anode with multi-electron conversion electro 
chemistry.33 Li-S battery is closed; hence, it prevents exposure to atmo­
spheric impurities and potential explosive danger. Nazar et al. made a highly 
ordered, nanostructured, and mesoporous carbon host encapsulating sulfur.34 

This made the Li-S battery to be high capacity and stable cycling. New 
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electrolytes like chains, glymes, solids, glass type media improve lithium-
sulfur batteries. The overall reaction is 

16Li + S8 →8Li2S (16.1)33 

Using the in situ method makes it possible to find out the reaction species 
that are formed during discharge and charge of a Lithium-sulfur battery.35 A 
bifunctional microporous carbon paper is inserted between the cathode and 
separator36 of a traditional lithium-sulfur battery to achieve high capacity, 
long cycle life, and rapid charge rate.37 Lithium-sulfur may become an 
alternative to Lithium-ion batteries because of their high energy density and 
lower production cost.38 

Cathode materials: Cathode materials for Lithium-Sulfur batteries are 
elemental Sulfur as the direct conversion of Sulfur and lithium is impeded 
by the conductivity issue. To tackle this issue, polysulfides are added. 
Polysulfides are in the form of sulfur chain and with terminal lithium ions; 
hence, the mobility and solubility of inorganic electrolytes make it easy for 
active material to access both electrons. Polysulfide plays the role of a redox 
mediator.33 Due to superior electrical conductivity, high surface area, tunable 
porous structure, and excellent electrochemical stability, carbon nanotubes 
(CNTs), carbon nanofibers,39,40 2D graphene/carbon nano sheets,41,42 and 3D 
porous carbon43,44 are used as the sulfur host electrolyte solvents45 anion46 and 
current rates47  affect the ionic strength of Li+ complexes. Adopting polar and 
conductive host materials in the sulfur composite is a growing research field. 
Polar conductors possess capabilities to enhance the surface electrochemical 
kinetics and solution-solid phase transfer. 

Other sulfur allotropes are short sulfur chain (S2-S4)
38,47 chemical covalent-

bounded organosulfur. pPAN@s is one of the earliest cathode materials for 
rechargeable Li-S batteries that were based in Wang et al.41 The high quality 
of pPAN@s and HS average discharge voltage is of 1.8 V, the specific energy 
of a cathode is said to be 1080 Wh/Kg. The formation of polysulfide is inher­
ently stopped. Hence, it can stabilize both the cathode and the lithium anode. 

Anode materials: With the elemental cyclo-S8, metallic lithium is the 
anode material for Li-S batteries. As Li has a high theoretical specific capacity 
of 3860 mAh/g and low negative electrochemical potential of −3.040 V, it 
lays the extraordinary specific energy for Li-S batteries. To overcome the 
challenges of Li-metal anode, nonmetallic anode materials are used in, that 
is intercalation type graphite and other carbon,48–50 alloy-type silicon,51 tin52,53 

or germanium.54 

http:mediator.33
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In high-loading Li-S batteries, corrosive polysulfides and high areal 
current density inevitably exaggerated the formation of thick, mossy, and 
insulating interphase.33 Lithium metal anode and magnified by the high 
loading of active materials as be classified as: (1) intrinsic kinetics issues of 
Li plating/stripping. (2) Exotic issues because of unique Li-S redox chemistry. 
Nanostructured Cu-based current collector emerges as one of the 3D-lithium 
hosts. Yang et al. synthesized a Cu skeleton through in situ dehydration and 
reduction of Cu (OH)2 fibers on a Cu foil and then allowed a lithium metal to 
be deposited and accommodated within the 3D skeleton without the dendrite 
formation.55 Other 3D porous Cu-based current collectors can be accessed 
by chemically leading Zn from Cu–Zn alloy56 or ordinary Cu nanowires into 
free-standing networks.57 The purpose of replacing the lithium metal anode 
with nonmetal is to improve the safety Li-S battery. Hagen et al. employed 
electrochemically lithiated silicon microwire arrays as the anode that allowed 
fuel cells to be operational in different electrolytes.58 

Compound technologies made up of lithium compounded with other 
materials to form a composite lithium anode, and the primary compounded 
materials hence can be classified into six categories; they are C-Li, Si-C-
Li, Sn-C, Li co compound, metal compounds, and other compounds.59,60 

The electrical and mechanical properties of carbon materials made them 
the materials for lithium-sulfur batteries. Fan et al.61 first introduced the 
composite anode for Li-S battery by using stabilized lithium metal powered 
(SLMP) to compound hard carbon.60 Li-S battery with the presence of hard 
carbon showed long cycle life, better safety performance, and higher specific 
capacity. Instead of hard carbon graphite can be used. The anode with SEI-
coated graphene (SC4) structure is endowed with a dendrite’s inhibition 
behavior and dendrite-free morphology. Silicon materials can be used as 
anode compound materials. The Li-S battery with a novel prelithiated Si 
microwire anode was highly stable. Also during charging and discharging it 
shows remarkable coulometric efficiency and capacity. Kimet et al. prepared 
an advanced Si anode lithiated through direct contact in the ether-based 
liquid electrolytes.62 The theoretical capacity of the lithiated carbon-coated 
silicon anode was 40. The battery with lithium/Sn-C composite anode nulli­
fies the intrinsic safety issues of an ordinary battery. The lithium anode is 
alloy-coated and has excellent rate capability and meager charge transfer 
resistance. The Li-S battery with lithium-Al alloy coating layer exhibits 
significant cycle performance with a high coulombic efficiency. A 3D nano­
structure lithium anode can overcome the dendrite problem present in an 
anode with a superior specific area that has been constructed.53 Jin et al. 

http:constructed.53
http:carbon.60
http:interphase.33
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created a 3D lithium metal compound as an anode on the matrix of bamboo-
derived 3D hierarchical porous carbon (HPC), decorated by ZnO quantum 
dots via a cost-effective and sustainable method.63 Carbon materials like 
graphite and hard carbon help to improve lithium-sulfur batteries Li anode. 
For example, Zhang et al. attempted to use commercial graphite as an anode 
to form Li sulfidemicroporous carbon cathode to form a Li-S cell.64 Tin 
materials are also considered anode materials of Li-S batteries because of 
their high theoretical specific capacity. 

Electrolyte materials: The electrolyte for Li-S batteries is broadly clas­
sified into: (1) nonaqueous liquid electrolytes, (2) ionic liquids, (3) solid 
polymer, and (4) glass-ceramic electrolytes. Rauh et al.65 reported electrolytes 
with high basicity dissolve many lithium polysulfides, and sulfur solubility 
in ions in dimethyl/sulfoxide or ether-like tetrahydrofuran. DME has high 
lithium polysulfide dissolution ability, and it provides a considerable number 
of active materials.66 Nonaqueous liquid electrodes like 1,3 dioxolane and 
glyme solvents exhibit higher sulfur solubility. When TEGDME and DOL/ 
DME are used as electrolytes, Li-S cells showed 1000 mAh/g discharge 
capacity, but when PC/EC/DEC and EMS/DEC are employed as electro­
lytes, the cell delivered had no ability. As per Wang et al.67 a combination 
of electrolyte DME: DOL in a 2:1 ratio can provide 1200 mAh/g discharge 
capacity at its initial stage and retain the 800 mAh/g after 20 cycles. Proper­
ties like non-flammability, overall electrochemical stability, nonvolatility, 
high ionic conductivity, and environmental friendliness made ionic liquids 
electrolyte.59 The ternary compound operates as an electrolyte in Li-S cells. 
Wang et al. designed an ionic liquid-based organic electrolyte which was 
a combination of 1,2 dimethoxyethane and N-methyl-N-propylpiperidium 
bis (trifluoromethane Sulfonyl) inside (PP13-TFSI).67 This electrolyte shows 
high coulombic efficiency, capacity retention, and suppressed internal shut­
tling of polysulfides. Polymer electrolytes hide the dissolution of polysulfides 
in Li/sulfur cells, resulting in cyclability and enhanced capacity retention. 
Lecuyer et al. analyzed the structural evolution of Li-S cells based on PEO-
based dry polymer electrolytes.68 

16.2.4 LITHIUM−OXYGEN BATTERIES 

One of the most studied types of metal-air batteries is the Li-O2 battery, 
which consists of a metallic lithium anode as the negative electrode, air-O2 
as the active cathode mass, and a Li+ containing electrolyte solution. The 

http:PP13-TFSI).67
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295 Green Technologies and Sustainable Energy Materials 

cathode in these systems is a composite electronically conducting porous 
matrix that allows oxygen gas and Li ions in the electrolyte solution phase 
to make electrochemical contact. At the anode, it works by dissolving and 
depositing lithium metal, while at the cathode, it works by performing an 
oxygen reduction reaction (ORR)/oxygen evolution reaction (OER).69 

Aprotic, aqueous, hybrid, and solid-state batteries are the four types 
of Li-O2 systems currently being investigated. In terms of the electrolyte 
species involved, the four categories differ. The latter, in turn, controls the 
electrochemical events that occur during energy storage and release. 

