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ABSTRACT
Polymer intercalated clay nanocomposite materials were prepared using several
montmorillonites and PDDA (Polydiallyldimethylammonim chloride) polymer and they were
tested for the removal of nitrate, perchlorate and chromate anions from aqueous solutions. The
polymer intercalated nanocomposite materials were prepared at room temperature using PDDA
corresponding to 2 times the cation exchange capacity (CEC) of montmorillonite.
Powder X-ray diffraction (XRD) analysis of the above polymer intercalated
nanocomposite materials either showed no crystalline peaks or very broad spacing with the
intercalation of PDDA polymer in the interlayers probably as a result of a exfoliation of the clay
layers. Infrared spectroscopy revealed the presence of PDDA in all the nanocomposite materials.
The adsorption/uptake of nitrate, perchlorate and chromate by polymer intercalated
nanocomposite materials prepared from three different montmorillonite s was investigated.
The maximum adsorption capacities of nitrate, perchlorate and chromate by one of the polymer
intercalated nanocomposite materials prepared from montmorillonite, Kunipea, Japan were
calculated to be 0.40 𝑚𝑚𝑜𝑙/𝑔, 0.44 𝑚𝑚𝑜𝑙/𝑔 and 0.299 𝑚𝑚𝑜𝑙/𝑔, respectively. The other two
polymer intercalated nanocomposite materials prepared from montmorillonites from Wyoming
and China showed very good uptake capacities for perchlorate but somewhat lower uptake
capacities for chromate and nitrate compared to the nanocomposite prepared from
montmorillonite from Kunipea, Japan.
The adsorption data of nitrate, perchlorate and chromate were fitted to the Langmuir and
Freundlich adsorption isotherms and pseudo-first order and pseudo-second order kinetic models
to better understand their adsorption mechanisms. The nitrate, perchlorate and chromate uptakes
by the polymer intercalated nanocomposite materials could be described well using the
Freundlich isotherm while their uptake kinetics fitted well to the pseudo-second order model.
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Nitrate, perchlorate and chromate uptake kinetics were found to be fast as equilibrium
was reached within 4ℎ. Furthermore, the uptakes of chromate by polymer intercalated
nanocomposite materials were found to be highly selective in the presence of 𝐶𝑙 − , 𝑆𝑂42− and
𝐶𝑂32− , the most abundant naturally occurring anions. Therefore, polymer intercalated
nanocomposite materials could be used as highly efficient adsorbents for the separation of
especially chromate from drinking water, wastewater or ground water.
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Chapter 1
Introduction
Industrial, mining, refinery, and chemical storage sites pose risks of releasing harmful
pollutants to the environment. Of the numerous toxic organic and inorganic species potentially
generated at such sites, anionic contaminants are highly mobile in soils and can be leached into
groundwater and lead to environmental and health hazards. Elevated levels of oxyanions have
been found in the environment and they can be harmful to both humans and wildlife. For
example, chlorite, bromate and fluoride can be leaked from water treatment operations,
perchlorate from military industries, and cyanide from mining. In addition, petroleum production
also generates highly saline solutions containing multiple toxic anions (Kharaka et al., 2005)
Another source of toxicity arises from irrigation in arid environments, which concentrates
contaminants such as arsenate and selenate, resulting in human health hazards.

1.1 Statement of problem
The main harmful oxyanions are arsenite, arsenate, borate, bromate, chlorate, chromate,
nitrate, perchlorate, selenite, vanadate, etc. Among these anions the nitrate, perchlorate, and
chromate are of environmental concern because they severely affect human health.

1.1.1 Perchlorate
Perchlorate has been widely used in rocket fuels, propellants, explosives and some
consumer products (Urbansky et al., 1999, Dasgupta et al., 2005). With high doses of perchlorate
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ingested, the development of the skeletal system and the central nervous system of infants will be
affected, and the uptake of iodine into the thyroid may also be affected (Borjan et al., 2011).
According to these findings, several environmental agencies have established standards
for perchlorate. The EPA (US Environmental Protection Agency) and other federal agencies,
states, water suppliers and industry are working to address perchlorate contamination through
monitoring for perchlorate in drinking water and source water and developing treatment
technologies that can remove perchlorate from drinking water. There are several types of
treatment systems designed to reduce perchlorate concentrations, which are operating around the
United States, reducing perchlorate to below the 4 𝑝𝑝𝑏 level (US Environmental Protection
Agency, USEPA, 2005).
The National Academy of Engineers has recommended a reference dose (RfD) of 0.7
𝜇𝑔/𝑘𝑔/𝑑, which yields a drinking water equivalent limit of 24.5 𝜇𝑔/𝐿 assuming a relative source
contribution (RSC) of 100% and a 2.0‐L daily water intake for a 70 𝑘𝑔 adult ( Wang et al., 2008).
Therefore, there is a clear need to develop cost-effective selective anion exchangers for the
removal of perchlorate from water.

1.1.2 Chromate
Chromium exists in a wide range of valency states from -4 to +6. The hexavalent species
(𝐶𝑟 6+ ) is usually present as chromate in natural aquifers and its trivalent counterpart (𝐶𝑟 3+ )
occurs in the municipal wastewater rich in organics (Fukai, 1967; Jan and Young, 1978).
Since the 19th century, chromate has been widely used in tannery, electroplating and
dyestuff production. As the fast development of stainless and heat-resistant steel in the early 20th
century, the importance of chromate has further grown rapidly. There is great need for the
remediation of chromate in these industries.
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Chromate is highly toxic and is a worldwide problem. A slight elevation in the level of
chromate elicits environmental and health problems because of its high toxicity (Petrilli and
Flora, 1977; Sharma et al., 1995), mutagenicity (Nishioka, 1975) and carcinogenicity (Venitt and
Levy, 1974). Almost every regulatory agency has listed Chromate as a priority toxic chemical for
control, with the maximum allowable level in drinking water of 50–100 𝜇𝑔/𝐿 (Tchobanoglous
and Burton, 1991; Hedgecott, 1994; Sawyer et al., 1994; LaGrega et al., 2001). The United States
Environmental Protection Agency (US EPA) has identified chromate as one of the 17 chemicals
posing the greatest threat to humans (Marsh and McInerney, 2001). The MCL (Maximum
Contaminant level) required by EPA for chromium is 0.1 𝑚𝑔/𝐿 in drinking water. Because the
hexavalent chromium and trivalent chromium can be converted back and forth in water and also
in the human body, depending on environment conditions, the 𝐶𝑟 6+ (chromate) and 𝐶𝑟 3+ are
regulated with the same standard (US Environmental Protection Agency, USEPA, 2003).

1.1.3 Nitrate
Nitrate is an essential nutrient for plants and plays a key role in agricultural crop
production, which is a very important input for the sustainability of agriculture (Wang et al.,
2007). Animal excretion is also one of the most common sources of nitrate (Neşe et al., 2008).
However, contamination of ground water with nitrate can occur as a result of excessive use of
nitrate fertilizers and also through leaking of septic systems. Furthermore nitrate can bring
eutrophication and infectious diseases, such as cyanosis and cancer of the alimentary canal
(Afkhami, A. 2003). Because of the toxicity of nitrate, The US Environmental Protection Agency
(US EPA) has set the MCL for nitrate at 10𝑚𝑔/𝐿 in drinking water.
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1.2 Research Objectives
The main objective of this thesis research is to develop novel clay-polymer
nanocomposites for removal of anions. The specific objectives of this thesis research are (a) to
prepare polydiallyldimethylammonim (PDDA) intercalated montmorillonite clay nanocomposite
materials (b) to study the uptake of perchlorate, nitrate, chromate anions by montmorillonitePDDA nanocomposites, (c) to characterize the materials before and after uptake of perchlorate,
nitrate and chromate anions and (d) to study the kinetics of uptake and selective uptake of the
various anions by the montmorillonite-PDDA nanocomposite materials.
Chapter 2 includes the review of current literature on the removal of different anionic
contaminants including perchlorate, chromate and nitrate by several synthetic materials like
layered double hydroxide (LDH), orgranoclays and organosilicas (As-synthesized MCM-41 is a
prototypical example, Beck et al., 1992). Chapter 3 describes the experimental methods used to
synthesize and characterize clays intercalated with Poly (diallyldimethyl ammonium). Chapter 4
presents the results on uptake of perchlorate, nitrate and chromate by montmorillonite-PDDA
nanocomposites i.e., clays intercalated with Poly (diallyldimethyl ammonium) cations. Chapter 5
gives a summary and the overall conclusions from this research.

References
Afkhami, A. (2003). Adsorption and electrosorption of nitrate and nitrite on high-area
carbon cloth: an approach to purification of water and waste-water samples. Carbon, 41(6), 13201322.
Bailar, J.C., 1997. Chromium. In: Parker, S.P. (Ed.), McGraw-Hill Encyclopedia of
Science and Technology, eighth ed. vol. 3. McGraw- Hill, New York.

5
Borjan, M., Marcella, S., Blount, B., Greenberg, M., Zhang, J. J., Murphy, E.& Robson,
M. (2011). Perchlorate exposure in lactating women in an urban community in New Jersey.
Science of the total environment, 409(3), 460-464.
Dasgupta, P. K., Martinelango, P. K., Jackson, W. A., Anderson, T. A., Tian, K., Tock,
R. W., & Rajagopalan, S. (2005). The origin of naturally occurring perchlorate: the role of
atmospheric processes. Environmental Science & Technology, 39(6), 1569-1575.
Fukai, R., 1967. Valency state of chromium in seawater. Nature (London) 213, 901.
Hedgecott, S., 1994. Prioritization and standards for hazardous chemicals. In: Calow, P.
(Ed.), Handbook of Ecotoxicology. Blackwell, Oxford.
Jan, T. K., Young, D.R., 1978. Chromium speciation in municipal wastewaters and
seawater.
Kharaka, Y. K., Thordsen, J. J., Kakouros, E., & Herkelrath, W. N. (2005). Impacts of
petroleum production on ground and surface waters: Results from the Osage–Skiatook Petroleum
Environmental Research A site, Osage County, Oklahoma. Environmental Geosciences, 12(2),
127-138. Journal of Water Pollution Control Federation 50, 2327–2336.
LaGrega, M.D., Buckingham, P.L., Evans, J.C., 2001. Hazardous Waste Management,
second ed. McGraw-Hill, New York.
Marsh, T.L., McInerney, M.J., 2001. Relationship of hydrogen bioavailability to
chromate reduction in aquifer sediments. Applied and Environmental Microbiology 67, 1517–
1521.
Neşe, Ö., & Ennil, K. T. (2008). A kinetic study of nitrite adsorption onto sepiolite and
powdered activated carbon. Desalination, 223(1), 174-179.
Nishioka, H., 1975. Mutagenic activities of metal compounds in bacteria. Mutation
Research 31, 185–189.

