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8.1 Introduction

Due to industrialization and urbanization processes, large quantities of effluents
containing hazardous substances are discharged into the environment. Not only
inorganic contaminants such as heavy metals, e.g. Cd, Cr, Cu, Ni, As, Pb and Zn,
but also organic compounds like phenol (and its salts), polyalcohols, polyacids (and
other macromolecular compounds), azo dyes, dioxins, furanes as well as many
others are generated by metallurgical, engineering, mining, electroplating, nuclear,
chemical, textile, petroleum, plastic, cellulose, etc. industries. Many of them are
known to be toxic or carcinogenic. Thus removal of such hazardous substances is of
crucial importance to protect the human and the environment. Several techniques
have been used to remove organic and inorganic impurities from industrial waste-
waters. Recently increasing attention has been focused on adsorption techniques
using metal and semimetal oxide sorbents such as aluminium oxide, iron oxide,
titanium oxide, manganese oxide, zirconium oxide and silica oxide. The nanosized
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metal, semimetal and mixed oxides are classified as the promising sorbents because
of their large surface areas and pore sizes as well as mechanical and thermal stability.

8.2 Properties and Synthesis of Individual and Mixed
Nanosized Oxides

Individual and mixed nanosized oxides (NMOs) have become increasingly popular
in recent decades due to their unique properties, which ensure the expansion of their
application in various fields of chemistry, materials science and industry [1-4]. High
specific surface area and high concentration of active surface centres of nanosized
oxides provide good adsorption properties with respect to low- and high-molecular-
weight adsorbents, such as polymers [5-8], metal ions, dyes, etc. [9—17]. The active
surface centres in such nanooxide composites are terminal =M-OH groups and
bridging groups =M-O(H)-M= [12, 17-20], which are hydrophilic in nature and
possess different Bronsted and Lewis acidities, which ensure the catalytic activity of
such nanocomposites in different catalytic processes [21-26] and determine the
properties of their surface when interacting with various adsorbents in the atmo-
sphere and aqueous medium. The ability of such groups to dissociate in an aqueous
medium provides the formation of a surface charge and a double electric layer [18],
which determines such surface properties as ability to adsorb metal ions [16, 17] and
dyes, as well as such important properties as electrokinetic potential and colloidal
stability of dispersions. In the adsorption interaction with polymers, such a surface
charge can play a positive role in the case of interactions with an oppositely charged
polyelectrolyte and a negative role in the case of charged electrolyte of the same sign
or a nonionic polymer for which such mechanism is realized as the hydrogen
bonding with undissociated surface groups. It should be noted that bridging groups
of the type =M(,)-O(H)-M2)=, which are formed on the surface of mixed oxide
composites, differ significantly in properties from the bridging groups of the =M, )-
O(H)-M(;, = type. For example, often their Bronsted acidity is often much higher,
which determines noticeable differences in the properties of individual highly
dispersed oxides and mixed nanocomposites.

Formation of the surface structure is significantly affected by the method of
synthesis of mixed oxides: pyrogenic, sol-gel, chemical vapour deposition (CVD),
etc. The pyrogenic method is one of the most common due to the convenience of its
industrial application [27, 28]. A pyrogenic method of the synthesis of individual and
mixed oxides consists in high-temperature hydrolysis of the corresponding metal or
metalloid tetrachlorides in a hydrogen-oxygen flame at 1100-1400 °C. The variations
of the initial component ratios, temperature and flow rate make it possible to obtain
fumed mixed oxide of binary or triple compositions with high specific surface area
and different phase ratios. The most common oxides produced by this process are
individual and mixed fumed oxides of silicon, titanium and aluminium [17-20]. Also
many other fumed oxides, such as GeO,, Fe,03;, Cr,03, MoOj3;, SnO,, V,0s, etc.,
have been produced by Degussa using the pyrogenic method [29].
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Fumed nanooxides have proven to be good adsorbents of metal cations and dyes
[10, 11, 16, 17], polymers [5—8], etc. Especially effective are mixed systems due to
the presence of bridging groups of =Si-O(H)-Ti = or =Si-O(H)-Al = on their
surface, which are significantly stronger Bronsted and Lewis acid sites than the
terminal OH groups and bridging groups of the =M,,-O(H)-M;, = type and vastly
affect the properties of the nanocomposite surface [17-20]. Mixed fumed oxides are
unevenly distributed in the bulk and on the surface. Thus for the Al,05/SiO, and
ternary Al,O5/Ti0,/SiO, systems, the phase of Al,O3 is maximally concentrated in
the surface layer of the nanocomposite with a low Al,O5 content (3—10% wt.). The
surface concentration of TiO, increases monotonously with the increasing TiO,
content in the TiO,/SiO, and ternary nanocomposites. There is mutual influence of
the components on formation of the structure in synthesis process. Thus Al,O3 has a
completely amorphous state in the Al,03/SiO, nanocomposite in contrast to the
individual fumed Al,Oz, which includes 20% of the y-phase. The presence of
anatase and rutile in the phase structure is observed in TiO, and TiO,/SiO,, but
their ratio can vary depending on the TiO, content in the composite. The high
temperature during the pyrogenic synthesis prevents the formation and growth of
large crystallites, thereby achieving a nanoscale structure. In the case of tendency to
form a crystalline structure in binary oxides, for example, as in the case of TiO,/
Si0,, each oxide forms its own phase with formation of bridge bonds of the =M;,-O
(H)-M,;, = type at the phase boundary.