A lithium anode, a porous air cathode, and an electrolyte of a lithium 
salt mixed in a nonaqueous; organic solvent makes up the aprotic lithium-
oxygen battery (LOB).70 PolyPlus Battery Company’s researchers replaced 
the nonaqueous solvent with an aqueous solution. They used an Ohara 
glass Li-ion conducting membrane to prevent the Li anode from corrosion, 
which eliminated the solid, insoluble discharge product of Aprotic LOB.71 

In contrast to solid Li2O2, using an aqueous electrolyte created soluble 
lithium hydroxide (LiOH) as the discharge product. This system has yet to 
be commercialized. 

The hybrid lithium-oxygen battery was created as part of another attempt 
to develop an aqueous system.72 The anode side of the storm was filled with 
an aprotic solvent, while the air electrode was in contact with an aqueous 
electrolyte in the suggested design. A solid electrolyte membrane separated 
the two electrolyte solutions. Because the hybrid LOB avoided direct connec­
tion between the lithium and the solid electrolyte membrane, the lithium-ion 
conductivity was increased. The design, however, adds complexities and 
results in differing diffusion kinetics in the two solutions. 

No liquid electrolytes were used in the development of solid-state 
LOBs. Around 2010, solid-state lithium ion-conducting materials used in 
LOBs started to gain traction—the amount of Li2O2 stored in the cathode 
limits an all-solid-state LOB.73 Only the aprotic structure of an LOB has 
shown significant rechargeability; hence, it has drawn the most attention 
globally. 

Cathode materials: In contrast to lithium-ion batteries, the complete 
mass of the storage ingredient Li2O2 is fully generated and destroyed in every 
cycle in lithium-air batteries. The cathode’s role is to offer a framework in 
which this can happen. The cathode must have high electronic conductivity 
and open porosity to allow for Li2O2 storage and O2 and Li+ movement. 
Carbon cathodes are widely used in Li-O2 batteries because of their excellent 
conductivity, lightweight, low cost, and adaptable structure. 
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Carbons are typically chosen because they have a wide surface area and 
pore volume in which the Li2O2 ORR product can be hosted. Carbon blacks 
like Super P, Vulcan XC 72R, and Ketjen Black were used in early lithium-air 
studies.74–76 These materials have a comparatively large specific pore volume 
despite having a moderate surface area. Despite their many advantages, 
carbonaceous materials were shown to be unstable in lithium-air batteries. 
However, when redox mediators are used to charging Li-O2 batteries, the 
degradation of the battery components is significantly reduced.77 Carbon 
cathodes are more stable when redox mediators are used. When soluble 
discharge redox mediators are used, the products form in solution and have 
no intermediate interaction with the carbon, decreasing the decomposition 
potential. Redox mediators force the cells to charge at 3.6 V, avoiding the 
excessively positive potentials that cause carbon oxidation. Surface area loss 
from Li2CO3 passivation has a lower impact on the redox mediators, which 
would normally raise OER (oxygen evolution reaction) overpotentials. 

Carbon has been replaced with alternative stable cathode materials. 
Peng et al. demonstrated that a cell with an Au cathode can improve cycle 
efficiency as a proof of concept.78 The evolution of CO2 upon charge was 
significantly reduced in the absence of carbon, indicating that decomposition 
was significantly inhibited. Metal carbides, particularly TiC, were identified 
as viable cathode materials during a search for more practical alternatives.79 

According to these findings, the surface of TiC creates an oxide layer that is 
stable during cycling. This was supported by theoretical work that showed 
a TiC surface in contact with Li2O2 would result in a stable oxide layer 
termination.80 

Amanchukwu et al. investigated the stability of polymers as binders in 
cathodes by measuring their reactivity with Li2O2.

81 The polymeric binders 
PAN, PVC, PVdF, PVdF-HFP, and PVP were found to be unstable to Li2O2, 
confirming prior research that PVdF was unstable.82 PMMA, PTFE, and 
Nafion polymers, on the other hand, were shown to be chemically stable in 
these conditions. 

Anode materials: Li-O2 batteries are of great interest because they have 
theoretical specific energy that is 4–5 times higher than traditional LIBs. 
The use of metallic lithium as the anode, which has a very high theoretical 
specific capacity (~3860 mAh/g) and the highest negative reduction poten­
tial (−3.040 V versus the standard hydrogen electrode), is responsible for the 
high energy density. To date, work has been done to introduce lithium as a 
practical anode to meet the growing demand for advanced, lightweight, high-
energy batteries. Still, unfortunately, all of this metallic anode’s impressive 
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characteristics come at the expense of three important factors, namely 
reactivity, efficiency, and safety, which prevent its successful application in 
rechargeable energy storage devices. 

On the one hand, lithium’s high Fermi energy level and negative reduction 
potential provide high operational voltage benefits. These features, however, 
render the lithium electrode chemically reactive with practically all liquid 
electrolyte solutions. Despite the fact that Li anodes are the preferred choice, 
various studies have focused on alternate anodes such as lithiated Si, Sn, Al, 
and carbons. 

Lithiated Si anodes were mostly used to meet the anode capacity require­
ments. Before being utilized in Li-O2 cells, these alternative anodes are 
lithiated electrochemically or chemically. It was long known that Li-O2 cells 
with alternate anodes behaved less reversibly than Li-O2 cells with Li metal 
anodes. This is due to the fact that these lithiated alternative anodes contain 
a substantially lower amount of Li, which soon deteriorates and becomes 
inactive due to side reactions on both the anode and cathode sides.83 As a 
result, using alternate lithiated anodes (such as Li-Si) may require surface 
protection. 

Alternative anodes can be useful in investigations focusing on the evalu­
ation of cathode reversibility from an experimental/didactic viewpoint.84 

Protected Li-metal as the anode is, however, unavoidable for practical 
purposes. Several requirements must be completed to replace Li-metal 
anodes with safer, alternative materials such as Li-Si alloys (which have a 
lower active Li concentration). To keep the limited Li source operating at 
full capacity throughout lengthy cycling, such electrodes should be protected 
against side reactions, and fully reversible cathodes should be utilized. It is 
also critical to develop efficient prelithiation methods. 

Electrolyte materials: Organic carbonates were used as solvents in 
early Li-O2 battery studies due to their dominance in Li-ion batteries.85 

The extreme instability of organic carbonates in Li-O2’s highly reactive 
environment prompted research into alternative solvents and accelerated the 
search for better, more stable solvents. Read et al. studied the use of ethers 
as electrolyte solvents, building on their previous expertise with carbonate 
instability.86 They described a Li-O2 cell that demonstrated good stability and 
rate capabilities using DME (dimethoxyethane) and DOL (1,3-dioxolane). 
Ether-based electrolytes are more stable than carbonates, owing to the ether 
solvents’ stronger resistance to nucleophilic attack and higher cathodic 
stability.87 
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Without glyme-based electrolyte solutions, advancements in Li-O2 
batteries would not have been conceivable.88 It is worth noting that the 
reactivity of different glymes to the oxygen species produced in Li-O2 cells 
varies. Liu et al. recently published a Li-O2 cell based on super-concentrated 
salt/DMSO (dimethyl sulfoxide) that demonstrated good stability and revers­
ibility even with an unprotected Li anode.89 Because of their supposed stability 
toward the superoxide radical, amide-based solvents such as N, N-dimethyl­
acetamide, dimethylformamide (DMF), and N-methyl-2-pyrrolidone (NMP) 
were studied next. Unfortunately, the amide-based solvent cycle stability 
was discovered to be ineffective for oxygen reduction applications. Another 
popular polar solvent, acetonitrile, also had some success due to its stability 
toward superoxide.90 However, acetonitrile did not extensively explore for 
Li-O2 batteries because of its high volatility and reactivity toward lithium 
metal. In conclusion, practically all aprotic solvents degrade in the extremely 
reactive environment of LiO2 batteries. At the metallic lithium anodes, four 
types of degradation mechanisms may be identified: nucleophilic attack, H 
atom abstraction, acid/base reactions, and reductive degradation. 