6
Petrilli, F.L., Flora, S.D., 1977. Toxicity and mutagenicity of hexavalent chromium on
Salmonella typhimurium. Applied and Environmental Microbiology 33, 805–809.
Sharma, D.C., Chatterjee, C., Sharma, C.P., 1995. Chromium accumulation and its
effects on wheat (Triticum aestivum L. cv. HD 2204) metabolism. Plant Science 111, 145–151.
T. Stephenson, Sources of heavy metals in wastewater, in: J.N. Lester (Ed.), Heavy
Metals in Wastewater, vol. 1, CRC Press, Boca Raton, 1987, p. 47.
Tchobanoglous, G., Burton, F.L., 1991. Wastewater Engineering: Treatment, Disposal,
and Reuse, third ed. McGraw-Hill, New York.
Venitt, S., Levy, L.S., 1974. Mutagenicity of chromates in bacteria and its relevance to
chromate carcinogenesis. Nature (London) 250, 493–495.
Y. Wang, B.-Y. Gao, W.-W. Yue, Q.-Y. Yue, Adsorption kinetics of nitrate from
aqueous solutions onto modified wheat residue, Colloids and Surfaces A: Physicochemical and
Engineering Aspects 308 (2007) 1–5.
Urbansky, E. T., & Schock, M. R. (1999). Issues in managing the risks associated with
perchlorate in drinking water. Journal of Environmental Management, 56(2), 79-95.
U.S. Envionmental Protection Agency. (2003). Disposition of Comments and
Recommendations for Revision to "Perchlorate Environmental Contamination: Toxicological
Review and Risk Characterization" (External Review Draft, January 16, 2002). EPA/600/R03/031.
U.S. Environmental Protection Agency, Just the Facts forConsumers: Arsenic in Your
Drinking Water, 2007
U.S. Environmental Protection Agency, Just the Facts for Consumers: Arsenic in Your
Drinking Water, 2007
World Health Organization, Arsenic in Drinking-water, 2011
World Health Organization, Selenium in Drinking-water, 2011

7
Wang, D. M., & Huang, C. P. (2008). Electrodialytically assisted catalytic reduction
(EDACR) of perchlorate in dilute aqueous solutions. Separation and Purification Technology,
59(3), 333-341.

8

Chapter 2
LITERATURE REVIEW

2.1 Methods of anion removal
Many technologies have been developed to remove perchlorate, chromate and nitrate
effectively. All technologies available for removal of anions or their destruction in aqueous
systems can be classified mainly into physical removal and chemical removal techniques.
Specific techniques are membrane filtration, electrochemical treatment, biodegradation,
adsorption/ion exchange, etc.

2.1.1 Membrane filtration
All membrane filtration technologies can be classified as reverse osmosis (RO),
nanofiltration (NF) and ultrafiltration (UF) using membranes for removing target anions from
drinking water.
Yoon et al. (2002) performed measurements of the rejection of perchlorate (at a
concentration of 100 𝜇𝑔/𝐿) by using NF and UF membranes. The results indicate that, in a pure
one component system, perchlorate can be excluded from negatively charged membranes with
pores larger than the size of the ion, but this rejection capability is quickly lost in the presence of
a sufficient amount of other coexisting anions that can screen the apparent electrostatic force
field.
Keskinler et al. (1997) investigated the surfactant enhanced crossflow filtration technique
in which the cationic surfactant, cetyl trimethylammonium bromide (CTAB), was the carrier for
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the metal ions. The variation of chromate and surfactant rejections, and permeate flux with time
were measured as a function of CTAB/chromate concentration ratio, while maintaining a constant
transmembrane pressure drop, membrane pore size, and pH of the feed solution. The method was
found to be effective in removing chromate from water.
Kimura et al. (2002) used combined methods of elemental sulfur-based denitrification
(autotrophic denitrification) and membrane separation to remove the nitrate. Dissolved oxygen
concentration and sulfur/biomass ratio in the membrane chamber were found to be the key factors
to maintain high-process performance.
Ergas et al. (2004) studied a complete method using a membrane bioreactor to remove
nitrate in contaminated drinking water. In this method, nitrate contaminated water flows through
the lumen of tubular microporous membranes and nitrate diffuses through the membrane pores
and denitrification takes place on the shell side of the membranes, creating a driving force for
mass transfer. The microporous membranes provide a high nitrate permeability, while separating
the treated water from the microbial process, reducing carryover of organic carbon and sloughed
biomass to the produced water.
Pressure driven membrane filtration technology is a very promising method for
removing perchlorate from drinking water, but this technology has a big hindrance to its
application in large scale systems because anion is just removed from one stream to another
stream but the reject stream needs further treatment. Also electrodialysis may be more effective
than conventional membrane filtration for anions but its operation costs are very high

2.1.2 Electrochemical treatment
Electrochemical reduction shows a wealth of merits since it completely destroys
perchlorate without the use of catalysts.
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Lang et al. (2008) evaluated perchlorate reduction in acid media at smooth
polycrystalline rhodium electrodes by voltammetry, chronoamperometry and impedance
spectroscopy. The authors proposed a new mechanism for the electrocatalytic reduction of
perchlorate. The reduction process apparently starts with perchlorate adsorption at free active
sites on the metal surface. It is also assumed that the whole process starting from perchlorate
occurs on the surface and the role of desorption of intermediates can be neglected. On the basis of
the kinetic model an expression had been derived for the impedance of the electrode, which fitted
the experimental data quite well. However, there is no experiment concerning practical
application.
Wang et al. (2009) investigated the reduction of perchlorate and nitrate at the Ti–water
interface by indirect electrochemical reduction process. Results indicate that perchlorate and
nitrate can be reduced readily at the surface of a Ti anode simultaneously. Upon the application of
an anodic current at the Ti electrode, Ti species such as Ti(III) or Ti(II) are generated. These
multivalent Ti species are strong reducing agents that can reduce perchlorate and nitrate. The
dominant end product of the indirect electrochemical reduction is chloride or nitrite.
Almeida et al. (1997) studied the electrochemical reduction of perchlorate at tin
electrodes. The results indicate that perchlorate reduction is easier in more acidic solutions, and
the reduction product is a critical factor in the electrochemical response of tin. The optimum
reduction effect was obtained at −1.1 V in 0.5 M perchlorate solution (pH = 4.0). The authors also
cautioned that the use of perchlorate as a supporting electrolyte to examine tin systems must take
into account the presence of chloride.
Rusanova et al. (2006) studied the electrochemical reduction of perchlorate in a cell with
a nickel working electrode and a platinum counter electrode in concentrated solutions of HClO4.
When the experiments were carried out at −0.9 𝑉 in 1 M HClO4 solution, the 𝐶𝑙 −1 concentration
was increased with the cell temperature. However, working at higher temperatures with
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concentrated perchlorate solutions is dangerous so this strategy for reducing perchlorate was not
pursued. Although this study does not examine the relative amounts of 𝐻2 and perchlorate
reduction, it is clear that perchlorate reduction involves a very small fraction of the total charge
passed. The authors also acknowledge that this method of destroying perchlorate in concentrated
solutions will not be economically feasible unless it is connected with the production of
molecular 𝐻2 as a clean fuel.
In summary, electrochemical reduction of anion often occurs under acidic medium and
the eroded electrode is the major drawback of this technology. It is desirable to exploit a new
electrode material and take the structure, properties, activity and selectivity into account, optimize
the power supply and the configuration of reactor. The break-through in this field will increase
the reduction efficiency and cut treatment costs. In addition, all of these researches were
conducted in the condition of laboratory test and more pilot scale tests need to be established
(Rusanova et al., 2006 ).

2.1.3 Biodegradation
Biodegradation is based on the principle that some bacteria contain special enzymes that
can lower the activation energy required for anion reduction, thereby using the perchlorate as an
electron acceptor for their metabolism.
Jianping et al. (2009) studied a method of denitrification with nitrified effluent with
containing high concentration of nitrate and low COD. Denitrification was carried out in a 12-l
gas–liquid–solid three-phase flow airlift loop bioreactor, in which biological membrane replaced
the activated sludge. The influences of pH, temperature, C/N ratio, gas–liquid ratio and HRT on
the removal of nitrate-nitrogen were investigated and discussed. The optimum operation
conditions were obtained as 𝑝𝐻 value of 6.5–7.5, temperature of 20–35 °𝐶, C/N ratio of 0.95–1,
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gas–liquid ratio of 62.5 and HRT of 2.5 ℎ. Under optimum operation conditions, the average
removal efficiencies of COD and NOx–N are higher than 93 and 96%, corresponding to the
effluent concentrations of <20 𝑚𝑔/𝑙 nitrate and <40 𝑚𝑔/𝑙 COD.
Rabah et al. (2004) reported the use of two laboratory-scale high performance fluidized
bed biofilm reactors (FBBR) with sand as the biofilm carrier to investigate the denitrification of
high-strength nitrate wastewater with specific emphasis on the effect the nitrogen loading rate and
the superficial velocity. The results demonstrated that the FBBR system is capable of efficiently
handling an exceptionally high nitrate nitrogen concentration of 1000 𝑚𝑔 N/L.
It is clear that there are many studies about biodegradation of anions due to the
effectiveness of this technology. The research results of biodegradation are always somehow
different may be because of the isolated perchlorate reducing strains coming from different
regions and the water qualities being diverse. In addition, biodegradation is more suitable for
large scale wastewater with very stringent operating conditions, and the operation cycle is long. If
this technology is applied to treat drinking water we must make sure that the health effects
associated with these microorganisms are taken into account for public acceptance. (Ye, et al.,
2012)

2.1.4 Adsorption/Ion exchange
Ion-exchange is an effective technology for removing trace quantity of target anions from
water. It is a physicochemical process based on exchanging anions with anions in the water.
Anion exchangers are obtained depending on the charge of immobilized functional groups. The
application of ion exchange materials is dependent on their exchange capacity, stability,
selectivity and regenerative capacity.

13
2.1.4.1 Activate Carbon
For physical adsorption, the powdered or granular activated carbon has been in use for
the past 50 years with over half of the water treatment facilities in America. Over 300,000 tons of
activated carbon has been used for water processing annually in worldwide industries (MolinaSabio 1995). The surface complexation and electrostatic force is the main mechanism for anion
adsorption by activated carbon. Because of the high surface area of the activated carbon, the
anions will be removed by adsorption onto the interior surface.
Parette and Cannon (2005) investigated tailored granulated activated carbon (GAC) to
remove ppb levels of 𝐶𝑙𝑂4− from ground water by pre-loading bituminous activated carbon (AC)
with dicocodimethylammonium chloride, tallowtrimethylammonium chloride,
cetyltrimethylammonium chloride, or cetylpyridinium chloride. By preloading AC with cationic
surfactants, 75 𝑝𝑝𝑏 perchlorate was removed for 27,000-35,000 bed volumes before the effluent
perchlorate rose above 1 𝑝𝑝𝑏. These experiments were conducted with natural groundwater that
also consisted of 30 𝑚𝑔/𝐿 sulfate, 26 𝑚𝑔/𝐿 nitrate (as NO3-), and other ions.
Parette et al., (2005) also reported on the removal of low ppb levels of perchlorate, RDX,
and HMX from groundwater with cetyltrimethylammonium chloride (CTAC) preloaded activated
carbon. These authors patented the above method for perchlorate removal or other anionic
contaminants from ground water (Cannon et al., 2005). This method consists of passing the fluid
over GAC either preloaded with an organic cation functional group or organic cation polymer or
cationic monomor, or tailored with ammonium or other reduced nitrogen-containing compound.
Mohan et al., (2006) were only able to remove few milligrams of metal ions per gram of
activated carbon and there are still some problems encountered in the regeneration process. This
makes activated carbon an expensive adsorbent for wastewater treatment. The use of activated
carbon in developing countries is more problematic as they cannot afford the cost and demands of
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activated carbons. Therefore, low cost materials are sorely needed, which are comparable to
activated carbon in terms of adsorption capacity and should be locally available. The present
discussion shows that some such materials have equal or more adsorption capacity than activated
carbon.
Baes et al. (1997) studied different anions like nitrate and chromate by using amine
modified coconut coir. Maximum adsorption of nitrate and chromate was 0.459 𝑚𝑚𝑜𝑙/𝑔, 0.327
𝑚𝑚𝑜𝑙/𝑔, respectively, which makes amine modified coconut coir a low-cost alternative
adsorbent as ion exchanger for treatment of anionic contaminants in groundwater.