At the same time, in the formation of an amorphous structure, as in the case of
alumina-silica, a more uniform distribution of oxides occurs in the surface layer of
the composite with formation of a significant number of bridge bonds of the= M;)-
O(H)-M,,) = type.

To accomplish obtaining the core-shell nanoscale structure, the CVD method
[23-32] is applied, i.e. a layer of the second oxide is deposited from the vapour phase
on the already synthesized nanoparticles of the carrier oxide. This method has many
features associated with the structure formation of the second oxide on the core-
oxide surface. Thus in most cases, it is not possible to form a continuous layer of the
second oxide since it forms a crystalline or amorphous cluster structure [32]. Thus
the surface structure of the CVD-synthesized oxide composite includes both the
support and supported oxide surface areas, the ratio of which determines the surface
properties of the mixed oxide.

The deposition of the second oxide onto the carrier oxide can also be carried out
from the liquid phase using water, hexane, etc. as the solvents. Silica-supported
nanocomposites with CeO, ZrO, TiO, and Fe,O5; were synthesized by this method
[21, 33-37]. It was reported also in [22] as regards some other oxides, such as Mg,
Mn, Ni, Cu and Zn oxides, deposited on fumed silica. Depending on the deposited
oxide concentration, it is possible to obtain a layer of another oxide on the carrier
oxide surface, or the carrier becomes a matrix for the growth of particles of a separate
second phase at a higher content of the deposited oxide. In this case only a small
fraction of the surface of the carrier oxide interacts with the synthesized oxide. This
method is generally used to control the growth of the second phase particles due to
the presence of a carrier oxide.
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Another common method of synthesis using solvent is the sol-gel synthesis. The
sol-gel process is a well-established colloidal chemistry technology; the process
occurs in the liquid solution of organometallic precursors (TMOS, TEOS, Zr
(IV) propoxide, Ti(IV) butoxide, etc.) and results in formation of a new phase of
nanooxides by means of hydrolysis and condensation reactions. The main advan-
tages of the sol-gel method are high purity and homogeneous nanostructure with
predefined material properties at relatively low process costs. A lot of papers
reported on the study of sol-gel synthesis conditions and properties of the obtained
silica nanoparticles [38], zinc oxide [39], titanium dioxide [40] and mixed oxide
nanocomposites [41].

Thus the variety of synthesis methods provides the possibility of obtaining highly
dispersed oxide materials with diverse morphology and surface properties that are
promising sorbents for such types of pollutants as ions of heavy metals, dyes, etc.

8.3 Single, Mixed and Modified Nanosized Oxides
as Adsorbents

8.3.1 Metal Ions

Among the toxic pollutants introduced into the environment by humans as a result of
progressing urbanization and industrialization processes, heavy metals are particu-
larly dangerous. In the second half of the twentieth century, increased interest in
heavy metals and their impact on human organisms as well as on aquatic ecosystems
were observed. The main sources of heavy metals in the environment are natural and
anthropogenic ones. Circulation and migration of heavy metals in the natural
environment are mainly related to such processes as weathering rocks, eruption of
volcanoes, evaporation of oceans, forest fires and soil-forming processes. On the
other hand, anthropogenic sources of heavy metals included activity of various
branches of industries, transport, municipal economy, waste landfill, chemical
industry, fertilizers and wastes used for fertilization, energetics based on coal and
lignite combustion, ore mining, metallurgy and exhaust fumes [42, 43]. The problem
of heavy metal pollution largely concerns industrialized areas which produce a large
amount of wastewaters coming from mining, hydrometallurgy, textiles, paint and
pigment production, mineral fertilizers and plant protection products, rubber and
plastics, wood products, etc. [44—46] (Fig. 8.1).