Li salts are an essential component of electrolyte solutions that signifi­
cantly impact oxygen reduction reaction (ORR)/oxygen evolution reaction 
(OER). In Li-O2 batteries, LiNO3 is one of the most studied salts. LiNO3 
serves a dual purpose in addition to promoting solution-mediated develop­
ment. It catalyzes the OER while also protecting the carbon electrode from 
oxidation.91 The highest discharge capacity was found in LiTFSI (lithium 
bis-trifluoromethanesulfonimide), followed by LiTf (Lithium triflate) and 
LiPF6 (Lithium hexafluorophosphate). Because of its chemical and electro­
chemical stability and high ionic conductivity, LiTFSI is one of the most 
commonly utilized salts for Li-O2 batteries. 

16.3 BIODEGRADABLE BATTERIES


Most battery components, when disposed of in nature, have a deterioration 
time of over 100 years, causing serious environmental problems. The battery 
electrodes are made up of metal electrodes. Still, in the case of a biode­
gradable battery, the electrodes contain polypeptides, which alter to shift 
electrons with redox-active groups. This biodegradable protein can utilize 
for single-use purposes like wearable sensors. Lutkenhaus et al. made the 
first protein battery that is fully biodegradable, where both of its electrodes 
made with the polymer used glutamic acid units.92 
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Ordinary batteries are not all recyclable; hence, biodegradable batteries, 
made out of sustainable materials, have an image impact on society. Scientists 
developed a biodegradable battery dissolved in water, and others produced 
a biodegradable battery from a wood-based foam substance called aerogel. 
The application of these materials comes under wearable devices and car 
electronics. 

Traditionally, the focus has been placed on durable and long-lasting elec­
tronics that have gained considerable attention recently. These electronics 
have colossal applications in agriculture, remediation, and sustainability.93 

The fundamental operation is similar to nonbiodegradable counterparts, and 
it also has anode and electrolytes. Magnesium can work as the anode material 
and iron as the cathode material. These materials are suitable components for 
biodegradability and low cost. 

16.3.1 SYNTHESIS 

Mg and Fe are the anode and cathode materials, respectively. Biodegradable 
substrate: A 2.5-um-thick chitosan film was spin-coated on a silicon wafer 
to serve as a biodegradable substrate. The mask was placed on the chitosan 
layer with paper clips as a reinforcement to present his alignment. Fe layer 
of 150 nm sputtered. The advantage of this fabrication approach is that it is 
cheap, nontoxic, and highly scalable. The fabrication process is depicted in 
Figure 16.3. 

FIGURE 16.3
 Fabrication process. 


Source: Reproduced with permission from Ref. [93]. Copyright 2016 Elsevier.
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An eco-friendly and biodegradable sodium ion secondary development 
through extensive material screening was followed by the synthesis assembly 
with an unconventional biodegradable separator, electrolyte, and package.94 

Attempts to make the fully biodegradable battery have been made; however, 
it has been only realized in the primary battery system, which could not 
be recharged.95 Moreover, the chemical and biological evolution of the 
commercial battery components and their constituent materials after disposal 
has not been studied in depth, and it remains unclear.94 Attempts have been 
made to apply a few biodegradable,96–99 bioabsorbable,98 or transient100 mate­
rials as electrodes in the conventional primary battery system101; hence, their 
relatively fast decomposition can partly reduce the accumulation of overall 
battery waste.102 Electrode chemistries derived from natural redox-active 
organics have often been explored, serving as a first step toward realizing 
eco-friendly batteries. 

The biodegradable material chosen can entirely or partially degrade into 
simple compounds through the action of microorganisms like fungi, bacteria, 
and algae, with water and oxygen in the natural environment. For the material 
selection, the following criteria are adopted: (1) material should decompose 
or degrade naturally within 1 year, (2) the degradation products should be 
nontoxic, (3) the naturally stable materials and nontoxic (4) the materials 
are selected in the range of sodium-ion battery94 depending upon the above 
criteria Na4Fe3(PO4) (P2O7) (NFP)103  and proprotein-based carbon104,105 with 
binders of cellulose derivatives selected as a composite electrode, cellulose 
acetate (CA) as cathode, and carboxymethylcellulose (CMC) for the anode.94 

Organic batteries which utilize organic and polymeric active material 
instead of metal or metal oxides represent a great deal to overcome the technical 
and economic restrictions of the established metal-based system.106 Materials 
like quinones are one among the most popular organic active materials for 
electrochemical storage.107 Polyquinoyl sulfide represents quinine-based 
redox-active polymers. Today, much effort is focused on organic electrodes. 
Organic substances of all sizes, from small molecules, from polymers to poly­
mers, can be used as battery electrodes. Low solubility polymers tend to have 
a long life. On the other hand, low molecular weight organics can usually 
provide high energy.108,109 Bio-derived electrochemically reactive materials 
are C, H, O, N, P, and S. A wide range of metallic anodes (Li, Na, Ca, Mg, 
and Zn) can be coupled to organic cathodes.110 Biodegradable batteries can 
be designed using biodegradable fiber conductors joined with polydopamine 
or polypyrrole composites materials on the anode and MnO2 as the cathode, 
biodegradable chitosan as the separator, and body fluid as the electrolyte.111 

http:anode.94
http:package.94
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16.4 HYDROGEN STORAGE


In the present situation, it is predicted that we will run out of fossil fuels 
in this century. Oil can last up to 50 years, natural gas up to 53 years, and 
coal up to 114 years. The top five fossil fuel options are renewable, nuclear, 
hydrogen, biomass, and geothermal. Renewable energy is electricity from 
natural resources that can regenerate themselves, such as wind, solar, tidal, 
and hydroelectric. Renewable energy requires energy storage, transportation, 
and conversion into the energy valuable form for the demand. This is one of 
the uses of hydrogen in renewable energy infrastructure as an energy storage 
medium. 

Different techniques are used to store hydrogen. Gas compression and 
liquefaction are two traditional ways of storing hydrogen.112 However, 
because of the safety concerns with these systems, hydrogen storage options 
are being explored. Solid-state hydrogen storage materials are being devel­
oped.113 On these surfaces, materials are absorbed or adsorbed. 

The efficiency of these hydrogen storage materials is dependent on two 
essential aspects, considerably gravimetric and volumetric density, as the 
material should be both light and compact.114 The gravimetric density of 
a material is measured by dividing the weight of hydrogen stored by the 
system’s weight. In contrast, volumetric density is calculated by dividing 
the mass of hydrogen held by the unit volume of the system.115 There are 
different approaches for hydrogen storage, including using high pressure, 
compressed gases, cryogenic liquid hydrogen storage, solid-state, and elec­
trochemical.116 The solid-state method does not satisfy gravimetric capacity, 
thermodynamics, and kinetics criteria. Electrochemical storage of hydrogen 
is a good alternative where hydrogen is generated in situ and stored easily at 
ambient temperature and pressure.117 

16.4.1 ELECTROCHEMICAL HYDROGEN STORAGE 

Hydrogen is the largest energy carrier, but the synthesis is done primarily to 
use it completely, so you need to carefully combine.118 Conventional hydrogen 
storage for gaseous and liquid hydrogen has various drawbacks; therefore, 
electrochemical hydrogen storage is better.119 In an electrochemical hydrogen 
storage process, atomic hydrogen adsorbs onto hydrogen storage material on 
the electrochemical decomposition of an aqueous medium.120 In the process, 
molecular dissociation of hydrogen into atomic hydrogen is absent. So, it 



 

 
 

 

 
  

 

 
 

  

302 Environmental Technology and Sustainability 

overcomes the limitations of hydrogen storage.121 The applications of the 
electrochemical method are very high due to its availability and accuracy.122 

One of the essential aspects that further enhances electrochemical hydrogen 
storage is that hydrogen ions are stored as roaming charges.123 

Three methods of electrochemical hydrogen storage, namely 

1.

 Galvanostatic method of charge–discharge: In this method, the 
electrode on which the sample is deposited is first charged to the 
required current density. Then, the current is turned off so that 
the potential is relaxed to equilibrium. The electrodes are then 
discharged at the same current density until the potential reaches 
the break point, at which point the current is turned off again. At the 
time of charging, the potential increases slowly and continuously, 
then it stabilizes at specific possible values where the generation of 
hydrogen gas bubbles is visually observed. The discharge potential 
shows an accurate likely response at turn-off potential. 