2.1.4.2 Ion exchange resin
Ion-exchange resin is an effective material for removing trace quantities of target anions
from water. It is a physicochemical process based on exchanging anions with anion in the water.
Anion exchange resins are obtained by structurally immobilized functional groups. The
application of these materials in ion exchange is dependent on their exchange capacity, stability,
selectivity and regenerative capacity.
Gu et al., (1999) tested novel bifunctional selective anion exchange resins for the costeffective, in place treatment of groundwater contaminated with perchlorate. The bifunctional
resins were found to be particularly effective in removing trace quantities of perchlorate in
groundwater to below the detection limit (~3𝜇𝑔/𝐿).
Gu et al., (2002) studied treatment of perchlorate-contaminated groundwater using highly
selective, regenerable ion-exchange technology using anion exchange resins such as purolite D3696, a bifunctional resin. By using the FeCl3-HCl regeneration technique, nearly 100% sorbed
perchlorate was recovered with regenerant solution having passed through the column.
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Burge and Halden et al., (1999) investigated the removal of nitrate and perchlorate from
ground water by ion exchange using several ion exchange resins and they found that the
selectivity of one of the resins for perchlorate was 150 times greater than that for chloride.
Gode et al., (2005) studied the chromate removal in aqueous solutions by macroporous
resins, which contain tertiary amine groups (Lewatit MP 62 and Lewatit M 610). The parameters
changed in this experiment were chromate concentration, adsorbent dose, pH, contact time and
temperature.
Shi et al., (2009) reported the use of resins (D301, D314 and D354) for removal of
chromate. Varying experimental conditions were studied, including chromate concentrations,
resin amounts, initial pH, contact time and temperatures. The experimental results obtained at
various concentrations (27 ± 1 °𝐶) showed that the adsorption pattern on the resins followed
Langmuir isotherms and the calculated maximum sorption capacities of D301, D314 and D354
were 152.52, 120.48 and 156.25 𝑚𝑔/𝑔, respectively.

2.1.4.3 Zeolite
Zeolites are hydrated aluminosilicate materials having cage-like structures with internal
and external surface areas of up to several 100 𝑚2 /𝑔 and cation-exchange capacities of up to
several miliequivalents per gram (Osmanlioglu, A. E. 2006).
Ghiaci et al. (2004) modified the synthetic and natural zeolites with
hexadecyltrimethylammonium (HDTMA) bromide and n-cetylpyridinium bromide (CPB) and
these materials can be used for chromate removal. Their data showed that adsorption by modified
zeolite was consistent with Langmuir isotherm equation. However, the maximum chromate
adsorption by modified ZSM-5 zeolite is not greater than that of the synthesized MCM-41.
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Zhang et al. (2007) investigated that zeolite modified by surfactant
(hexadecyltrimethylammonium) can be used as an inexpensive sorbent for removing perchlorate
from contaminated waters in the presence of competing anions. The competing anions are 𝐶𝑂32− ,
𝐶𝑙 − , or 𝑆𝑂42− . The affinity of the anions for surfactant modified zeolite (SMZ) followed the
sequence of 𝐶𝑙𝑂4− 4 > > 𝑁𝑂3− > 𝑆𝑂42− > 𝐶𝑙 − . The maximum sorption capacity for ClO4 −
by the SMZ remained relatively constant (40–47 𝑚𝑚𝑜𝑙 kg−1), in the absence or presence of the
competing ions.
Leyya et al. (2008) reported that the zeolite can be modified by adsorbing the cationic
surfactant hexadecyltrimethylammonium (HDTMA) bromide on the external surface of the
zeolite, which showed adsorption ability for chromate. The adsorption capacities of chromate can
reach up to 5.19 𝑚𝑔/𝑔.
Guan et al. (2010) used four natural zeolites obtained from specific locations in the USA,
Croatia, China, and Australia, which were modified by hexadecyltrimethylammonium bromide
(HDTMA-Br) for nitrate uptake. The surfactant modified zeolites removed 8–18 times more
nitrate than the raw zeolites. The removal performance depended on the HDTMA loading
capacity on natural zeolites, which can be determined by thermogravimetric analysis (TGA).

2.1.4.4 Organoclays
The organo-clay minerals are hydrophobic, which can be prepared by ion exchange of
hydrophilic clay minerals with quaternary ammonium salts like hexadecylpyridinium chloride
(HDPyCl), octadecyltrimethylammonium (ODTMA) chloride, cetyltrimethylammonium
(CTMA). When excess organic ammonium cations exceeding the exchange capacity of the clay
mineral are used in the preparation of organo-clay minerals, excess positive charge is created but
electrical neutrality is apparently maintained by adsorption of anions in the interlayers (Cowan
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and White, 1958; Mahadevaiah et al., 2007; Mahadevaiah et al., 2008; Komarneni et al., 2013).
Organoclays have been used previously for the uptake of anions such as chromate (Dultz et al.,
2012; Krishna et al., 2001; Mahadevaiah et al., 2008), molybdate, (Mahadevaiah et al., 2007),
pertechnetate, (Bors et al., 2000), iodide (Behnsen and Riebe, 2008; Kaufhold et al., 2007) and
perrhenate, bromide, sulfate, and selenite and bromate (Chitrakar et al., 2011) and nitrate,
(Chitrakar et al., 2011; Xi et al., 2010).

Figure 2.1 Schematic of perchlorate uptake by organoclays (Komarneni et al., 2013).
The charge on the organic ammonium cations is balanced by chloride or other anions. In
Fig. 2.1of organoclay, the neutral surfactant with 𝐶𝑙 − is entrapped by negatively charged clay
layers and surfactant cations in the interlayers. Therefore, the 𝐶𝑙 − anion is in a hydrophobic
environment between organic cations. Thus, it is easy for organoclay to take up less hydrated
ions, like perchlorate and nitrate, which can easily go into the interlayers, because organoclay is
water repulsing type of material and hence repels hydrated ions. The exchange of anions by
organoclays is related to the entrapment of neutral surfactant (Komarneni et al., 2013) and has
been postulated before (Cowan and White, 1958; Kim et al., 2011; Komarneni et al., 2010;
Mahadevaiah et al.2007, 2008; Seliem et al., 2010, 2011, 2013). Based on this mechanism, the
higher the charge density of the clay along with higher ordering of organic cations, the higher is
the uptake of anion.
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Komarneni et al. (2010) demonstrated that the as-prepared MCM-41 mesoporous silica
material, which was synthesized using cetyltrimethylammonium bromide as a cationic surfactant
exhibited very high capacity for perchlorate uptake from solutions. As-synthesized MCM-41
showed a higher removal of perchlorate with 0.378 ± 0.038 𝑚𝑒𝑞/𝑔 than the surfactant modified
activated carbon sample, which removed 0.304 ± 0.005 𝑚𝑒𝑞/𝑔 i.e., MCM-41 had a 24 % higher
capacity than the surfactant modified activated carbon sample for perchlorate uptake because of
higher surfactant content and higher positive charge in the former.
Kim et al. (2011) reported that Octadecyltrimethylammonium (ODTMA),
Dodecyltrimethylammonium (DoDTMA), and hexadecyltrimethylammonium (HDTMA)
modified clay minerals can remove perchlorate in the range of 0.025 to 0.348 𝑚𝑒𝑞/𝑔 from a 2
𝑚𝑀 perchlorate solution.
Komarneni et al. (2013) modified different types of clays with different charge densities
by octadecyltrimethylammonium (ODTMA) and investigated their anion exchange properties .
Inorganic–clay nanocomposites and pillared clays were also prepared for comparison. The uptake
of perchlorate by the ODTMA organoclays could be attributed to exchange with chloride ions of
the neutral surfactant occluded in between cationic chains during the cation exchange process.
Organoclays prepared with PEI and hydroxy Al polymer pillared clays and their calcined
counterparts showed little or no uptake because excess positive charge was not created in the
interlayers in these nanocomposites.
Seliem et al. (2013) studied nitrate adsorption by MCM-41 material, which was prepared
at room temperature with octadecyltrimethylammonium (ODTMA) chloride and MCM-48, which
was synthesized by cetyltrimethylammonium (CTMA) bromide, MCM-48and MCM-41 silica
adsorbed 0.096 ± 0.002 and 0.157 ± 0.005 𝑚𝑒𝑞/𝑔 of nitrate, respectively.
Bagherifam et al. (2014) reported an organoclay, which was prepared using
montmorillonite and hexadecylpyridinium chloride (HDPyCl) and tested for the removal of
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nitrate and perchlorate anions from aqueous solutions. The maximum adsorption capacities of
nitrate and perchlorate by the organoclay, HDPy-montmorillonite were calculated at 0.67 and
1.11𝑚𝑚𝑜𝑙/𝑔, respectively.
The anion exchange by organoclay for removal the nitrate, perchlorate and chromate has
both advantages and disadvantages. The advantages are that it is a promising technology for
selective removal of anions and it can be done on a large scale as it is cost-effective because the
clay is an earth abundant mineral. What’s more this material can be washed by 𝐻𝐶𝑙, for
regeneration and then reused again. This regeneration can further decrease the cost of the removal
of the toxic anions from drinking water or waste water and ground water.