The heavy metals that come from these sources are dispersed into the environ-
ment in an uncontrolled way resulting in atmosphere, surface, groundwater and soil
pollution [47]. Their ability to circulate in the environment and enter the food chain
results in a particular risk to plant, animal and human organisms. Heavy metals are
involved in the biogeochemical circulation which is part of the biological circuit
(flow of elements in the trophic chain) where the first link being a plant, the next
animal and the last one human (soil — plant — animal — human). Moving the
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Fig. 8.1 Sources of heavy metals

metals to the next link results in an increase in concentration, resulting in a partial
accumulation of these elements in a given cell. Heavy metals accumulate in the last
link, the human body. Moreover, their high durability and long half-life,
e.g. duration in soil >1000 years, non-biodegradability, biomagnification, chronicity,
synergic effect, teratogenicity and mutagenicity result in serious health problems
[42, 44, 48]. Long-term effects of heavy metals on the human body or acute toxicity
can cause damage to the central nervous system, problems with the cardiovascular
and gastrointestinal systems and damage to the internal organs, e.g. the liver, kidneys
and lungs, and can enhance the risk of some cancers, etc. [43, 44, 49]. Taking into
account danger of heavy metals, they can be divided into (a) very high, Cd, Hg, Pb,
Cu, Zn and Cr; (b) high, Mo, Mn and Fe; (c) medium, Ni and Co; and (d) low
degrees of potential risk, Sr and Zr. Hazards of bioaccumulation of heavy metals in
the environment determine the need for their removal. Despite the existence of
various methods of wastewater treatment, among others, membrane filtration, elec-
trodialysis, photocatalysis, chemical precipitation, coagulation, flocculation, reverse
osmosis or oxidation and new and effective ways of removing heavy metal ions from
wastewaters are still searched for [44, 45, 50-52]. Among these techniques, sorption
has come to the forefront as one of the major techniques for heavy metal removal
from wastewaters due to flexibility in design and operation, possibility of generating
high-quality treated effluents, high efficiency, metal selectivity, ease of operation,
high regeneration and reuse of sorbent, low-cost maintenance, etc. [52, 53]. Heavy
metal removal from water and wastewaters can be accomplished by sorption
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Fig. 8.3 Comparison of NFeO capacities for heavy metal ions [50, 57, 58]

processes using promising nanosized metal oxides such as aluminium, silica, ferric,
manganese, titanium, magnesium, cerium oxides, etc. of which the most widely
studied are iron oxides, manganese oxides, aluminium oxides and titanium oxides
[50]. In order to understand the mechanism of the sorption process on oxides
(interactions in the NMO-heavy metal system) and to compare the removal effi-
ciency of these pollutants, it is extremely important to gather detailed information
about the surface morphology of oxides, particle size, BET surface area, magnetic
properties and crystalline structure. Such information about NMOs can be obtained
using various techniques and methods presented in Fig. 8.2 [50, 54, 55].

Due to the wide use of NMOs as effective sorbents of heavy metal ions in the
literature, a number of papers devoted to this subject and review ones can be found
[50, 54-56]. For this reason only selected NMO applications are presented and cited
below. Widespread of iron, reuse of resources, being eco-friendly and ease in the
synthesis make nanosized ferric oxide (NFeOs) a common sorbent for heavy metal
removal. In this group of NFeOs, goethite (a-FeOOH), hematite (a«-Fe,O3), magne-
tite (Fe,O,4), maghemite (y-Fe,O3), amorphous hydrous FeOs and iron/iron oxide are
frequently used [50, 57, 58] (Fig. 8.3). As it was observed, divalent metal cations
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usually form inner-sphere surface complexes with NMOs. In the case of hydrous
ferric oxide (HFOs), the sorption processes seem to be poorly sensitive to ionic
strength variation, e.g. Cu(Il) and Pb(II) sorption on HFOs (0.0005-0.5 M NaClO,)
[59] and Pb(I) sorption on ferrihydrite (0.001-0.1 M NaNO3) [60], which might
suggest also inner-sphere complex formation. Sorption of Cr(VI), Cu(Ill) and
Ni(II) on maghemite is strongly pH-dependent [57], and under optimal pH electro-
static attraction, a mechanism similar to Cr(VI) sorption onto maghemite was
observed [50].