Nevertheless, it is complicated to determine the starting point of 
hydrogen generation, so it is difficult to measure the charge capacity 
accurately. Therefore, the discharge capacity gives accurate results 
regarding the amount of hydrogen energy stored in the material.124 

A charge/discharge process is performed using a three-electrode 
system in room temperature electrolyte. The working electrode is 
charged to some specific capacity, held, and discharged to cut off 
potential.125 

2.

 Cyclic voltammetry, chronoamperometry, and linear voltam­
metric method: Voltammetry methods fall into the electroanalytical 
techniques for which analytical evidence is obtained by varying the 
potential and determining the resulting current. Chronoamperometry 
is one of the simplest voltammetry methods but one of the most 
commonly used. In its most basic form, chronoamperometry consists 
of applying a single voltage step at time t0 and then measuring the 
current resulting from the applied potential. The simplicity of chro­
noamperometry makes it an ideal analytical method as an example of 
basic voltammetry operations. Chronoamperometry is performed to 
saturate hydrogen on the film, and linear voltammetry is performed 
to desorb hydrogen. 

Electronic Impedance Spectroscopy: EIS measurements help 
identify electrochemical processes that lead to galvanostatic or cyclic 
voltammetry studies. The main advantage of EIS is that the data 
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provide capacitive results, which offers excellent information about 
the static charge accumulation obtained by this method. The double-
layer capacitance determined by the impedance measurement is the 
same as the double-layer charge or discharge current calculated by 
the cyclic voltammogram in the same potential range. The electric 
double layer current is equal to the product of the electric double-
layer capacitance, and the scan rate is in the identical potential range 
as cyclic voltammetry. Hence, this electric double-layer process is 
directly connected to the amount of charge stored. 

EIS measurement is a very effective tool for determining 
the interfacial properties of an electrode and measuring electron 
transfer on the electrode surface.126 Hydrogen storage capacity of 
various metal alloys and graphene was evaluated by EIS measure­
ment. The work done by Li and his group was essential; it assessed 
the high-rate discharge ability of the hybrid assembly electrode 
prepared of hydrogen storage alloy and reduced graphite oxide.125,127 

The hydrogen diffusivity was easily evaluated by impedance 
measurements. 

16.4.2 MECHANISM OF ELECTROCHEMICAL HYDROGEN STORAGE 

Basically, two mechanisms determine electrochemical hydrogen storage. 
The first is adsorption to the outside, and the second is an insertion into the 
bulk of the sample.128 

The primary mechanism of electrochemical hydrogen sorption is a three-
step process that involves the reactions of Volmer, Tafel, and Heyrovsky.129 

The first stage involved in the charge transfer mechanism, as shown in eq 
16.2, occurs at the electrode/electrolyte interface. 

H2O+M+ e− ↔ MHads + OH- (16.2)127 

Equation 16.2 represents the Volmer reaction in which water is reduced. 
Hydroxyl ions are generated, and even the adsorption of hydrogen atoms on 
the electrode surface occurs.130 Atoms are adsorbed on the host material to 
form subsurface hydrogen (Hss). 

MH ↔ MH (16.3)127 
ads ss 

This subsurface hydrogen will eventually diffuse into the bulk as Habs. 
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MH ↔ MH (16.4)127 
ss abs 

Sidewise, Tafel reaction occurs even where adsorbed hydrogen atoms 
recombine into gaseous hydrogen.131 

2 MH ↔H  + 2 M (16.5)127 
ads 2(g)

The Heylovsky reaction occurs when a hydrogen atom forms a hydrogen 
molecule formed by dissociating a hydrogen atom from a water molecule. 

MH  + H O + e− ↔ M+ H  + OH- (16.6)127 
ads 2 2(g)

16.4.3 ELECTROCHEMICAL HYDROGEN STORAGE MATERIALS 

16.4.3.1 HYDROGEN ADSORPTION ON PLATINUM 

A system that has been extensively studied on the adsorption of hydrogen 
on the platinum surface exact mechanism is not yet fully understood. In 
acidic media, anions are adsorbed in addition to hydrogen.132 This process 
significantly alters the electrochemical behavior of the system depending on 
the anions involved but maintains hydrogen adsorption. The type of anion 
does not affect hydrogen absorption. But, the role of anions in hydrogen 
adsorption is ignored. In the basic medium, cations are also antagonists.133 

Cation depends on absorption and desorption rates but is not affected by the 
hydrogen adsorption. 

Generally, adsorption occurs in two steps. (1) Reaction species are electro 
catalyzed to form adatoms, (2) then adatoms reach active adsorption sites 
through surface diffusion. The rate-determining step for excellent catalysts 
such as Pt is the second step directly controlled by the surface structure. 

Theoretically, Pt has an excellent ability to store hydrogen or direct elec­
trical energy. Pt is too expensive to use for this purpose, except for the fact 
that hydrogen adsorption to porous Pt is too complex.134 

16.4.3.2 DIFFUSION OF HYDROGEN INTO PALLADIUM 

The adsorption of hydrogen on Pd is similar to that of Pt but takes an extra 
step in which the hydrogen diffuses deep into the mass. The hydrogen 
storage capacity of Pd is not limited to its surface, and Pd can easily reach 
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the composition of PdH0.8 by diffusing the adsorbed hydrogen in the mass. 
The solid-state diffusion of hydrogen in the Pd lattice structure is certainly 
the rate-determining step, and the capacity strongly depends on the thickness 
and time of the Pd. Another interesting feature is that solid-state diffusion 
occurs at a specific potential, similar to intercalation materials. 

Hydrogen ions are tiny to diffuse within the palladium lattice, but they 
cause large changes in the lattice volume.135 The hydrogenated Pd may be 
used as an electrochemical reference electrode. In any case, palladium is too 
expensive for large-scale hydrogen storage. Pd has been claimed to be not 
a suitable catalyst for hydrogen spillover in hydrogen storage systems.136 

However, Honarpazhouh et al. reported that Pd nanoparticles function as 
an active site for hydrogen adsorption in porous silicon or porous silicon/ 
graphene oxide nano-composites.137 

16.4.3.3 ALLOYS 

The ability of an alloy to store hydrogen and hydrogen incorporated into the 
alloy is based on the crystal structure of the alloy. The connections between 
hydrogen and metal atoms at interstitial sites are primarily involved in the 
storage of hydrogen. In metal hydride batteries, the hydrogen storage alloy 
mainly functions as the negative electrode. A variety of metal alloys can be 
used for this purpose. 

Nonmetal (B, P, and Si) alloys containing cobalt are effective catalysts 
for hydrolysis, improving electrochemical reversible hydrogen storage prop­
erties.138 Synthesis of alloys is done by ball milling process. A Co-S sample 
with a milling period of 10 h yielded 385 mAh/g of capacity. Anode and 
cathode peaks are analyzed using cyclic voltammetric methods. The cathode 
peak is due to hydrogen adsorption on the CoS electrode surface, and the 
anode peak is due to the electrochemical oxidation of oxygen. Temperature-
programmed desorption experiments were performed to investigate hydro­
gen’s absorption/desorption properties. 

For a long time, electrochemical hydrogen storage in alloys has been 
used. Similarly, the A2B type alloy is gaining popularity because of the pres­
ence of substantial interstitial hydrogen storage sites. Ti2Ni alloy was created 
using the induction melting process, and various characterizations such as 
SEM, TEM, XRD, and XPS were used to confirm its formation.139 Further­
more, the electrode was prepared by pressing alloy and nickel powder under 
a pressure of 15 MPa to convert it into a pellet. Then, the charge–discharge 
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measurements were done to calculate the amount of hydrogen storage. The 
crystalline phase of Ti2Ni alloy had a higher hydrogen storage capacity than 
the amorphous phase. Mechanical milling reduced the hydrogen storage 
capacity of both the crystalline and amorphous phases, which they believe is 
due to destructed storage sites during the milling process. 

The nanocrystalline phase was useful for hydrogen storage, while the 
amorphous phase improved the kinetics of hydrogen absorption–desorption 
and increased corrosion resistance. As a result, the alloy is suitable for use in 
Ni-MH batteries since it is corrosion-resistant, and the crystalline phase has 
a high hydrogen discharge efficiency of 450 mAh/g. 