2.1.4.5 PDDA
Polydiallyldimethyl ammonium chloride (polyDADMAC) is one of the most widely used
cationic polyelectrolytes in water treatment, which also can enhance the coagulation and
deposition (filtration) of negatively charged particles by adsorption and particle surface-charge
neutralization. Each monomer in a quaternary amine contains a nitrogen atom bound to four
carbon atoms and carries a positive charge. This positive charge, unlike the charge of an ionizable
group, is not affected to a significant extent by dilution. So it may not be as effective as aluminum
and iron salts to treat dilute inorganic suspensions and water with significant amounts of color
causing organics when aggregate removal is by, for example, sedimentation. Enmeshment by the
voluminous metal hydroxide precipitates can be used to increase the volume concentration of the
suspension and increase the rate of particle aggregation to efficient levels. Enmeshment is not
usually a significant factor with polyelectrolytes and, although a dilute suspension can be
effectively destabilized by a primary coagulant, the rate of particle aggregation may be too low to
produce large, settleable aggregates in a reasonable period of time.
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Roach and Tush (2008) used poly (diallyldimethylammonium) chloride to study
perchlorate removal from aqueous solution. Using poly (diallyldimethylammonium) chloride, the
effectiveness and efficiency of polyelectrolyte-enhanced ultrafiltration (PEUF) in the removal of
perchlorate from other aqueous solution components was studied by testing parameters such as
polyelectrolyte concentration, pH, and ionic strength. Removal of perchlorate was examined from
synthetic groundwater initially containing 10.3ppm perchlorate along with other anions such as
chloride, sulfate, and carbonate. Perchlorate separations of greater than 95% were achieved
(Roach and Tush, 2008) in the presence of 10 times the concentration of competing ions.
Huq et al. (2007) researched polyelectrolyte enhanced ultrafiltration (PEUF) membrane
for perchlorate removal from groundwater based on the mechanism that membranes with pores
smaller than the used polymeric agents were employed. In view of the analytical detection limit, 1
𝑚𝑀 of perchlorate was used as the initial concentration in the removal process. The high removal
rate of perchlorate (> 90%) was possible using lower amounts of poly(diallyldimethylammonium
chloride) (PDADMAC) (0.5-1 𝑚𝑀), which made this single-step process very economical in the
absence of other anions. On the other hand, PDADMAC has a very low acute and chronic toxicity
to environmental organisms and is readily biodegradable. This process also decreases the
possibility of secondary pollution as the permeate concentration contains negligible amounts of
PDADMAC and remains mostly in the retentate. However, perchlorate removal decreases in the
presence of nitrate and sulfate because of the decrease of available binding sites of PDADMAC
for perchlorate.
Sriratana et al. (1996) reported that poly electrolyte, like poly(diallyldimethyl ammonium
chloride), can enhance ultrafiltration (PEUF) process which can be used to remove chromate from
water. Chromate rejections of up to 99.8% were observed. The result shows that this method can
produce a concentrated, low-volume waste stream, and a purified stream containing chromate at
low concentration.
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In this thesis, the main objective is to prepare polydiallyldimethylammonim (PDDA)
intercalated montmorillonite clay nanocomposite materials for anion uptake. By immobilizing
PDDA in the interlayers of clay, better stability and better properties might be obtained.

2.2 Mechanism of PDDA intercalation into clay layer structure
A clay mineral intercalated with PDDA was first synthesized by Hata et al., (2007). In
this study, three cationic polyelectrolytes, polyethylenimine (PEI), poly(allylamine
hydrochloride) (PAH) and poly(diallyldimethylammonium) (PDDA) were intercalated into
sodium fluortetrasilisic mica (Na-TSM). They found that PDDA, which had the lower positive
charge density, adopted a coiled conformation within the interlayers of clay and found that this
composite had anion-accepting ability. An anionic dye was used for testing anion exchange,
which was found to be intercalated into the hydrated galleries in which PDDA strands were
coiled (Hata et al. 2007). The conformation of the intercalated polycation was found to play an
important role in anion uptake. The intercalation of quaternary ammonium, PDDA resulted in an
excess of cationic sites within the interlayers of the fluoromica polysilicate due to coiled
conformation and these cationic sites exchanged anionic blue dye (Hata et al., 2007) in the
expanded interlayers as shown in Figure 2.2. To incorporate large anionic guests (such as typical
dye molecules or other organic anions), the polymer chain should have the flexibility to coil and
overcompensate the negative charge of the sheets. Lower charge density polycations are
preferred, because of their ability to bind low charge density, hydrophobic anions more strongly
than smaller hydrophilic anions. With high charge density polycations, a simple intercalation
reaction occurs to give a dense nanocomposite in which the polycation is extended and
intercalated as a monolayer. With the low charge density polymers, additional polymer is
incorporated in a coiled conformation to overcompensate the layer charge. Small anions
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intercalated in this process can be replaced by larger, low charge density anions (Hata et al.,
2007).
Thus anion exchange was demonstrated with organic dye anions. However, no inorganic
anion exchange or selectivity was tested with the quaternary ammonium poly
(diallyldimethylammonium) (PDDA) intercalated clay. Therefore this thesis research is
undertaken to not only test the uptake but also the selectivity of inorganic anions like perchlorate,
chromate and nitrate, systemically in montmorillonite clay nanocomposite materials intercalated
with PDDA.
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Figure 2.2. Process of PDDA intercalation in the interlayers of clay (Hata et al., 2007).
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Chapter 3
EXPERIMENTAL PROCEDURES

3.1 Materials
Na-montmorillonite (Na-Mt) used in this study (Kunipia-F) was procured from
Kunimine Industries Co. Ltd., Japan and it has a cation exchange capacity (CEC) of 1.05𝑚𝑚𝑜𝑙/
𝑔, which is named as Bt-J. Another montmorillonite (Bt-3) was procured from Zhejiang Changan
Renheng Technology Co Ltd., China and it has a cation exchange capacity (CEC) of 0.85𝑚𝑚𝑜𝑙/
𝑔. This sample is designated as (Mt-C) hereinafter. Another montmorillonite from Wyoming was
procured from Clay Minerals Society and this montmorillonite is designated as (Mt-W).
Wyoming montmorillonite was used as it is the most abundant montmorillonite from Wyoming,
USA with a CEC of 0.85𝑚𝑚𝑜𝑙/𝑔. The PDDA (Polydiallyldimethylammonim chloride) (Mw
<100,000 was purchased from Sigma-Aldrich as a 35.0 wt% aqueous solution. Water was
deionized using a Nanopure water purification system.
Closite ® 15 Å was supplied by Southern Clay Company. This organoclay was prepared
by using a 𝑁𝑎+ montmorillonite with a CEC of 0.92𝑚𝑒𝑞/𝑔 of clay using
dimethyldioctadecylamoium(DMDA) bromide as organic surfactant.
The mineral montmorillonite is a dioctahedral (two trivalent cations for every three sites
in the octahedral sheet) smectite clay derived from volcanic ash. Smectites swell and shrink
depending on water content and nature of the interlayer cation, as water is adsorbed and desorbed
from the interlayer cations of the clay platelets to equilibrate with the environment. The general
chemical formula for montmorillonite is:
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([Mx+y+, M1/2(x+y)2+] nH2O)(Al2-y, Mgy)

VI

(Si4-x, Alx)

where M is the hydrated interlayer cation,

VI

IV

O10(OH)2

refers to octahedral coordination, and

IV

refers to tetrahedral coordination. The structure of montmorillonite is presented in Figure 3.1,
which shows the 2:1 layer structure of montmorillonite. The 2:1 structure refers to two siliconoxygen tetrahedral sheets with one octahedral sheet in between.

Figure 3.1 Crystal structure of montmorillonite.
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3.2 Synthesis of PDDA intercalated montmorillonites (Mt)
For the Synthesis of PDDA in Mt, first we needed to the exfoliate or delaminate the clay
by stirring in water. 0.75𝑔 of Mt was added into 74.25 𝑔 of deionized water and the suspension
was stirred for 24h at room temperature to ensure that the Mt was adequately delaminated. The
process for addition of montmorillonite into deionized water was done gradually by adding small
amounts while stirring. An aqueous solution of PDDA, whose total molar amount is 2 times the
cations exchange capacity (CEC) of montmorillonite was then added to the above suspension.
After the reaction, the suspension was centrifuged, and the resultant product was washed twice
with 100 𝑔 of water to remove excess polymer (Hata et al. 2007). Finally, the sample was dried at
333 K for 1 or 2 days and ground to a powder. The PDDA nanocomposites obtained with Mt
from Japan, Mt from China and Mt from Wyoming in this way are designated as P-Mt-J, P-Mt-C
and P-Mt-W, respectively.

Figure 3.2 Schematic of synthesis of the clay-PPDA nanocomposite.
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3.3. Sample Characterization

3.3.1 X-Ray powder diffraction
X-ray powder diffraction patterns were obtained on a Scintag X-ray diffraction unit
operated at 35 kV voltage and 30 mA using Cu Kα radiation in the 2θ range of 5–10 at a scanning
speed of 2° min−1. The X-ray peaks can be used to identify the sample and whether it is pure or
not (Seliem et al., 2014; Bagherifam et al., 2014).

3.3.2 Infrared spectroscopy
Fourier transform infrared (FTIR) spectra were obtained using the 𝐾𝐵𝑟 pressed disk
technique on a Thermo Nicolet 6700 FTIR spectrophotometer. The FTIR spectra in the range of
4000-400 𝑐𝑚−1 were recorded with a resolution of 4 𝑐𝑚−1. Measurements were carried out at
room temperature.

3.4 Anion uptake studies
The uptake of perchlorate using the as-prepared PDDA intercalated montmorillonites was
carried out as follows: 25 𝑚𝑙 of 1 𝑚𝑀 sodium nitrate, sodium perchlorate or sodium chromate
solution was added to 50 𝑚𝑔 of the above as-synthesized materials in centrifuge tubes to conduct
a batch equilibration study. After mixing the tubes by hand for one or two minutes, they were
mixed on a shaker for 24 ℎ. After 24 ℎ equilibration, the solid and solution phases were separated
by centrifugation. Then, 15 𝑚𝑙 of each solution were collected in clean vials for anion analysis.
All anion uptake experiments were conducted using triplicates. Anion concentrations were
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monitored with the use of the Dionex DX-500 ion chromatograph equipped with an AS40 auto
sampler, a 4-mmAS22 column, a 4-mm ASRS 300 suppressor, and a DS4 detection stabilizer.
The stabilizer used a current of 40 𝑚𝐴 and a temperature of 25 °𝐶. The eluent concentration used
was 4.8 𝑀 Na2CO3 and 1.0 𝑀 Na2CO3 and a 1000 𝜇𝑙 sample loop was used for these anions
analyses. The amount of adsorbed perchlorate qt (mg/g) at any time was calculated as follows:
𝑞𝑡 =

𝑉(𝐶0 − 𝐶𝑡 )
𝑚

where 𝐶0 is the initial concentration (𝑚𝑙/𝑔) of perchlorate, 𝐶𝑡 is concentration (𝑚𝑙/𝑔)
of perchlorate at any time, V is the perchlorate solution volume (𝑚𝑙) and m is the mass of
adsorbent (𝑔) (Seliem et al., 2014; Bagherifam et al., 2014).