Nanosized manganese oxides (NMnOs), e.g. hydrous manganese oxide (HMO)
[61-65], mixed-valence manganese oxide, nanotunnel manganese oxide (octahedral
molecular sieve, OMS-1 or OMS-2) [66, 67], were applied for Cs(I) [61],
Hg(ID) [62], As [63], Cd [64], Pb(Il), Cd(II), Zn(Il) [65], radionuclides [66] and
hydrometallurgical wastewater (Al, Ca, Fe, Mg, Mn, Na) [67] removal. As was
pointed out, hydrous manganese oxide similar to HFO forms inner-sphere com-
plexes with metal (M(II)), and ion exchange process takes place during the sorption
processes. Moreover, the sorption process includes two steps such as rapid metal
adsorption on the external surface and slow intraparticle diffusion along the micro-
pore walls [65]. Additionally, HMO active sites are heterogeneous due to the fact
that the sorption is better represented by the Freundlich isotherm model [65]. In the
case of tunnelled manganese oxide, their sorption ability is strongly dependent on
their structure [66].

The other popular oxides for heavy metal ion removal are aluminium, titanium
and zinc ones [68]. As it was found, aluminium oxide can be chemically or
physically modified which allows to introduce additional functional groups
containing donor atoms, e.g. O, N, S and P, which improve removal efficiency of
heavy metal ions. Modification of y-Al,0O5; by y-mercaptopropyl-trimethoxysilane
(y-MPTMYS) in the presence of sodium dodecyl sulphate (SDS) improves removal
efficiency of Zn(II), Pb(Il), Cu(Il) and Fe(III) from 55, 36, 27 and 24% (Al,03 1 g,
SDS 50 mg, without MPBIM) to 100, 98, 97 and 96% (Al,O5 1 g, MPBIM 40 mg,
SDS 50 mg). Surfactant-coated alumina modified by dithizone for Pb(II) sorption
[69] or surfactant-coated alumina with immobilized 1,10-phenantroline for
Cu(Ill) and Cd(Il) determination [70], y-Al,03 modified by dinitrophenylhydrazine
(DNPH) for Pb(II), Co(Il), Cr(III), Cd(II), Ni(II) and Mn(II) sorption [71] was also
applied. During the sorption process, metal sorbs on the surface through surface
interactions or/and chemical-bonding interactions take place. In the case of alumina
modified by y-MPTMS, three mechanisms of sorption can be found: (a) interactions
between thiol groups and metal ions, (b) hydrolyzation of metal ions and
(c) electrostatic sorption. Depending on pH of the solution, mechanism (a) plays a
more significant role in the case of acidic solutions, whereas for basic solutions
mechanisms (b) and (c) are dominant.

As it was mentioned above, titanium and zinc oxides are also found in application
in heavy metal removal due to their unique advantages, e.g. simple and cheap to
prepare and convenient to tailor morphologically. Some examples of the results of
heavy metal sorption on titanium and zinc oxide can be found in Table 8.1.
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Fig. 8.4 Comparison of sorption capacities obtained for Cr(VI) on NMgOs of various
morphologies

Nanosized magnesium oxides (NMgOs), e.g. nanorods, nanowires, nanotubes,
nanobelts, nanocubes, etc., of various morphologies were obtained. Then their
sorption behaviours towards heavy metal ions were examined, e.g. chromium
removal by MCH (magnesium carbonate hydrate) of the phase structure from
monocyclic (Mgs(CO5)4(OH),(H,0),4) to hexagonal (MgCOj3) [78]. As it was
found, both nanoflakes and flowerlike microspheres ensure very good adsorption
efficiency (Fig. 8.4). After 120 min of phase contact time, the concentration of
Cd{I) and Pb(I) decreased significantly from 100 mg/L to 0.007 mg/L and
0.05 mg/L, respectively.