16.4.3.4 METAL CHALCOGENIDES 

Metal sulphides from the chalcogenide family are commonly used in elec­
trochemical hydrogen storage. MoS2 has a well-defined structure and elec­
trochemical behavior, and it has been extensively investigated in a variety of 
electrochemical systems.140 Metal sulphides have the benefit of being able 
to create nanostructures with large surface areas while maintaining a rigid 
lattice. As a result, they can store a lot of hydrogen and charge and discharge 
it quickly.141 

Metal selenides have recently gained a lot of attention because they have 
a better electrical conductivity than metal sulphides, which is an important 
need in electrochemical systems.142 Metal selenides have extremely high 
electrochemical hydrogen storage capabilities.143 The fundamental disadvan­
tage remains, however, poor cyclability. In general, increasing the number of 
bigger atoms in transition metal chalcogenides allows for more flexibility in 
manipulating material properties by changing the 2D structure.142 

16.4.3.5 CARBON NANOMATERIALS 

Carbon nanotubes’ popularity in the 1990s led to the identification of novel 
applications for carbon nanomaterials. Nutzenadel et al. demonstrated an 
electrochemical method for storing hydrogen.144 Carbon has a low atomic 
mass compared to metal hydrides; hence, its theoretical specific capacity is 
substantially higher. However, surface adsorption is used to store hydrogen 
on carbon nanomaterials, and hydrogen does not diffuse deep within the solid 
except through graphitic layers and the 002-d interlayer. In any instance, 
carbon nanostructures’ specific capacity for hydrogen storage is substantially 
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lower than their theoretical capacities and is comparable to metal hydrides.145 

Carbon nanomaterials, on the other hand, have three distinct advantages 
over metal hydrides: (1) lower material cost, (2) faster hydrogen storage and 
release, and (3) significantly improved cyclability. 

The specific capacity of hydrogen storage is related to the specific surface 
area because it is based on adsorption. It is important to remember that the real 
surface area as measured by conventional methods differs greatly from the 
electrochemically accessible area. For electrochemical hydrogen storage and 
capacitive behavior in supercapacitors, the pore size of mesoporous carbon 
materials is far more critical than the overall specific surface area.146 The 
reactivity of carbon atoms is another important factor that is often neglected. 
The majority of hydrogen adsorption occurs at active sites. Charge transfer 
over active sites differs significantly, substantially altering the electrochem­
ical reaction pathway. Catalysts can be used to induce hydrogen adsorption 
on carbon nanomaterials as an alternative to carbon reactive sites. 

The mechanism of hydrogen storage in carbon nanomaterials is still 
debated, and most investigations have emphasized practical applications over 
fundamental research. Although hydrogen chemisorption appears to be the 
preferable method, physisorption is thought to be the dominating mechanism 
in some circumstances. Electrochemical hydrogen storage in SWCNTs is via 
physisorption, whereas chemisorption is the primary process in MWCNTs, 
according to Raman Spectro electrochemical investigations.147 

Hydrogen spillover, which is a common mechanism in organic catalytic 
synthesis, is a possible mechanism in hydrogen storage systems.148 In 
electrochemical systems, the mechanism is not exactly the normal spillover 
effect, but electrochemical hydrogen storage is somehow involved in some 
spillover effect. Note that the source of the H adatom in the electrochemical 
system is not H2. However, similar to the spillover mechanism, H adatoms 
can spill on the surface of the electrode or, in some cases, deep inside. 

It is difficult to precisely estimate the capacity of hydrogen storage 
because metallic impurities in carbon nanostructures are electrochemically 
active.149 Changing the acid treatment for carbon purification can also have 
a significant impact on carbon nanotube electrochemical hydrogen storage. 
Normal sp2 carbons are incapable of capturing hydrogen from the electrolyte 
solution, and H adatoms are the result of catalytic activities of metallic impu­
rities, edge atoms, or altered sp2 carbon atoms. The total carbon nanostructure 
then has the ability to accommodate H adatoms. Carbon nanotubes, it should 
be noted, are not stand-alone materials in the future of electrochemical 
hydrogen storage. 
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16.4.3.6 METAL OXIDES 

Metal oxides are the most popular electroactive materials for alkali metal 
insertion and extraction in secondary batteries, although they are not good for 
hydrogen storage. Like the cathode materials used in lithium batteries, metal 
oxides have strong cyclability for the insertion and extraction of hydrogen 
atoms. The rigid metal oxide structure, which remains intact when a cation 
is added or captured, is the reason for this. This huge lattice structure (when 
compared to the inserting cation) comes with a significant disadvantage: low 
specific capacity. In general, metal oxides have a small specific surface area, 
so hydrogen storage is caused by solid diffusion rather than surface adsorp­
tion. The rate capability is noticeably reduced as a result of this. Compared 
to crystalline materials, a mixture is better for electrochemical hydrogen 
storage. This also gives you the option of fine-tuning the hydrogen storage 
capacity. The influence of the Cu/Al ratio on the hydrogen capacity of CuO/ 
Al2O3 nanocomposite was explored by Gholami and Salavati Niasari, as the 
specific capacity might be in the region of 20–240 mA h/g. Furthermore, by 
altering the chemical composition, the reaction potential was altered. 

Perovskite-type oxides have also been proposed as potential electro­
chemical hydrogen storage possibilities.150 Like other metal oxides, they 
have low specific capacity due to their large lattices and poor rate capability 
due to their low electrical conductivity and diffusion coefficient. On the 
other hand, their rigid lattice architectures can ensure that they are cyclable. 
It has been claimed that the specific capacity can be significantly increased at 
higher temperatures. Figure 16.4 shows structure models of hydrogen storage 
materials. These materials can safely store high density hydrogen at room 
temperature compared to gaseous and liquid hydrogen storage systems.151 

16.5 CONCLUSION


The race for sustainable materials for energy storage is filled with both 
concern and inspiration. Li+ ions components are more abundant materials. 
The criteria for active battery materials are green features, energy efficiency, 
material availability, operational lifetime, and cost. The other materials that 
come into the list of abundant materials are Na, A, Mg, Al, Zn, and organic 
compounds. These materials are more environmentally compatible, but 
they offer low energy densities than Li batteries. At present, lithium-sulfur 
batteries have good energy cycle life and rate capability. Lithium oxygen is 
an emerging system. These systems possess the highest theoretical energy 
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FIGURE 16.4
 Structure models of hydrogen storage materials. 


Source: Reproduced with permission from Ref. [151]. Copyright 2019 Elsevier.



density and cost-effectiveness; both are new frontiers in sustainable energy 
storage in EVs and renewable energy plans. Electrochemical hydrogen 
storage can be the basis for different types of power sources as well as 
storing hydrogen as a fuel. Hence, it will be a part of the future energy 
system. This chapter discusses the different sustainable battery systems with 
their materials for an anode, cathode, electrolyte, and sustainable stability 
and an eco-friendly approach for biodegradable battery and it is a synthesis 
method. Developing practically sustainable materials will make a promising 
sustainable future. 
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ABSTRACT 

Heavy metals are presently found in the majority of industrial effluents 
and are one of the highly serious ecological hazards. As a result, removing 
contaminants from water or wastes is crucial for human health as well as for 
protection of our living environment. The adsorption approach is increas­
ingly employed by the researchers due to its good results and necessitating 
the development of low-cost adsorbents to remove these metal pollutants. 
Magnetic materials have recently become popular due to their magnetic 
behavior. These are being used as effective as well as cost-effective adsor­
bent materials for eliminating heavy metal pollutants owing to their high 
absorption efficiencies. 

17.1 INTRODUCTION


Water plays one of the most important and vital roles in the smooth func­
tioning of the earth’s ecosystem.1 Though industrialization contributes to 
the major part of the development and prosperity of a country, unscientific 
anthropogenic activities like deforestation, increased consumption of natural 
resources, unscientific waste disposal, etc., to a large scale have disrupted the 
natural equilibrium and ecological balance of the nature. Global warming, 
extinction of wild life, and environmental pollution are only some of them. 
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Water pollution caused by the introduction of inadequately treated indus­
trial effluents into water bodies is a very serious and the most widespread 
kind of water pollution. Industrial effluents from processes like tanning, 
metal processing, agricultural activities (such as fertilizers and pesticides), 
electroplating, textile, metal finishing, chemical manufacturing, glass and 
ceramic industries, medicinal activities, and storage batteries have produced 
a rapid increase in the discharge of wastewater contaminated with heavy 
metal ions.2–4 

17.2 HEAVY METALS AND THEIR SOURCES


Heavy metals are the elements which are natural components of the earth 
crust having atomic weights between 63.5 and 180.6; having a relatively 
high density ranging from 3.5 to 7 g cm-3and specific gravity greater than 5.5,6 