3.5 Kinetics studies
The kinetics of the anion uptake by Clay-PDDA nanocomposites was determined as
follows: 50 𝑚𝑔 of each sample was mixed with 25 𝑚𝑙 of anion solution at a concentration of 1
𝑚𝑀 in centrifuge tubes. The dispersions were shaken for 5 min, 30 min, 2 h, 4h, 8 h and 24 h on
a shaker. The kinetics experiments were conducted in triplicate. The tubes were centrifuged to
separate solid and solution phases. Then, 15 𝑚𝑙 of each solution were collected in clean vials for
anion analysis. After equilibration, the suspensions were centrifuged to separate the solid from
liquid phase and the liquids were collected for determining the concentration of nitrate and
perchlorate using Dionex DX-120 ion chromatograph as described above (Seliem et al., 2014;
Bagherifam et al., 2014).
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3.6 Isotherm studies
Perchlorate, chromate and nitrate anion exchange isotherms were determined after
equilibration of 50 𝑚𝑔 Clay-PDDA nanocomposite with 25 𝑚𝑙 of 0.1, 0.3, 0.5, 0.8 and 1.0 𝑚𝑀
anion solution by shaking for 24ℎ. All the anion exchange isotherm experiments were also
conducted in triplicate. The tubes were centrifuged to separate solid and solution phases. Then, 15
𝑚𝑙 of each solution were collected in clean vials for perchlorate, chromate and nitrate analysis as
above. The solid and solution phases were separated by centrifugation and supernatant solutions
were collected in clean vials for nitrate and perchlorate analysis as described above (Seliem et al.,
2014; Bagherifam et al., 2014).

3.7 Effect of competitive anions and determination of 𝑲𝒅 values
The effect of the competing anions such as 𝐶𝑙1−, 𝑆𝑂42− or 𝐶𝑂32− was investigated by
equilibrating 0.05 𝑔 of each Clay-PDDA nanocomposite material was mixed with 25 𝑚𝑙 of 1
𝑚𝑀 of sodium salt of anion mixed with 10 𝑚𝑀 of 𝑁𝑎𝐶𝑙 or 5 𝑚𝑀 of 𝑁𝑎2 𝑆𝑂4 or 5 𝑚𝑀 of
𝑁𝑎2 𝐶𝑂3 in centrifuge tubes. The suspensions were shaken for 24 ℎ on a shaker. The tubes were
then centrifuged and 15 𝑚𝑙 of each solution were collected in clean vials for analysis. The
distribution coefficient ( 𝐾𝑑 ) is defined as the ratio of the amount of ion sorbed per gram of solid
to the amount of ion remaining per milliliter of solution and is expressed as milliliters per gram.
𝐾𝑑 value and removal efficiency (anion removal, %) were calculated as follows:
𝐾𝑑 =

𝐶0 − 𝐶𝑒 𝑉
×
𝐶𝑒
𝑚

𝑎𝑛𝑖𝑜𝑛 𝑟𝑒𝑚𝑜𝑣𝑎𝑙, % = 100(𝐶0 − 𝐶𝑒 )⁄𝐶𝑒
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where 𝐶0 and 𝐶𝑒 are the ion concentrations in the initial solution and in the solution after
equilibration with nitrate, perchlorate or chromate anion, 𝑉 is the volume of solution in 𝑚𝑙 and 𝑚
is the mass of sorbent (𝑔) (Seliem et al., 2014; Bagherifam et al., 2014).
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Chapter 4
RESULTS AND DISCUSSION

4.1 X-ray diffraction
Figure 4.1 shows the X-ray diffraction patterns of Wyoming montmorillonite before and
after treatment with PDDA. Wyoming montmorillonite showed a broad peak at d value = 11.76Å
corresponding to the main crystal plane (100) of Na-montmorillonite. After intercalation with
PDDA, the 𝑑001 basal spacing of smectite shifted toward higher value with a broader peak which
is around 14.86Å (Fig. 4.1). This larger 𝑑001 indicated that the interlayer space was expanded to
14.86Å, as the PDDA intercalated into the montmorillonite’s interlayers.
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Figure 4.1 X-ray diffraction patterns of Wyoming montmorillonite (Mt-W) and the
intercalated Mt-W with PDDA (P-Mt-W).
Figure 4.2 shows the diffraction patterns of Mt-C before and after treatment with PDDA.
Mt-C exhibited broad diffraction peak around 2θ = 5.9-6.2° peak with a d value = 14.61Å
corresponding to the main crystal plane (100) of a Ca-montmorillonite. After intercalation with
PDDA, the 𝑑001 basal spacing of smectite shifted toward higher value with a much broader peak
which is around 17.95Å (Fig. 4.2). The broader peak after PDDA intercalation suggests that the
PDDA expanded the interlayer space, as expected.
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Figure 4.2 X-ray diffraction patterns of montmorillonite from China (Mt-C) and the
intercalated Mt-C with PDDA (P-Mt-C)
The X-ray diffraction patterns of Kunipia montmorillonite from Japan (Mt-J) before and
after treatment with PDDA (Polydiallyldimethylammonim chloride) are depicted in Figure 4.3.
MtJ exhibited a broad diffraction peak around 2θ = 7.2-7.5°, at a d-spacing of 12.13 Å, which is
typical for Na-montmorillonite (001) reflection. After treatment with the PDDA, the increased
width of peak indicates that the size of the crystalline domains along the stacking axis decreases
after the intercalation. Also the asymmetric shape of peak implies that there are multiple phases
with a range of d-spacings in these composites.
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Figure 4.3. X-ray diffraction patterns of montmorillonite from Kunipea, Japan (Mt-J) and
the intercalated Mt-J with PDDA (P-Mt-J)

4.2 Infrared Spectroscopy
Infrared spectroscopy was used to investigate to detect PDDA intercalation in different
montmorillonites. The Infrared spectroscopy patterns of different montmorillonites before and
after treatment with PDDA are shown in in Figures 4.4-4.6. Infrared spectra of the three
montmorillonites show the high intensity absorption bands at 1100 to 900 𝑐𝑚−1 (Si-O in plane
stretching) and 529 𝑐𝑚−1 (Si-O bending virbations), and board bands at 3600 to 3700 𝑐𝑚−1 and
1639𝑐𝑚−1, which are attributed to the stretching and bending vibrations for the hydroxyl groups
of water molecules present in the montmorillonite (Tyagi et al., 2006). The difference between
the FTIR spectra of montmorillonites before and after PDDA intercalation (Figures 4.4-4.7) is the
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appearance of new peaks at 1474𝑐𝑚−1(C=C and C=N in-plane vibration) 1383𝑐𝑚−1 (C-H
deformation vibration in ring) (Park et al., 2009) and 2930𝑐𝑚−1(C-H stretching vibration)
(Razali et al., 2012). Thus the FTIR spectra prove that C=C and C=N bonds representing PDDA
are present in the montmorillonites after PDDA intercalation.

Table 4-1 The wavelengths and assignment of bands for the montmorillonites and PDDA.
Wavelength
Description
529 𝑐𝑚−1 ,

Si-O bending virbations (Mt)

1100 to 900 𝑐𝑚−1

Si-O in plane stretching (Mt)

3600 to 3700 𝑐𝑚−1, 1639𝑐𝑚−1

hydroxyl groups stretching and bending vibrations

1474𝑐𝑚−1

C=C and C=N in-plane vibration (PPDA)

1383𝑐𝑚−1

C-H deformation vibration in ring (PPDA)

2930𝑐𝑚−1

C-H stretching vibration (PPDA)
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Figure 4.4 Infrared spectra of Wyoming montmorillonite (Mt-W) and the intercalated MtW with PDDA (P-Mt-W).
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Figure 4.5 Infrared spectra of montmorillonite from China (Mt-C) and the intercalated
Mt-C with PDDA (P-Mt-C).
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Figure 4.6 Infrared spectra of montmorillonite from Kunipea, Japan (Mt-J) and the
intercalated Mt-J with PDDA (P-Mt-J).

4.3 Perchlorate, chromate and nitrate uptake by montmorillonite-PDDA nanocomposites
Perchlorate, chromate and nitrate uptake by the montmorillonite-PDDA nanocomposites
are shown in Table 4.1. From the results presented in Table 4.1, it is clear that the highest amount
of perchlorate, chromate and nitrate uptake was given by P-Mt-J with 0.44𝑚𝑚𝑜𝑙/𝑔, 0.42𝑚𝑚𝑜𝑙/
𝑔 and 0.30𝑚𝑚𝑜𝑙/𝑔, respectively. P-Mt-C showed uptakes of 0.4𝑚𝑚𝑜𝑙/𝑔, 0.41𝑚𝑚𝑜𝑙/𝑔 and
0.24𝑚𝑚𝑜𝑙/𝑔 of perchlorate, chromate and nitrate, respectively. In case of the P-Mt-W, the
uptakes of perchlorate, chromate and nitrate are 0.35𝑚𝑚𝑜𝑙/𝑔, 0.34𝑚𝑚𝑜𝑙/𝑔 , 0.19𝑚𝑚𝑜𝑙/𝑔,
respectively. Thus the above results show that the lowest uptakes of perchlorate, chromate and
nitrate were by P-Mt-W and the highest uptakes were by P-Mt-J. It appears that the
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montmorillonite-PDDA nanocomposite, P-Mt-J entrapped more PDDA than the other two
montmorillonites as the former has higher anion uptake capacity. The entrapped amount of
PDDA may be related to the cation exchange capacities (CECs) of the montmorillonites because
the positively charged PDDA balances the negative charges on the montmorillonites. The CECs
of the montmorillonites are shown in Table 4.3, the following order: Mt-J > Mt-C> Mt-W while
the anion uptake by the PDDA intercalated montmorillonites followed the same order as follows:
P-Mt-J > P-Mt-C > P-Mt-W. The XRD patterns (Figures 4.1-4.3) of all the montmorillonitePDDA nanocomposite materials did not change after nitrate or other anion uptake (Figure not
shown).

Table 4.2 The uptake of perchlorate, chromate and nitrate by P-Mt-W, P-Mt-C, P-Mt-J
montmorillonite-PDDA nanocomposites
Sample
solution
Removal (%)
Uptake (𝒎𝒎𝒐𝒍/𝒈)
P-Mt-W

1 𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4

71

0.350 ± 0.020

P-Mt-C

1 𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4

81

0.400 ± 0.010

P-Mt-J

1 𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4

87

0.440 ± 0.001

P-Mt-W

1 𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4

66

0.338 ± 0.009

P-Mt-C

1 𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4

82

0.413 ± 0.017

P-Mt-J

1 𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4

84

0.423 ± 0.005

P-Mt-W

1 𝑚𝑀 𝑁𝑎𝑁𝑂3

38

0.189 ± 0.002

P-Mt-C

1 𝑚𝑀 𝑁𝑎𝑁𝑂3

48

0.239 ± 0.004

P-Mt-J

1 𝑚𝑀 𝑁𝑎𝑁𝑂3

53

0.299 ± 0.002

*50𝑚𝑔 of material was added into 25𝑚𝑙 of 1𝑚𝑀 solution and equilibrated for 24ℎ
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Name

Table 4.3 The CECs (cation exchange capacities) of Mt-W, Mt-C and Mt-J
Form
CEC(mmol/g)

Mt-W

Wyoming

0.75

Mt-C

China

0.85

Mt-J

Japan

1.05

Closite ® 15 Å, an organoclay prepared by intercalating Nanomer® PGW (Namontmorillonite) using dimethyl dehydrogenated tallow quaternary ammonium was used here for
the uptake of perchlorate, chromate and nitrate for comparison with the present montmorillonitePDDA nanocomposites and these results are shown in Table. 4.2. The uptakes of perchlorate,
chromate and nitrate by Closite ® 15 Å were 0.16, 0.22 and 0.19 𝑚𝑚𝑜𝑙/𝑔, respectively. It is
clear from these results that the present montmorillonite-PDDA nanocomposites (Table 4.1)
showed higher uptake capacities of the various anions than those of Closite ® 15 Å, an
organoclay (Table 4.2).