Nanosized cerium oxide sorption behaviour depends on the size, shape, morphol-
ogy and surface area [50, 79]. Cr(VI) sorption on the CeO, nanoparticles (synthe-
sized by oxidation of Ce(Il) nitrate under basic conditions using
hexamethylenetetramine) of the mean size 12 nm and the BET surface area shows
that after the sorption process, Cr(VI) was not present in the solid phase (only Cr(III)
was present), whereas in the liquid phase, Cr(VI) exists. This fact indicates that on
the surface of nanoparticles, the Ox-Red process can be possible and reduction of
chromium takes place. The sorption process of chromium can be described by the
pseudo-second-order kinetic equation and the Freundlich model [80]. Similarly to
magnesium oxide, cerium oxide can be also obtained in different morphological
forms. Ceria hollow nanospheres obtained by the hydrothermal method of nano-
crystal size 14 nm and the BET surface area of 72 m*/g give nearly 70 times higher
sorption capacities for Cr(VI) 15.4 mg/g and Pb(I) 9.2 mg/g than the commercial
bulk ceria material. The isotherm was well described by the Langmuir isotherm
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model. Removal of Cd(II), Pb(II) and Cr(VI) ions in single- and three-component
solutions using cerium oxide (CeO,) nanoparticles was carried out by Contreras
et al. [81]. The highest percentage of removal was obtained in the case of Pb(Il)
adsorption capacity which was equal to 128.1 mg/g, then for Cd(II) 93.4 mg/g and
finally for chromium(VI) 34.4 mg/g. pH effect (pH = 5, pH =7) on % removal
efficiency was observed for Cd(I) and Cr(VI), whereas in the case of Pb(II), the pH
effect was not pointed out. Additionally, sorption capacities were not affected by the
type of system (single or three component).

Due to the possibility of agglomeration of NMOs, which results in loss of activity
and pressure drop when used in the column systems as well as difficulty in separa-
tion, attempts are made to overcome these disadvantages by obtaining hybrid
adsorbents impregnating or coating NMOs into/onto a larger size porous support
forming an NMOs-supported host [50]. As the host support of NMOs for heavy
metal removal, there can be applied natural supports, e.g. raw bentonite (RB), sand,
montmorillonite and metallic oxide, as well as manufactured polymer supports
[50]. Eren applied iron-coated (ICB, iron-coated bentonite) or magnesium-coated
(MCB, magnesium-coated bentonite) RB for Pb(II) removal. The sorption capacities
for Pb(II) were in the following order: RB 16.7 mg/g < ICB 22.2 mg/g < MCB
31.86 mg/g (Langmuir capacities) [50, 82]). The sorption yield of Pb(Il) using
bentonite increases with the pH increase (competition between H* and Pb(Il) of
exchange site can proceed), whereas with the ionic strength increase from 0.01 to
0.1 M Pb(Il), the adsorption yield significantly decreases [50]. The presence of C1~
anions also affects the Pb(II) sorption efficiency which results in different Pb
(IT) complexes. MCB was also applied for Cu(Il) sorption. In this case sorption
also depends on the kind of adsorbent surface; Cu(Il) forms in the solutions as well
as on pH of solutions. For Cu(II) on MCB, the sorption capacities can be presented in
the following order: RB 42.41 mg/g < MCB 58.44 mg/g [83]. The other examples of
supported NMOs for heavy metal removal from water, e.g. anodic alumina mem-
brane, activated carbon, aluminium oxide, polymeric cation exchanger, etc., are
reported in [50].

Magnetic sorbents based on NMOs for heavy metal removal can be also found in
the literature [50, 84—86]. In the case of magnetic sorbents, modification of magnetic
NFeOs can proceed by the amino, zeolite, poly(3,4-ethylenedioxythiophene)
(PEDOT) groups, carbon nanotubes, humic acid, acrylic acid, alginic acid, hydrogel,
Si0,, graphene nanosheets, etc. Such modification prevents from air oxidation and
particle aggregation.

8.3.2 Dyes

Intense development of many industries using dyes and pigments to colour their
products directly contributes to pollution of the aquatic environment with these
substances. Figure 8.5 shows the dyes consumption in various branches of industry
in recent years [87-93].
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Fig. 8.5 Dyes consumption in different industries

Adsorption methods have a well-established position in the dyes wastewater
treatment technology. Adsorbents composed of inorganic oxides such as SiO,,
TiO,, Al,O3, Fe,O3, MgO or CaO are frequently used in removal processes of
dyes from aqueous solutions. By altering the composition of oxide adsorbents, it is
possible to remove different types of dyes, i.e. acid, reactive, direct or basic. An
important feature of NMOs is the ability to modify their surface with different
reagents, which allows to introduce new functional groups and obtain totally differ-
ent materials of high quality and functionality. Taking into account the valuable
morphological and microstructural properties of NOMs as well as mechanical
strength and non-toxicity in many cases, these sorbents become increasingly popular
every year in textile effluent treatment [94]. In addition, they are increasingly used as
substrates for the synthesis of modern hybrid materials applied for wastewater
treatment.