They can exist in surface waters in colloidal or particulate form as hydrox­
ides, oxides, silicates, sulfides or adsorbed to clay, silica, and organic matter, 
displaying a high affinity for humic acids, organo-clays, and oxides coated 
with organic matter or in dissolved form generally as ions or unionized 
organometallic chelates or complexes. Heavy metal ions are characterized by 
their high solubility and persistence. Owing to their nonbiodegradable prop­
erty, unlike organic contaminants, the heavy metal ions dissolved in aquatic 
environment can be absorbed by aquatic organisms and get accumulated in 
them. Some of the heavy metals like selenium, cobalt, copper, iron, manga­
nese, molybdenum, vanadium, strontium, and zinc are necessary for human 
body to maintain the metabolic activities. But at higher concentrations, these 
metal ions can cause serious, adverse, and detrimental effects to environment 
and health due to its toxicity, which has affected millions of people across 
the globe so far. Also sometimes, nonessential heavy metals such as lead and 
cadmium interfere with essential nutrients of similar appearance, such as 
calcium and zinc.2,6 

But now, anthropogenic input has exceeded the natural input. Generally, 
the sources of heavy metal ion into nature can be classified as point and 
non-point sources. Natural input falls in the second category. Human input 
includes both point and non-point sources. Examples of some of the non-
point sources are the surface runoff from mining operations and the urban 
stormwater runoff containing metals from roadways and atmospheric fallout, 
etc. Point sources mainly consist of industrial effluents, waste sludge, and 
domestic wastewater containing metals from consumer products.4 
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Many heavy metals like lead, cadmium, mercury, and arsenic and their 
detrimental effect on environment and human health have been extensively 
and regularly reviewed by many international bodies like World Health 
Organization. Acute heavy metal exposure has been implicated in several 
degenerative diseases and may damage central nervous function, the 
cardiovascular and gastrointestinal systems, lungs, kidneys, liver, endocrine 
glands, and bones and even can cause cancer.7 

Even at low concentrations, certain heavy metal ions have reported to 
show toxic effects on organisms. At the same time the quality of drinking 
water sources is being depleted day by day due to the direct and indirect 
discharge of wastewater contaminated with heavy metal into environment. 
Today, heavy metal ions are considered one of the most priority pollut­
ants. As a consequence, many developed countries like Europe (European 
Drinking Water Directive by European Environmental Agency, EEA) and 
USA (United States Environmental Protection Agency, USEPA) have speci­
fied standards and guidance values in drinking water to minimize human 
and environmental exposure to heavy metals. For countries that do not have 
such standards, the World Health Organization publishes guidelines on the 
standards that should be achieved (WHO, 189) forming an authoritative 
basis for the setting of national regulations and standards for water safety in 
support of public health.8 BIS, Indian Standards (IS 8500:1791) has specified 
the desirable limit of chromium (Cr6+) to be 0.05 mg/L. The World Health 
Organization Guideline for maximum allowable concentration for Cr6+ is 
also 0.05 mg/L.9 

Some of the common heavy metals, its sources, health risks and The 
Maximum Contaminated Level (MCL) standards established by different 
health organizations for those heavy metals in drinking water are summa­
rized in Table 17.1. 

17.3 REMOVAL OF HEAVY METALS FROM WATER


Bioaccumulation of heavy metals in food chain can cause severe toxicity to 
biological systems. This threat has posed a severe pressure in the separation 
and purification of heavy metals from wastewater. Heavy metals can enter 
into household uses and from commercial applications. Several technologies 
like precipitation, coagulation, floatation, ion exchange, membrane separa­
tion, electrochemical treatments, photocatalytic process, and adsorption 
have been developed so far for the removal of a large range of heavy metals 



 
 

  
 
 
 

 
 

 
 
 

 
 

 

 
 
 

 
 
 

 

 

 

 
 
 

 

 

 
 

  
 
 
 
 

 
 

 
 
 

TABLE 17.1
 Common Heavy Metals, its Sources, Health Risks, and The Maximum Contaminated Level (MCL) Standards.

Heavy metal Sources Health hazards

 MCL(mg/L) 
Arsenic •

 Mining and smelting processes,

pesticide use, and coal
combustion 

Cadmium •

 Metal-ore refining
•

 Phosphate fertilizers and waste

dumping 

Chromium •

 Burning of fossil fuels,
(total) 
 production of chromates, plastic

manufacturing, electroplating of
metals, and extensive use in the
leather and tannery industries

•

 Volcanic eruptions, geological 
weathering of rocks, soils, and
sediments 

• Mining, metallurgy, and 
Copper industrial applications 

•

 Skin manifestations, visceral cancers, vascular disease
•

 Causes toxicological and carcinogenic effects
•

 Immunotoxic
•

 Genotoxicity through generation of reactive oxygen species and

lipid peroxidation
•

 Causes melanosis, keratosis, and hyperpigmentation in humans
•

 Modulation of co-receptor expression
•

 Found to cause of itai-itai disease in Japan (bone degeneration),

osteomalacia
•

 Lung cancer, Bronchitis, emphysema
•

 Liver and blood damage, anemia
•

 Serious kidney damage, renal disorder
•

 Necrosis, nephritis and death in man (8 mg kg-1of body weight as

Cr6+) 
•

 Carcinogen 
•

 Headache, diarrhea, nausea, vomiting
•

 High levels of exposure cause liver and kidney damage, skin

ulceration, and also affect the gastrointestinal mucosa
•

 Reduces the rate of photosynthesis in plant species. Toxic effects 

on hematological problems and immune response in freshwater fish
•

 Wilson disease
•

 Mucosal irritation and corrosion
•

 Insomnia, diarrhea, vomiting, loss of strength
•

 Continuous exposure may lead to kidney damage and even death
•

 Toxic to a variety of aquatic organisms even at very low 

concentrations
•

 Liver and kidney damage
•

 Phytotoxic 

•

 WHO: 8 
•

 EEA: 0.01 
•

 Regulation of

water quality
(India): 0.05 

•

 USEPA: 0.005
•

 EEA: 0.2 
•

 Regulation of

water quality
(India): 0.001 

•

 USEPA: 
(total0.1

hexavalent and
trivalent) 

•

 EEA: 0.5 
•

 Regulation of

water quality
(India): 0.1 

•

 USEPA: 1.0 
•

 EEA: 3 
•

 Regulation of

water quality
(India): 0.01 
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 TABLE 17.1
 (Continued) 

Heavy metal Sources Health hazards

 MCL(mg/L) 
Lead  •

 Damage the fetal brain, diseases of the kidneys, gastro intestinal  •

 USEPA: 0.1

tract, circulatory system, reproductive system, and central nervous  •

 EEA: 0.5 
system  •

 Regulation of

 •

 Irreversible brain damage and encephalopathic symptoms water quality
 •

 Affects hemoglobin synthesis, tiredness, anemia (India): 0.1 

Mercury  • Volcanic eruption, weathering  •

 Cause of Minamata disease in Japan.  •

 USEPA: 0.002
(inorganic) of rocks and soils Mentally disturbed and physically deformed babies were born to  •

 EEA: 0.001 

 •

 Extensive use of the metal mothers who were exposed to toxic mercury due to consumption of  •

 Regulation of
in industrial applications, its contaminated fish water quality
mining and processing  •

 Blindness and double vision (India): 0.004 

 •

 Applications in batteries and  •

 Physiological stress, abortion, and tremors
mercury vapor lamps  •

 Disturbs the cholesterol

 •

 Rheumatoid arthritis
 •

 Diseases of the kidneys, digestive, circulatory system, and nervous

system 
 •

 Highly toxic methyl mercury can cause toxic effects on the CNS 

Nickel  •

 Weathering of rocks and soils  •

 Decreases body weight and damage the liver and heart  •

 USEPA: 0.1 
the leaching of the minerals  •

 Dermatitis, nausea, chronic asthma, coughing, human carcinogen  •

 EEA: 0.1 

 •

 Paint formulation and  •

 Reduction in cell growth, cancer, and nervous system damage  •

 Regulation ofenameling industries,
 •

 High phytotoxicity water qualityindustrial applications

such as in electroplating, (India): 0.1 
automobile, and aircraft
parts, batteries, coins,
spark plugs, cosmetics,
and stainless steel 325 
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 TABLE 17.1
 (Continued) 

Heavy metal Sources Health hazards

 MCL(mg/L) 
Zinc  • Burning of coal  • Depression, lethargy 
  • USEPA: 5 

 •

 Mining and metallurgical  • neurological signs and nervous system, lack of muscular  • EEA: 5 
processing of zinc ores and its coordination  • Regulation of
industrial application  • Nausea and vomiting in children water quality

 •

 Higher concentration of zinc may cause anemia and cholesterol (India) 0.1 
problems in human beings