Table 4.4 The uptake of perchlorate, chromate and nitrate by Closite ® 15 Å.
Anionic solution
Removal (%)
Uptake (𝒎𝒎𝒐𝒍/𝒈)
1 𝒎𝑴 𝑵𝒂𝑪𝒍𝑶𝟒

32

0.161 ± 0.001

1 𝒎𝑴 𝑵𝒂𝟐 𝑪𝒓𝑶𝟒

44

0.223 ± 0.005

1 𝒎𝑴 𝑵𝒂𝑵𝑶𝟑

39

0.189 ± 0.004
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4.4 Isotherm studies
The uptake of perchlorate, nitrate and chromate by P-Mt-W, P-Mt-C and P-Mt-J
montmorillonite-PDDA nanocomposites using different concentrations of anions is given in
Tables 4.3-4.5 and Figures 4.7-4.9. The amount of anion exchanged by P-Mt-W, P-Mt-C or P-MtJ montmorillonite-PDDA nanocomposites versus the concentration of anion remaining in
equilibrium solution was plotted as isotherms in Figures 4.10- 4.12.

Table 4.5 Uptake of perchlorate by P-Mt-W, P-Mt-C and P-Mt-J montmorillonite-PDDA
nanocomposites using different concentrations (1day equilibrium).
Perchlorate uptake (𝑚𝑚𝑜𝑙/𝑔)
P-Mt-W

P-Mt-C

P-Mt-J

1𝑚𝑀

0.350 ± 0.020

0.40 ± 0.007

0.414 ± 0.001

0.8 𝑚𝑀

0.251 ± 0.012

0.273 ± 0.002

0.316 ± 0.004

0.5𝑚𝑀

0.184 ± 0.004

0.193 ± 0.001

0.200 ± 0.004

0.3 𝑚𝑀

0.109 ± 0.001

0.109 ± 0.001

0.116 ± 0.002

0.1𝑚𝑀

0.020 ± 0.002

0.024 ± 0.001

0.025 ± 0.001

*50𝑚𝑔 of material was added into 25𝑚𝑙 solution and equilibrated for 24ℎ
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Table 4.6 Uptake of Chromate by P-Mt-W, P-Mt-C and P-Mt-J montmorillonite-PDDA
nanocomposites using different concentrations (1day equilibrium).
Chromate uptake (𝑚𝑚𝑜𝑙/𝑔)
P-Mt-W

P-Mt-C

P-Mt-J

1𝑚𝑀

0.2618 ± 0.009

0.313 ± 0.017

0.410 ± 0.003

0.8 𝑚𝑀

0.214 ± 0.015

0.251 ± 0.015

0.331 ± 0.003

0.5𝑚𝑀

0.163 ± 0.002

0.176 ± 0.002

0.221 ± 0.001

0.3 𝑚𝑀

0.091 ± 0.001

0.109 ± 0.001

0.133 ± 0.001

0.1𝑚𝑀

0.015 ± 0.001

0.025 ± 0.001

0.038 ± 0.003

*50𝑚𝑔 of material was added into 25𝑚𝑙 solution and equilibrated for 24ℎ

Table 4.7 Uptake of nitrate by P-Mt-W, P-Mt-C and P-Mt-J montmorillonite-PDDA
nanocomposites using different concentrations (1day equilibrium).
Nitrate uptake (𝑚𝑚𝑜𝑙/𝑔)
P-Mt-W

P-Mt-C

P-Mt-J

1𝑚𝑀

0.189 ± 0.002

0.239 ± 0.004

0.305 ± 0.002

0.8 𝑚𝑀

0.155 ± 0.001

0.210 ± 0.004

0.256 ± 0.002

0.5𝑚𝑀

0.115 ± 0.005

0.139 ± 0.006

0.179 ± 0.003

0.3 𝑚𝑀

0.085 ± 0.002

0.097 ± 0.002

0.113 ± 0.000

0.1𝑚𝑀

0.021 ± 0.001

0.025 ± 0.004

0.031 ± 0.001

*50𝑚𝑔 of material was added into 25𝑚𝑙 solution and equilibrated for 24ℎ
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Figure 4.7 Perchlorate ion exchange isotherms of P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites treated with perchlorate solutions of different
concentrations.
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Figure 4.8 Chromate ion exchange isotherms of P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites treated with chromate solutions of different
concentrations.
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Figure 4.9 Nitrate ion exchange isotherms of P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites treated with nitrate solutions of different
concentrations.

Adsorption isotherms indicate distribution of adsorbate between solution and adsorbent at
the equilibrium state of the adsorption process using different concentrations of adsorbates (here
anions).
Langmuir and Freundlich isotherms have been extensively used for the evaluation of
adsorption behavior for different solid–liquid systems. Based on the Langmuir theory, there are
specific adsorption sites on the surface which become saturated after monolayer adsorption of
sorbate is achieved and there is no significant interaction among adsorbed species (Akyil and
Aslani, 2003; Bagherifam et al., 2010; Seliem et al., 2013). The Langmuir model is expressed as
follows:
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𝐶𝑒
1
𝐶𝑒
=
+
𝑞𝑒 𝑏 ∙ 𝑄0 𝑄0
Where 𝑞𝑒 is the amount of perchlorate, chromate and nitrate adsorbed per unit weight of
adsorbent (𝑚𝑔/𝑔), 𝐶𝑒 is the concentration of anion adsorbed in the liquid phase at equilibrium
(𝑚𝑔/𝑙), 𝑏 is the Langmuir constant which is related to adsorption capacity and energy of
adsorption (𝑙/𝑚𝑔) and 𝑄0 is attained concentration corresponding to monolayer coverage (Akyil
and Aslani, 2003; Bagherifam et al., 2010; Seliem et al., 2013).
The Freundlich isotherm was proposed as the earliest empirical equation and was shown
to be consistent with exponential distribution of active centers, characteristic of heterogeneous
surfaces (Alyüz and Veli, 2009; Gammoudi et al., 2012). This model states that reactions take
place in several sorption sites and as the amount of solute adsorbed rises, the binding surface
energy decreases exponentially which means multilayer sorption (Öztürk and Bektas, 2004;
Sciban et al., 2007; Yusan and Akyil, 2008). Freundlich isotherm is described as:
1
𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔 𝑘 + 𝑙𝑜𝑔 𝐶𝑒
𝑛
By plotting log 𝑞𝑒 versus log 𝐶𝑒 , the coefficients, 𝑘 and 𝑛 can be determined if a straight
line is obtained. The Freundlich isotherms for perchlorate, chromate and nitrate adsorption by the
present montmorillonite -PDDA nanocomposites are shown in Figures 4-13, 4-14, 4-15.
Correlation coefficients and isotherm constants were calculated using Langmuir and Freundlich
equations and are shown in Table 4.6. It is evident from higher correlation coefficients that the
adsorption of perchlorate, chromate and nitrate can be better described by Freundlich isotherm
than Langmuir isotherm.
Since the Langmuir model did not fit well to the adsorption process, it is not a
monolayer adsorption but it may be multilayer adsorption. The reason maybe that it is not a
uniform surface as some of the positive sites of the polymer are balancing the negative charge of
clay and other positive sites are neutralized by 𝐶𝑙 − ions, the latter sites are randomly distributed
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in the interlayers. Chloride anions are exchanged with other anions such as perchlorate, nitrate
and chromate during anion adsorption. In addition, PDDA polymer is coiled in the interlayers
(Fig. 2.2) and hence it is not like uniform distribution of the sites to get uniform uptake unlike
surfactant intercalated into clay, where the surfactant chains are confined rigidly in the interlayers
(Fig. 2.1). Thus the anion exchange sites in organoclays are relatively uniform and the anion
exchange in organoclays follows a monolayer adsorption. Among all the Langmuir models fitted
with P-MT-W, P-MT-C and P-Mt-J, the P-Mt-J showed the better correlation coefficient than the
other montmorillonite-PDDA nanocomposites. The reason might be that the PPDA cations were
adsorbed not only in the interlayers, but also on the outside surfaces because it has been better
exfoliated during the synthesis process.
Also if we compare the Langmuir models for different anions, we will figure out it is
clear that the nitrate has the better correlation coefficient than the perchlorate and chromate. This
happens may be because that the nitrate adsorption by all montmorillonite-PDDA
nanocomposites is really lower than those of the perchlorate and chromate. At the 1.0mM
solution concentration, the nitrate adsorption by montmorillonite-PDDA nanocomposites limit
was almost achieved (Fig. 4.9) but the perchlorate and chromate was not (Figs. 4.7 and 4.8). If we
set the concentration over 1.0mM, like 1.5-2.0mM until the maximum adsorption is achieved, it
may lead to better Langmuir model correlation coefficients.
The Freundlich isotherm model fitted well with the montmorillonite-PDDA

nanocomposites. This model assumes heterogeneous adsorption due to the diversity of
adsorption sites. Montmorillonite-PDDA nanocomposites, indeed, have heterogeneous
adsorption sites as described above. The n value indicates the degree of nonlinearity between
solution concentration and adsorption. When the value of 1/n in the adsorption isotherm is less
than unity, it implies heterogeneous surface structure with minimum interaction between the
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adsorbed atoms.