Decolourization of model solutions and raw wastewaters containing dyes from
different industrial branches has been studied by many research teams all over the
world. The selected results of studies on the use of mixed oxides for dyes removal
are presented below.

The mixed nanooxides of Ti and Si (241 m%/g) and Ti, Al and Si (433 m%/g) are
characterized by high adsorption capacities for basic dyes such as methylene blue
and rhodamine 6G [95]. According to Pal et al. [95], the maximum adsorption
capacity of the mixed oxide containing Ti and Si for methylene blue was found to
be 162.96 mg/g. It is worth noting that the maximum adsorption capacity of the
mixed Ti and Si oxide is almost 2.5 times higher than the adsorption capacity of the
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Fig. 8.6 Mechanism of interactions of rhodamine B with the surface hydroxyl groups of mixed
TiO,-Si0; oxides of different compositions under the experimental conditions at pH 5-7

mixed oxide containing Ti, Al and Si (65.78 mg/g). The slightly lower value of the
adsorption capacity of the mixed Ti and Si oxide equal to 142.9 mg/g was found.

Rasalingam et al. [96] synthesized mesoporous titania-silica oxides of different
compositions for rhodamine B adsorption. Among the prepared titania-silica oxides,
the highest adsorption capacities were observed for the X-TiSi-03 (Ti0,:Si0, = 1:2)
and X-TiSi-04 (TiO,:Si0, = 1:3) sorbents which are related to large pore volumes
of 0.56 and 0.58 cm®/g, respectively. The monolayer sorption capacities calculated
from the Langmuir adsorption model were found to be 41.2 mg/g for X-TiSi-03 and
44.1 mg/g for X-TiSi-04. The sorption of rhodamine B (Fig. 8.2) under pH 5-7 on
these materials occurs as a result of the electrostatic interactions between the surface
hydroxyl groups (—OH) of TiO,-SiO, and the positively charged diethylamino
groups of the dye as shown below (Fig. 8.6). The presence of oxygen bridges Ti-
O-Si also favours adsorption of rhodamine B.

A more complex mechanism of interactions between the dye molecules and
silica-based nanocomposite was postulated by Tanzifi et al. [97]. Adsorption of the
diazo dye Amido Black B and polyaniline/SiO, is a result of interactions between
hydroxyl, imine and amine functionalities of the oxide-based sorbent and the amine,
hydroxyl and azo groups of Amido Black B. Not only the electrostatic but also van
der Waals and hydrogen bonding can exist between these groups. Chemisorption of
Amido Black B on the polyaniline/SiO, was confirmed by the kinetic studies. The
applicability of the pseudo-second-order equation for description of the data was
verified by the value of the determination coefficient (#* = 1). The surface area, total
pore volume and pore diameter for the polyaniline/SiO, were determined as 13.36 m
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Fig. 8.7 Comparison of maximum sorption capacities of SA3 and SA96 oxides for three textile
dyes

%/g, 3.07 cm/g and 15.37 nm, respectively. Not only these parameters but also
medium pH, adsorption time, temperature and mass of the sorbent influenced Amido
Black B adsorption. The adsorption efficiency decreased from 98.6% to 96.8% with
the increasing solution pH from 2 to 10. The equilibrium time of adsorption was
equal to 60 min. Thermodynamic studies revealed that the retention of Amido Black
B on the polyaniline/SiO, was endothermic.

Si0,-Al,053 mixed oxide modified by ferrocene was applied for methyl orange
removal by Arshadi et al. [98]. The modified SiO,-Al,O3 (Si/Al-Fe) was a more
efficient adsorbent for methyl orange removal (89.0%) after 30 min compared with
the non-modified SiO,-Al,O3 (only 4.2% of dye was removed). The maximum
adsorption capacity of Si/Al-Fe was equal to 381.0 mg/g. The process followed
the pseudo-second-order kinetic model and was spontaneous and endothermic.

Two NMOs composed of SiO, and Al,O3 were applied for three textile dyes such
as Acid Orange 7, Reactive Black 5 and Direct Blue 71 removal from aqueous
solutions and wastewaters [10, 11, 99]. The percentage of silicon dioxide in the
sorbents was 97% (SA3) and 4% (SA96). The mixed oxides were synthesized using
the pyrogenic method which allows to obtain high concentration of Si-O-Al groups
on the surface. The maximum sorption capacities (g,,,..) of both oxides for the above-
mentioned textile dyes are shown in Fig. 8.7 [10, 11, 99].