 •

 Phytotoxic 
Source: Adapted from Ref. [10] 
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from drinking water and wastewater effluents. These remediation tech­
nologies may be classified as conventional and unconventional remediation 
technologies.11–14 

17.3.1 CONVENTIONAL PROCESSES 

17.3.1.1 CHEMICAL PRECIPITATION 

Precipitation is one of the most applicable, widely used, and economical 
approaches. The mechanism of this conventional chemical precipitation 
process involves the addition of chemical reagents like alum, lime, lime­
stone, iron salts, etc., to produce insoluble precipitates of heavy metals by 
the reaction of dissolved metals and precipitant as hydroxides, sulphides, 
carbonates, and phosphates, followed by the separation of the precipitated 
solids from the cleaned water. Removal percentage of metal ions from the 
solution can be improved to optimum by changing parameters like pH, 
temperature, initial concentration, charge of the ions, etc. It can be employed 
to effectively treat high metal concentration of more than 800 mg/L. The 
main advantages of using chemical precipitation technique are simplicity of 
the process, inexpensive equipment requirement, and convenient and safe 
operations. The most widely used precipitation technique is the hydroxide 
treatment obtained with lime by adjusting pH to basic conditions. However, 
the chemical precipitation technique requires a long time for the settling of 
suspended solids. Also, the process requires a large amount of chemicals 
and produces an excessive amount of precipitate sludge which requires 
additional treatment.15,16 

17.3.1.2 COAGULATION AND FLOCCULATION 

Coagulation and flocculation mechanism is a commonly used remediation 
method in the wastewater remediation. A chemical that acts as a coagulant is 
added to wastewater. After coagulation, the water is slowly and gently mixed 
and the flocs grow to a size which will easily settle down which is known as 
flocculation. After flocculation, it can be separated and removed by filtration, 
straining, or floatation. The coagulation-flocculation mechanism is primarily 
based on the measurement of the zeta potential (ζ) which serves as the criteria 
to define the electrostatic interaction between coagulant-flocculent agents 
and pollutants. Process of coagulation reduces the net surface charge of the 
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colloidal particles and thereby stabilizes by electrostatic repulsion, whereas 
the process of flocculation continually increases the particle size to discrete 
particles through collisions and interactions with inorganic polymers formed 
by the organic polymers added. The main drawbacks of this process are the 
production of sludge and transfer of toxic compounds into solid phase.17,18 

17.3.1.3 FLOATATION 

Floatation is a mechanism originated from mineral processing which has 
got potential industrial applications. It is a physical separation process, 
where separation of heavy metals from liquid phase is achieved by bubble 
attachment. The main flotation processes for the removal of metal ions from 
solution are dissolved air flotation (DAF), ion flotation, and precipitation 
flotation. It is mainly employed to treat effluents with heavy metal concen­
tration lesser than 50 ppm or greater than 130 ppm. Better removal of small 
particles, shorter hydraulic retention times, and low cost are the advantages 
which make floatation process attractive. However, low removal efficiency 
demands subsequent treatments to improve the removal efficiency of heavy 
metal. Nowadays, a combination of floatation and other physico-chemical 
treatments are employed for the removal of metal ions from solution.19 

17.3.1.3.1 Ion Exchange 

Ion exchange process normally involves low-cost materials and conve­
nient operation. Metal ions in solutions are removed by cations or anions 
containing a water insoluble special ion exchange, like synthetic organic ion 
exchange resin where soluble ions from the liquid phase or electrolyte are 
attracted to the solid phase and other ions with the same charges are released 
into the solution in an equivalent amount. The cations in cationic resins such 
as hydrogen and sodium ions are exchanged with cations like Ni2+, Cu2+, and 
Zn2+ in the solutions and negative ions in the resins. The main advantages 
of this method are the low sludge generation and less time consumption. Ion 
exchange is nonselective and is highly sensitive to the pH of the solution.20,21 

17.3.1.3.2 Membrane Filtration 

Recently, in the treatment of inorganic effluents, membrane filtration has 
received considerable attention. Suspended solids such as heavy metals can 
be treated by this method. Depending on the size of the particle that can 
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be retained, different types of membrane filtration can be employed viz., 
ultrafiltration, nanofiltration, and reverse osmosis, to the nature and concen­
tration of materials present in the wastewater, pH, and temperature.20–22 

17.3.1.4 ULTRAFILTRATION (UF) 

Ultrafiltration is a pressure-driven purification process where permeable 
membranes with pore sizes in the range of 0.1–0.001 μm are used to water 
and low molecular weight substances permeate a membrane while heavy 
metals, macromolecules and suspended solids, organic and inorganic poly­
meric molecules are left behind. Ultra filtration has a smaller space require­
ment due to its high packing density.23 

17.3.1.5 REVERSE OSMOSIS (RO) 

In the process of reverse osmosis, pressure is exerted to the concentrated side 
of cellophane like semi-permeable membrane to force the solution through 
the membrane to separate the pure solvent to other side (dilute side) and 
retain the solute or rejected impurities on the concentrated side itself. The 
separation efficiency in reverse osmosis is dependent on solute concentra­
tion, pressure, and water flux rate as it involves a diffusive mechanism. 
Though RO can effectively reduce metal ions, its applications are limited by 
disadvantages like high operational cost and limited pH range.24 

17.3.1.6 NANOFILTRATION (NF) 

Nanofiltration is a recently developed membrane process for liquid-phase 
separations which is pressure-driven. 

This method is efficient in the removal of heavy metals from solution 
at moderate to high concentrations. When applied to dilute metal waste it 
is either not cost-effective or ineffective. Thus it is not applied by many 
end-users.9 

A number of approaches like electrochemical treatments, photocatalytic 
processes, new adsorbent/reactive media of mineral, organic or biological 
origin, etc., are being studied recently in the physico-chemical water treat­
ment field for the development of cheaper and more effective technologies, 
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to decrease the amount of wastewater produced as well as to improve the 
quality of the treated effluent.16 

17.3.2 UNCONVENTIONAL WATER TREATMENT PROCESSES 

17.3.2.1 ELECTRODIALYSIS 

Electrodialysis is a membrane process in which, by applying an electric 
potential, ionized species in the solution are passed through an ion exchange 
membrane. These membranes are generally thin sheets of plastic material 
which are cation or anion selective, which basically means that either posi­
tive ions or negative ions will flow through. For example, cation-selective 
membranes are polyelectrolytes with negatively charged matter, which repels 
anions and permits cations to flow through. Thus, when a solution containing 
ionic species passes through the cell compartments, the negatively charged 
ions migrate toward the anode and the positively charged ions  toward the 
cathode, crossing the anion exchange and cation exchange membrane. Studies 
showed that membranes with higher ion exchange capacity increase in voltage 
and temperature improved the cell performance whereas an increase in the 
flow rate decreased the separation percentage. The main advantages of this 
process are the ability to produce a highly concentrated stream for recovery 
and high separation selectivity. However, as it is a membrane process, this 
technique requires clean feed, careful operation, and periodic maintenance to 
prevent stack damages thereby increasing process costs. The main limiting 
factor of this method is the corrosion process and membrane replacement.25 

17.3.2.2 ELECTROCOAGULATION 

It is a technique which is governed by many physicochemical processes 
such as oxidation, reduction, coagulation, and adsorption. On an industrial 
scale, electrocoagulation is a cost-effective and easy-handling technique. 
Though conventionally this technique has been used for the treatment 
of dyes, nitrates, fluorides, and phenolic compounds from wastewater, 
recently, various workers have investigated electrocoagulation for the 
removal of heavy metals from wastewater. Electrocoagulation consists 
of electrodes that act as the anode and the cathode, where oxidation and 
reduction takes place. This technique involves the plating-out of metal ions 
on a cathode surface and thus metals can be recovered in the elemental 
metal state. However, the main limiting factors of this technique are high 
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energy cost and corrosion of the electrodes which demands its frequent 
replacement.26 

17.3.2.3 PHOTOCATALYTIC PROCESS 

This is an innovative and promising technique for efficient treatment of 
complex wastewater systems containing both heavy metals and organic 
pollutants. This method explores the utilization of novel photocatalysts 
which consume cheap photons from the UV-near visible region to relay 
electrons from the organic contaminants to heavy metal ions, thus inducing 
both degradation of organic pollutants and recovery of metals in one-pot 
systems. This technique is operable at concentrations less than ppm of the 
target compounds.27 