Figure 4.10 Langmuir isotherm for perchlorate uptake by P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Figure 4.11 Langmuir isotherm for chromate uptake by P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Figure 4.12 Langmuir isotherm for nitrate uptake by P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites
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Figure 4.13 Freundlich isotherm for perchlorate uptake by P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Figure 4.14 Freundlich isotherm for chromate uptake by P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposite
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Figure 4.15 Freundlich isotherm for Nitrate uptake by P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Table 4.8 Langmuir and Freundlich parameters for perchlorate, chromate and nitrate
uptakes by P-Mt-W, P-Mt-C and P-Mt-J montmorillonite-PDDA nanocomposites.
Anion
Material
Langmuir model
Freundlich model
𝑅2

𝑄𝑜 (𝑚𝑚𝑜𝑙 𝑔−1 ) 𝑏(𝐿 𝑚𝑔−1 )

𝑅2

𝐾

1/𝑛

Perchlorate P-Mt-W

0.56

69.44

0.024

0.92

2.46

0.73

P-Mt-C

0.16

117.6

0.015

0.82

1.87

0.89

P-Mt-J

0.81

188.7

0.011

0.99

2.52

0.88

P-Mt-W

0.84

59.17

0.018

0.93

2.01

0.67

P-Mt-C

0.81

161.3

0.017

0.94

4.69

0.72

P-Mt-J

0.82

175.4

0.047

0.98

11.0

0.65

P-Mt-W

0.95

17.18

0.048

0.99

1.82

0.49

P-Mt-C

0.97

25.32

0.043

0.99

1.96

0.58

P-Mt-J

0.99

30.67

0.064

0.99

2.94

0.59

Chromate

Nitrate

4.5

Kinetics studies

The data of adsorption kinetics of perchlorate, chromate and nitrate onto Clay-PDDA
nanocomposite are provided in Tables 4.7, 4.8 and 4.9, respectively. The kinetic results showed
that the uptake rates of perchlorate, chromate and nitrate were very high. As can be seen in
Figures 4.13, 4.14 and 4.15 the perchlorate, chromate, and the nitrate uptakes by Clay-PDDA
nanocomposites rose quickly in the first 30 min to 0.39𝑚𝑚𝑜𝑙/𝑔, 0.38𝑚𝑚𝑜𝑙/𝑔 and 0.36𝑚𝑚𝑜𝑙/𝑔
by P-Mt-J respectively, but only a small increase occurred after 30 min by the end of the
experiments. However the adsorption of perchlorate, chromate and nitrate reached a plateau after
2h when approximately 80%, 80%, 60% of perchlorate, chromate and nitrate were removed from
the solution.
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Table 4.9 Kinetics of perchlorate uptake by P-Mt-W, P-Mt-C and P-Mt-J montmorillonitePDDA nanocomposites (Initial concentration 1𝑚𝑀).
Perchlorate uptake (𝑚𝑚𝑜𝑙/𝑔)
P-Mt-W

P-Mt-C

P-Mt-J

5mins

0.241 ± 0.003

0.381 ± 0.009

0.39 ± 0.003

30mins

0.314 ± 0.001

0.412 ± 0.008

0.401 ± 0.012

2hrs

0.336 ± 0.014

0.413 ± 0.005

0.412 ± 0.001

8hrs

0.343 ± 0.004

0.411 ± 0.001

0.416 ± 0.010

16hrs

0.343 ± 0.004

0.417 ± 0.004

0.419 ± 0.004

24hrs

0.350 ± 0.014

0.416 ± 0.010

0.420 ± 0.001

*50𝑚𝑔 of material was added into 25𝑚𝑙 of 1𝑚𝑀 solution

Table 4.10 Kinetics of Chromate uptake by P-Mt-W, P-Mt-C and P-Mt-J montmorillonitePDDA nanocomposites (Initial concentration 1 𝑚𝑀).
Chromate uptake (𝑚𝑚𝑜𝑙/𝑔)
P-Mt-W

P-Mt-C

P-Mt-J

5mins

0.242 ± 0.002

0.355 ± 0.007

0.381 ± 0.001

30mins

0.315 ± 0.001

0.367 ± 0.001

0.409 ± 0.001

2hrs

0.331 ± 0.001

0.383 ± 0.004

0.412 ± 0.005

8hrs

0.335 ± 0.005

0.411 ± 0.004

0.419 ± 0.005

16hrs

0.336 ± 0.005

0.410 ± 0.004

0.420 ± 0.005

24hrs

0.338 ± 0.009

0.413 ± 0.017

0.423 ± 0.005

*50𝑚𝑔 of material was added into 25𝑚𝑙 of 1𝑚𝑀 solution
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Table 4.11 Kinetics of Nitrate uptake by P-Mt-W, P-Mt-C and P-Mt-J montmorillonitePDDA nanocomposites (Initial concentration 1mM).
Nitrate uptake (𝑚𝑚𝑜𝑙/𝑔)
P-Mt-W

P-Mt-C

P-Mt-J

5mins

0.151 ± 0.005

0.202 ± 0.003

0.211 ± 0.002

30mins

0.165 ± 0.001

0.212 ± 0.001

0.252 ± 0.004

2hrs

0.168 ± 0.002

0.231 ± 0.001

0.279 ± 0.003

8hrs

0.181 ± 0.004

0.236 ± 0.003

0.282 ± 0.001

16hrs

0.185 ± 0.007

0237 ± 0.002

0.289 ± 0.008

24hrs

0.189 ± 0.002

0.239 ± 0.004

0.299 ± 0.002

*50𝑚𝑔 of material was added into 25𝑚𝑙 of 1𝑚𝑀 solution

Figure 4.16 Kinetics of Perchlorate uptake by P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Figure 4.17 Kinetics of Chromate uptake by P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Figure 4.18 Kinetics of Nitrate uptake by P-MT-W, P-MT-C and P-Mt-J

montmorillonite-PDDA nanocomposites
In order to better understand the adsorption mechanisms and kinetics, the data were
analyzed using the Lagergren pseudo-first order and Lagergren pseudo-second order kinetic
models (Bagherifam et al., 2010; Guo et al., 2008; Seliem et al., 2013). For the pseudo-first-order
process, the Lagergren equation is expressed as (Guo et al., 2008):
𝑑𝑞𝑡
= 𝑘1 (𝑞𝑒 − 𝑞𝑡 )
𝑑𝑡
Integrating this Equation with the conditions (𝑞𝑡 = 0 at 𝑡 = 0 and
𝑞𝑡 = 𝑞𝑡 at 𝑞𝑡 = 𝑡 gives:
ln(𝑞𝑒 − 𝑞𝑡 ) = ln 𝑞𝑒 − 𝑘1 𝑡
where 𝑞𝑡 (𝑚𝑔/𝑔) is the amount of adsorbed nitrate and perchlorate on the adsorbent at
time 𝑡, 𝑞𝑒 , the equilibrium sorption uptake, is extrapolated from the experimental data at time 𝑡 =
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infinity and 𝑘1 (min-1) is the rate constant of first-order adsorption. The pseudo-first order model
for perchlorate, chromate and nitrate adsorption by PDDA treat montmorillnoite is illustrated in
Figures 4.23, 4.24 and 4.25, respectively. The pseudo-second order process can be written as
follows (Bagherifam et al., 2010):
𝑡
1
𝑡
=
+
𝑞𝑡 𝑘2 (𝑞𝑒 )2 𝑞𝑒
where 𝑞𝑒 (mg/g) is the perchlorate, chromate and nitrate concentrations at equilibrium
and 𝑞𝑡 (mg/g) is the perchlorate, chromate and nitrate concentration at time, t. Thus, by plotting
𝑡/𝑞𝑡 versus 𝑡, the rate constant of second-order adsorption, 𝑘2 (g mg-1 min-1) and 𝑞𝑒 values can be
determined. The pseudo-second order model for the perchlorate, chromate and nitrate adsorption
onto P-Mt-W, P-Mt-C and P-Mt-J is depicted in Figures 4.20, 4.21 and 4.22, respectively. In
addition, the kinetic parameters and rate constants for the perchlorate, chromate and nitrate
uptakes were calculated and reported in Table 4.10. The pseudo-second order mechanism fitted
well for the perchlorate, chromate and nitrate with correlation coefficients of 0.99, 0.99 and 0.99,
respectively. The 𝑞𝑒 (𝑚𝑔 g −1) and 𝑘2 (𝑔 𝑚𝑔−1 𝑚𝑖𝑛−1 ) values for nitrate were much higher in
comparison to the experimental results for nitrate (Table 4.10). The greater equilibrium
concentration of nitrate are possibly because of the fact that nitrate has a larger hydration energy
than most other anions in natural water such as chloride, bicarbonate, sulfate, and perchlorate.
The pseudo-second order mechanism fitted well for perchlorate, chromate and nitrate.
This indicated that this sorption system is pseudo-second-order reaction, implying the ratelimiting step may be chemical sorption involving valency forces through sharing or exchange of
electrons between sorbent and sorbate (Ho et al., 1999).
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Figure 4.19 Pseudo-second order model for Perchlorate by P-Mt-W, P-Mt-C and P-Mt-J

montmorillonite-PDDA nanocomposites.

65

Figure 4.20 Pseudo-second order model for Chromate by P-Mt-W, P-Mt-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Figure 4.21 Pseudo-second order model for nitrate by P-Mt-W, P-Mt-C and P-Mt-J

montmorillonite-PDDA nanocomposites
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Figure 4.22 Pseudo-first order model for Perchlorate by P-Mt-W, P-Mt-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Figure 4.23 Pseudo-first order model for Chromate by P-Mt-W, P-Mt-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Figure 4.24 Pseudo-first order model for Nitrate by P-Mt-W, P-Mt-C and P-Mt-J

montmorillonite-PDDA nanocomposites.
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Table 4.12 Kinetic parameters for perchlorate, chromate and nitrate uptakes by P-Mt-W, PMt-C and P-Mt-J montmorillonite-PDDA nanocomposites.
Material
Anion
Pseudo-second order model
Pseudo-first order
𝑅2
P-Mt-W

P-Mt-C

P-Mt-J

Perchlorate 0.99

𝑘2 (𝑔 𝑚𝑔−1 𝑚𝑖𝑛−1 ) 𝑞𝑒 (𝑚𝑔 𝑚𝑔−1 )

𝑅2

𝑘1 (𝑔 𝑚𝑔−1 𝑚𝑖𝑛−1 )

0.0250

39.78

0.89

0.0031

Chromate

0.99

0.0254

40.77

0.88

0.0179

Nitrate

0.99

0.0855

42.76

0.96

0.0027

Perchlorate 0.99

0.0251

76.84

0.45

0.007

Chromate

0.99

0.0212

92.66

0.95

0.0025

Nitrate

0.99

0.0666

94.92

0.55

0.0024

Perchlorate 0.99

0.233

11.78

0.90

0.0109

Chromate

0.99

0.0206

14.88

0.48

0.0021

Nitrate

0.99

0.0383

26.04

0.85

0.0033

4.6

The effects of competitive anions

In the natural systems, several anions will compete for adsorption sites of Clay-PDDA
nanocomposite when used for remediation or separation. Therefore, in order to simulate the
complexity of the natural system, it is very important to detect the effects of various naturally
occurring competitive anions on the uptake of nitrate, perchlorate and chromate from aqueous
solutions. The effects of major naturally occurring monovalent and divalent anions on the
removal of nitrate, perchlorate and chromate by different types of montmorillonite-PDDA

nanocomposites were determined and are shown in Tables 4.12, 4.14 and 4.14 and Figures 4.26,
4.27 and 4.28, respectively. When the competing ions of chloride, carbonate and sulfate were
present at ten times the concentration of either perchlorate or chromate or nitrate, the uptake of
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chromate was more or less unaffected (Table 4.13; Fig. 4.28) while perchlorate or nitrate was
significantly reduced (Tables 4.12 and 4.14; Fig. 4.27 and 4.29) expressed either as percentage or
𝐾𝑑 values with all the montmorillonite-PDDA nanocomposites. All the montmorillonite-