It is important to emphasize the highest SA96 sorption capacity for the direct dye
(49.2 mg/g). It was noticed that Direct Blue 71 adsorption on SA96 decreased in the
presence of the anionic surfactant sodium dodecyl sulphate (SDS), whereas sodium
chloride did not influence the retention of the dye [11]. The impact of auxiliaries
such as surfactants and electrolytes on dye removal is very important because these
substances are frequently present in industrial wastewaters originating from textile
plants. The proposed adsorption mechanism of Direct Blue 71 dye on SA96
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involved both the electrostatic interactions and hydrogen bonding. In paper [11] it
was also confirmed that the mixed oxide SA96 can be applied for decolourization of
raw textile wastewaters; 30% reduction of colour was observed after 96 h of
contact time.

8.3.3 Polymers

Polymers soluble in the aqueous medium find a wide usage in many branches of
industry, environmental protection and agriculture. Acrylic acid polymers (e.g. poly
(acrylic acid), PAA, copolymer of acrylic acid with acrylamide-anionic poly(acryl-
amide), PAM) are used as fillers in washing powders. They function as chelating
agents, i.e. remove calcium and magnesium ions. They are applied as dispersants,
foaming agents, thickeners, boiler scale inhibitors and flocculants. They are also
used as auxiliaries for the paper and textile industries and wastewater treatment and
as aids for the extraction of crude oil [100, 101]. The high-molecular-weight poly-
acrylamides (especially of ionic character) act as effective agents preventing soil
erosion and improving textural structure of arable soils. Additionally, poly(vinyl
alcohol), PVA polymers and copolymers have important biomedical and pharma-
ceutical applications [102]. The PVA hydrogels have been studied as candidates for
the tissue replacement material for soft contact lenses, artificial heart linings, artifi-
cial cartilages, catheters, skin and pancreas membranes. They are also components of
drug delivery systems in oral, transdermal, buccal, intramuscular and rectal routes of
administration. Moreover, PAA and PVA are excellent polymeric carriers for pro-
teins, enzymes, drugs and other biologically active substances.

Such extensive use of polymers is associated with their presence in municipal and
industrial effluents. The basic method of their removal is adsorption on different
kinds of adsorbents, including mixed oxides.

The adsorption properties of four mixed oxides of the Me,Oy-SiO, type (Me,
metal atom: Mg, Cu, Mn or Zn) in relation to poly(vinyl alcohol) with the average
molecular weight 100,000 and the content of acetate groups equal to 14% were
examined [5, 6, 103]. NMOs including silica and a given metal oxide were charac-
terized by different contents of metal oxide, i.e. 0.2 and 1 mmol/g SiO,. Thus they
were designated as 0.2 Me,O,-SiO, and 1 Me,O,-SiO,, respectively.

As can be seen in Fig. 8.8 at pH 6, PVA shows similar affinity for the surfaces of
all examined mixed oxides of which the highest adsorption of the polymer was
obtained for 1 Mn,O,-SiO, (approx. 0.4 mg/m?). Additionally, for all studied
systems, the adsorbed amount of polyalcohol increases with the increasing content
of metal oxide in the mixed oxide structure. The electrokinetic data proved that the
solid surface group containing metal atoms (-Si-O-Me) [104] exhibits preferential
adsorption properties of the polymer in relation to the silica hydroxyl ones (-Si-O-
H). For this reason a greater number of possible connections between the polymer
segments and the -Si-O-Me groups can be formed. As a result, the polymer adsorp-
tion increases with the increasing metal oxide content in the silica hybrid material.
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polymer concentration 100 ppm, pH 6)

Under natural pH conditions (pH 6), the PVA binding with the mixed oxide surface
is mainly of electrostatic nature (points of zero charge (pzc) for all Mn,O,-SiO,
adsorbents are at the pH values higher than 6) [5, 6, 103]. Under such conditions the
electrostatic attraction between the negatively charged macromolecules (containing
ionized acetate groups) and the positive solid surface (coming from the silica SiOH,*
groups and metal -Si-O-MeOH," ones) occurs.

The significantly greater adsorption of poly(vinyl alcohol) reaching 0.7 mg/m>
was obtained on the surface of ternary alumina-silica-titania (Al,O5-SiO,-TiO,,
AST) mixed oxide (Fig. 8.9). Two AST oxides differed in composition — AST50
consisted of 50% TiO,, 28% SiO, and 22% Al,O; whereas AST71 71% TiO,, 8%
Si0, and 21% Al,05; were applied (Fig. 8.9).