17.3.3 ADSORPTION 

Nowadays, extensive research on adsorbents with preferred properties 
such as low cost and high metal-binding capacity is being carried out and 
adsorption has emerged as an effective alternative treatment. Adsorption is 
a well-known, highly efficient, and low-cost method for water purification 
with the help of suitable adsorbents.  Adsorption using low-cost adsorbents 
is an effective and affordable method for water purification. Adsorption has 
many benefits over other techniques because of its sludge free clean opera­
tion and the total removal of contaminants even from the diluted solution. 
Adsorption process offers operational flexibility and simple design. Also 
adsorption is inexpensive, simple in operation, and applicable at different 
scales ranging from household users to large industrial plants. Adsorbents 
may be of various origins: biological, mineral, or organic. For the removal 
of heavy metals from wastewater, a number of adsorbents are being studied 
worldwide such as carbon nanotubes, synthetic polymers, redox reactive 
materials, low-cost adsorbents, biopolymers, etc. Anyway technical applica­
tions and cost-effectiveness are the major considerations in the selection of 
the adsorbent to treat inorganic effluent.28–30 

“Sorption” implies the transfer of heavy metals from liquid phase to the 
surface of a solid and becomes bound through chemical or physical interac­
tions. Sorption actually implies a group of processes among which include 
adsorption and precipitation reactions. Adsorption has recently emerged as 
an effective and alternate technique for the treatment of wastewater-carrying 
metal ions. Adsorption is a process in which a gas or liquid solute gets 
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attached on the surface of a solid or a liquid (adsorbent) to form an atomic or 
molecular layer (adsorbate). The principle of adsorption is adhesion.7 

The process of adsorption is operative in most chemical, biological, and 
systems. In adsorption, there are three main steps in general:7 

1.

 Transport of pollutant from wastewater (bulk solution) to adsorbent 
surface, 

2.

 Adsorption on the particle surface, 

Transport of adsorbate within the adsorbent particle.16 

Another important method for wastewater treatment is biosorption. It is 
an effective, user-friendly technique for the removal of heavy metals from 
industrial wastewater with special advantages like low cost, simple design, 
specific affinity, high availability, etc. This technique has been adopted 
extensively for wastewater treatment due to their low-cost characteristics. 
Adsorbents for biosorption are usually made out of agricultural remnants. By 
chemically modifying or by burning to activated carbon, biological remnants 
such as rice husk, pecan shells, rice straw, coconut shell, hazelnut shell, jack-
fruit, maze husk, etc. can be made adsorbents after chemical modification. 
A study found out that maximum metal removal by these biomasses was 
due to the presence of cellulose, silica, lignin, carbohydrates, etc., in the 
adsorbents.31 

Activated carbon is one of the most widely used candidates as adsorbent 
in wastewater treatment. It is usually prepared in small pellets or a powder 
with a highly porous and amorphous structure consisting of micro crystal­
lites with a graphite lattice. It can remove a wide variety of toxic metals 
and contaminants. However, the use of activated carbon in wastewater treat­
ment has been oriented mainly toward the removal of organic contaminants. 
Research efforts on the removal of inorganic contaminants, specifically metal 
ions by activated carbon, have been markedly limited. It is very expensive, 
because the higher the quality, the greater is the cost of activated carbon. 
Moreover, activated carbon needs complexing agents to improve its perfor­
mance for the removal of inorganic pollutants. Also, activated carbon fails in 
reducing the concentration of pollutants at ppb levels.28–30 

But the major problems in using these materials as adsorbents are their 
separation, poor adsorption efficiency, and low recyclability. But recent 
advancements in nanotechnology have offered better alternatives for water 
purification. 

Magnetic nanoparticles are one of the most attractive materials in the 
material science field and are used in a wide range of areas such as bio 
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medicine, MRI, data storage, magnetic fluids, etc. They are recently studied 
to be effective in removing pollutants from solutions. Magnetic nanoma­
terials are less toxic, highly stable, easy to synthesize, and can be recycled 
easily. Different approaches are used for the synthesis of magnetic nanopar­
ticles. Studies show that magnetic nanoparticles perform best when size of 
the particle is around 8–18 nm. This also depends on source material and 
area of application. Bing et al. have demonstrated that the biochar is derived 
from anaerobically digested sludge and explored the competitive adsorption 
behavior of commonly coexisted Pb(II) and Cd(II) ions (Fig. 17.1).32 

FIGURE 17.1
 Adsorption capacity of single metal and bimetal system.



Source: Reproduced with permission from Ref. [32]. Copyright reserved to Elsevier.



In biologically and environmentally relevant targets, magnetic nanomate­
rials are used for separation and purification owing to high precision. Heavy 
metals like As(III) and As(V), Cr(VI), and Pd(II) are removed by using iron 
minerals in an effective media. Iron and iron oxide nanostructures are found 
highly efficient for the removal of heavy metals by adsorption or reduction.9 

Magnetic nanoparticles like iron oxide based nanoparticles as adsorbents are 
suitable candidates for the adsorption of heavy metal ions. The main attraction 
of this candidate is that the heavy metal together with magnetic nanoparticles 
can be easily separated from the water by an external magnetic field. 33 The 
desorption process of magnetic nanoparticles can also be easily achieved by 
pH adjustment which enables the nanoparticles to be recycled several times. 
Application of iron oxide-based nanomaterial is more attractive for removal of 
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heavy metals from water because of their important features like small size, high 
surface area, and magnetic properties.33 Experiment in ferrite nanoparticles with 
the general formula MFe2O4 (M = Fe, Co, Ni, Zn, Cu, Mn, etc.) as an adsorbent 
has been conducted in several studies.34 35 The advantages of these particles’ 
like large surface area, low toxicity, ease of preparation, etc. make them very 
popular as adsorbents. These particles are capable of removing pollutants even 
at low concentration under varied conditions of pH and temperature. The dose 
of nanoparticles required is very low, making their application economical. 
Properties of ferrite materials strongly depend on the synthesis method. Metal 
ferrites are synthesized by several methods. Among these the sol-gel tech­
nique gives compositionally stoichiometric ferrites with high purity, chemical 
homogeneity, and crystallinity.35  Zhao et al. have synthesized magnetic Fe3O4­
MnO2 nanoplates by the hydrothermal method to remove bivalent heavy metal 
ions from water. The adsorption rates of metal ions on Fe3O4–MnO2 have in 
the order as: Pb2+ > Cu2+ > Cd2+ > Zn2+ > Ni2+. The reported results have great 
applications for the removal of metal cations from water (Fig. 17.2).36 

FIGURE 17.2
 The adsorption capacity of Fe2O4–MnO2 nanoparticles over different heavy 
metal ions.36 Copyright reserved to Elsevier. 

Source: Reproduced with permission from Ref. [36]. Copyright Elsevier 

17.4 CONCLUSION


Science and technology post industrialization have tremendously changed 
our world. Scientific advancements made the impossible possible for humans. 
From household chores to revealing galactic secrets, scientific research and 
inventions helped a lot. But there is another side for these developments. A 
profit-driven economic and social system came into being which considered 
nature taken for granted. Natural resources now face a multidimensional 
threat. On one hand, these resources are being used up extensively for 
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various profit-driven activities and on the other hand, the remaining reserves 
are polluted by the same activities. It has been found that ground water 
resources across the globe are getting exhausted whereas the demand for 
clean water to support human population, industries, and other organisms is 
rising. Along with that the quality of our water resources is declining steeply. 
Ground water depletion, pollution of fresh water reserves (such as rivers, 
lakes, wells, and ponds), and an increase in demand for fresh water are the 
main water-related problems. Governments levy taxes on water and people 
pay for bottled water nowadays. Organisms are adversely affected by the 
shortage of clean water which in turn disturbs the entire ecosystem. It is in 
this time we have to consider and tackle this problem. Water pollution is a 
serious problem of our times affecting numerous living organisms including 
humans. Various organic, inorganic, and biological pollutants are identified 
as water contaminants. Urban and industrial wastewater containing deadly 
chemicals such as heavy metal ions, dyes, hospital/pharmaceutical discharge, 
etc., which contaminate sources of drinking water results in serious health 
problems for humankind and living organisms. 

Wastewater treatment is thus imperative for clean water recovery and its 
reuse. Decontamination or disinfection of wastewater is a matter of public 
health. Wastewater treatment and distribution of purified water will be costly 
and many developing countries cannot afford it because of other immediate 
priorities. Water purification methods should be of low cost and thus be 
affordable to developing nations. Thus, it is the responsibility of concerned 
researchers to develop an efficient and affordable purification technique. 
This is where adsorption technique using proper solid adsorbents comes to 
help. Adsorbents offer high performance; they are effective and simple to 
use, cost effective, and eco-friendly in application.  
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