The amount of adsorbed PVA on the AST surface depends on the solution pH —
the decrease of poly(vinyl alcohol) adsorption with the increasing pH for AST50-
containing system and the increase of PVA adsorbed amounts with the pH rise on the
AST70 surface occur. This is due to specific conformation of the adsorbed macro-
molecules on the surfaces of examined oxides (with different types of active sites)
[105, 106]. The concentration of the hydroxyl surface groups of the mixed oxide,
both neutral (-MeOH) and charged (-MeOH,", -MeO ™), where Me means Al, Si and
Ti atoms, changes with the pH increase. AST50 oxide was characterized by the
pHy,. and pHje,, (isoelectric point) values equal to 4.8 and 5.8 whereas AST70 by 4.2
and 8.6, respectively. These differences, especially considerable between the diffu-
sion parts of electrical double-layer composition (manifested by pHie, position),
change significantly adsorption properties of AST mixed oxides and influence
efficiency of PVA removal from aqueous solutions of varying pH values.
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surface (initial polymer concentration 100 ppm)

Two mixed silica-titania oxides were also used for the anionic polyacrylamide,
PAM adsorption (Fig. 8.10). The polymeric substance was characterized by the
average molecular weight 15,500,000 Da and the content of carboxyl groups equal
to 50%. The composition of Si0,-TiO,, ST oxides was as follows: ST20, 80% SiO,
and 20% TiO, and ST80, 20% SiO, and 80% TiO,.
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As can be seen in Fig. 8.9, the adsorption properties of silica-titania mixed oxide
in relation to anionic polyacrylamide are determined by the solid composition. This
polymer exhibits significantly greater affinity for the surface of the mixed oxide
containing 80% of TiO,. The main reason for this can be a greater tendency of
polymeric functional groups (especially carboxyl and amide — to the lesser extent
[107]) to interact with the surface groups combined with titania atoms. In such a
case, the PAM macromolecules assume flatter conformation on the ST20 oxide
surface (characterized by a small content of TiO5). It limits considerably the acces-
sibility of other polymeric chains to the solid surface and leads to the decrease in
PAM adsorbed amounts. Due to the fact that anionic polyacrylamide contains as
much as 50% of dissociable carboxyl groups, its interfacial behaviour is influenced
by the solution pH. For both examined ST oxides, the greatest adsorption level of
PAM is observed at pH 3, at which the favourable electrostatic interactions between
the solid and the polymer occur (pHp,. values were 3.8 and 4.8 for ST20 and ST3O0,
respectively). The attractive interactions were observed between the slightly nega-
tively charged macromolecules (small dissociation of PAM carboxyl groups) and the
oppositely charged surface hydroxyl groups.

Similar tendencies were observed in the SiO,-Al,Os/poly(acrylic acid) system
[108], which is presented in Fig. 8.11. Each segment in the poly(acrylic acid) PAA
chain contains the carboxyl functional group (characterized by the pK, value 4.5).
The composition of the SiO,-Al,03, SA adsorbents was SA3, 97% SiO, and 3%
Al,O3 and SA96, 4% SiO, and 96% Al,O;. These oxides had the following pH,.
values: 3.4 for SA3 and 7.6 for SA96.

It should be noted that under unfavourable electrostatic forces between the
adsorbate and the adsorbent, the polymer adsorption on the mixed oxide surface

0,7 |

o NN e - =0 0z
SA3 SA96

EpH3 mpH6 "pHY

Fig. 8.11 Adsorbed amounts of poly(acrylic acid) PAA 240,000 on the SiO,-Al,Oj3 surface (initial
polymer concentration 100 ppm)
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proceeds through the hydrogen bridges and chemical bonds [109]. Carboxyl groups
of the polymer can act both as a donor and an acceptor of protons. In such a situation,
their binding with the solid surface can take place between all types of adsorbent
groups (negative, positive and neutral) and undissociated and dissociated PAA
functional groups.

8.4 Conclusions

In the development of inorganic and organic substances such as metal ions, dyes and
polymers, the adsorbents possessing not only high adsorption capacity but also by
relatively low cost, are largely expected in both science and technology. As was
shown above, different NMOs are widely used for their removal from water and
wastewaters. Despite various advantages of NMOs, there still exist some technical
bottlenecks which should be solved, e.g. problems with aggregation in aqueous
solution, capacity loss, pressure drop in the column operation and economic and
efficient and easy separation of NMOs from aqueous solutions. Such problems still
remain an interesting and challenging task. Therefore fabrication of new NMOs-
based composites of much better properties has been still in progress.
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