PDDA nanocomposites, P-Mt-W, P-Mt-C, P-Mt-J show the same trend of reduction of uptake
with both perchlorate and nitrate, i.e., severe competition by anions of chloride, carbonate and
sulfate when they were present at ten times the concentration of perchlorate and nitrate. However,
the presence of chloride, sulfate and carbonate anions had negligible effect on chromate uptake
capacity of P-Mt-W, P-Mt-C, P-Mt-J montmorillonite-PDDA nanocomposites suggesting a
high selectivity for removal of chromate from aqueous solutions containing different anions. The
inhibitory effect of selected anions on the removal efficiency of chromate, nitrate and perchlorate
by Clay-PDDA nanocomposites was about the same. These results are consistent with Hofmeister
series of anions based on the free energy of hydration. The Hofmeister series is a classification of
ions in order of their ability to salt out or salt in proteins. The effects of these changes were first
worked out by Franz Hofmeister, who studied the effects of cations and anions on the solubility
of proteins: Hofmeister discovered a series of salts that have consistent effects on the solubility
of proteins and (it was discovered later) on the stability of their secondary and tertiary structure;
（Yang, Z. 2009) Anions appear to have a larger effect than cations and are usually ordered.
The Gibbs free energy values of hydration of the anions are shown in Table 4.11. The
energy of hydration of each anion is as follows: 𝐶𝑙𝑂4− < 𝑁𝑂3− < 𝐶𝑙 − < 𝐶𝑟𝑂42− < 𝑆𝑂42− < 𝐶𝑂32− .
Higher hydration energy of anion indicates that it will take more energy to break the energy shell
for dehydration.
In the case of organoclay, the neutral surfactant with 𝐶𝑙 − is entrapped by negatively
charged clay layers and surfactant cations in the interlayers. Therefore, the 𝐶𝑙 − anion is in a
hydrophobic environment between organic cations (Fig. 2.1). Thus, it is easy for organoclay to
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take up less hydrated ions, like perchlorate and nitrate, which can easily go into to the interlayers,
because organoclay is water repulsing type of material and hence repels hydrated ions. However,
in the case of PDDA-clay nanocomposites (Fig. 2.2; Fig. 4.26), they are hydrophilic materials and
hence not much preference for less hydrated ions like nitrate, chloride and perchlorate when
excess competing ions are present along with the former ions. In the presence of mixed
competing ions of sulfate, carbonate or chloride, montmorillonite-PDDA nanocomposites take up
the hydrated ions of chromate preferentially. Therefore, montmorillonite-PDDA nanocomposites
have higher selectivity for the highly hydrated anion, like chromate (Table 4.13) but not for less
hydrated anions such as perchlorate (Table 4.12) and nitrate (Table 4.14) (Figures 4.27, 4.28 and
4.29).

Table 4.13 The radius, 𝑟, width of hydration shell, ∆𝑟, number of water molecules in this
shell, 𝑛 and experimental values, ∆ℎ𝑦𝑑 𝐺 ∗, of the molar Gibbs energies of hydration of ion
(Marcus, 1991)
Ion
𝑟/𝑛𝑚
∆𝑟/𝑛𝑚
𝑛
∆ℎ𝑦𝑑 𝐺 ∗ / 𝑘𝐽 𝑚𝑜𝑙 −1
𝐶𝑙𝑂4−

0.200

0.033

1.8

-280

𝑁𝑂3−

0.179

0.044

2.0

-300

𝐶𝑙 −

0.181

0.043

2.0

-340

𝐶𝑟𝑂42−

0.240

0.039

3.0

-950

𝑆𝑂42−

0.230

0.043

3.1

-1080

𝐶𝑂32−

0.178

0.076

4.0

-1315
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Figure 4.25 Schematic of perchlorate uptake by Clay-PDDA nanocomposite

Table 4.14 Effect of competitive anions on the uptake of perchlorate by P-Mt-W, P-Mt-C
and P-Mt-J montmorillonite-PDDA nanocomposites.
Sample
Solution
Uptake(%) K 𝑑 (𝑚𝑙/𝑔)
Uptake (𝑚𝑚𝑜𝑙/𝑔)
P-Mt-W

P-Mt-C

P-Mt-J

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4

70

1244 0.350 ± 0.020

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4 +10 𝑚𝑀 𝑁𝑎𝐶𝑙

28

199

0.142 ± 0.001

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝐶𝑂3

25

170

0.127 ± 0.003

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4 +10 𝑚𝑀 𝑁𝑎2 𝑆𝑂4

26

171

0.128 ± 0.001

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4

81

2066 0.400 ± 0.010

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4 +10 𝑚𝑀 𝑁𝑎𝐶𝑙

20

128

0.102 ± 0.004

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝐶𝑂3

20

122

0.098 ± 0.006

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝑆𝑂4

22

144

0.112 ± 0.011

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4

87

3499 0.440 ± 0.001

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4 +10 𝑚𝑀 𝑁𝑎𝐶𝑙

34

256

0.169 ± 0.003

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝐶𝑂3

27

185

0.136 ± 0.003

1𝑚𝑀 𝑁𝑎𝐶𝑙𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝑆𝑂4

27

184

0.134 ± 0.006

*50𝑚𝑔 of material was added into 25𝑚𝑙 solution and equilibrated for 24ℎ
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Table 4.15 Effect of competitive anions on the up take of chromate by P-Mt-W, P-Mt-C
and P-Mt-J montmorillonite-PDDA nanocomposites.
Sample
Solution
Uptake(𝑚𝑀) K 𝑑 (𝑚𝑙/𝑔) Uptake(𝑚𝑚𝑜𝑙/𝑔)
P-Mt-W

P-Mt-C

P-Mt-J

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4

66

976

0.338 ± 0.009

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4 +10 𝑚𝑀 𝑁𝑎𝐶𝑙

82

2256

0.409 ± 0.007

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝐶𝑂3

77

1755

0.389 ± 0.002

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝑆𝑂4

75

1492

0.374 ± 0.007

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4

82

2498

0.413 ± 0.017

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4 +10 𝑚𝑀 𝑁𝑎𝐶𝑙

72

1300

0.361 ± 0.007

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝐶𝑂3

73

1359

0.366 ± 0.002

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝑆𝑂4

71

1228

0.355 ± 0.008

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4

87

3396

0.435 ± 0.002

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4 +10 𝑚𝑀 𝑁𝑎𝐶𝑙
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2537

0.414 ± 0.006

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝐶𝑂3

80

2010

0.400 ± 0.003

1𝑚𝑀 𝑁𝑎2 𝐶𝑟𝑂4 +5 𝑚𝑀 𝑁𝑎2 𝑆𝑂4
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1580

0.380 ± 0.005

*50𝑚𝑔 of material was added into 25𝑚𝑙 solution and equilibrated for 24ℎ
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Table 4.16 Effect of competitive anions on the up take of nitrate by P-Mt-W, P-Mt-C and
P-Mt-J montmorillonite-PDDA nanocomposites.
Sample
Solution
Uptake(𝑚𝑀) K 𝑑 (𝑚𝑙/𝑔)
Uptake (𝑚𝑚𝑜𝑙/𝑔)
P-Mt-W

P-Mt-C

P-Mt-J

1𝑚𝑀 𝑁𝑎𝑁𝑂3

38

305

0.189 ± 0.002

1𝑚𝑀 𝑁𝑎𝑁𝑂3 +10 𝑚𝑀 𝑁𝑎𝐶𝑙

23

149

0.115 ± 0.004

1𝑚𝑀 𝑁𝑎𝑁𝑂3 +5 𝑚𝑀 𝑁𝑎2 𝐶𝑂3

9

52

0.047 ± 0.01

1𝑚𝑀 𝑁𝑎𝑁𝑂3 +10 𝑚𝑀 𝑁𝑎2 𝑆𝑂4

17

103

0.086 ± 0.005

1𝑚𝑀 𝑁𝑎𝑁𝑂3

48

459

0.239 ± 0.004

1𝑚𝑀 𝑁𝑎𝑁𝑂3 +10 𝑚𝑀 𝑁𝑎𝐶𝑙

11

60

0.053 ± 0.001

1𝑚𝑀 𝑁𝑎𝑁𝑂3 +5 𝑚𝑀 𝑁𝑎2 𝐶𝑂3

7

35

0.033 ± 0.004

1𝑚𝑀 𝑁𝑎𝑁𝑂3 +10 𝑚𝑀 𝑁𝑎2 𝑆𝑂4

9

52

0.047 ± 0.003

1𝑚𝑀 𝑁𝑎𝑁𝑂3

53

742

0.299 ± 0.002

1𝑚𝑀 𝑁𝑎𝑁𝑂3 +10 𝑚𝑀 𝑁𝑎𝐶𝑙

38

308

0.191 ± 0.006

1𝑚𝑀 𝑁𝑎𝑁𝑂3 +5 𝑚𝑀 𝑁𝑎2 𝐶𝑂3

21

134

0.106 ± 0.009

1𝑚𝑀 𝑁𝑎𝑁𝑂3 +10 𝑚𝑀 𝑁𝑎2 𝑆𝑂4

25

165

0.124 ± 0.006

*50𝑚𝑔 of material was added into 25𝑚𝑙 solution and equilibrated for 24ℎ
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Figure 4.26 Effect of competitive anions on the perchlorate uptakes by P-Mt-J, P-Mt-C,
P-Mt-W montmorillonite-PDDA nanocomposites.
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Figure 4.27 Effect of competitive anions on the chromate uptakes by P-Mt-J, P-Mt-C, PMt-W montmorillonite-PDDA nanocomposites.

77

60

Uptake %

50
40
30
20
10

P-Mt-W

P-Mt-C

Sulfate

Carbonate

Chloride

Control

Sulfate

Carbonate

Chloride

Control

Sulfate

Carbonate

Chloride

Control

0

P-Mt-J

Figure 4.28 Effect of competitive anions on the nitrate uptakes by P-Mt-J, P-Mt-C and PMt-W montmorillonite-PDDA nanocomposites.
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Chapter 5
CONCLUSIONS
The goals of this research were to synthesize PDDA (Polydiallyldimethylammonim
chloride) intercalated montmorillonites of different cation exchange capacities and to determine
their anion exchange properties.
Major findings could be summarized as follows:
The PDDA polymer was successfully intercalated in montmorillonites of different cation
exchange capacities (CECs).
The P-Mt-J montmorillonite-PDDA nanocomposite showed the best perchlorate,
chromate and nitrate uptake with 0.40 𝑚𝑚𝑜𝑙/𝑔, 0.44 𝑚𝑚𝑜𝑙/𝑔 and 0.299 𝑚𝑚𝑜𝑙/𝑔, respectively
because montmorillonite from Japan has a higher total charge or higher CEC than the other two
montmorillonites used in this study. With higher charge of the montmorillonite from Japan, more
PDDA was intercalated into its interlayers. The higher the polymer content in the clay interlayers,
the greater is its anion exchange capacity.
The uptakes of nitrate, perchlorate and chromate by the montmorillonite-PDDA

nanocomposites could be described well using the Freundlich isotherm while their uptake
kinetics fitted well to the pseudo-second order model. The Freundlich isotherm fitted well likely
because of heterogeneous adsorption resulting from the diversity of adsorption sites. The kinetics
study indicated that nitrate, perchlorate and chromate uptake kinetics were found to be fast as
equilibrium was reached within 4 h in the montmorillonite-PDDA nanocomposites.
The montmorillonite-PDDA nanocomposites exhibited selective uptake of chromate
in the presence of 10 times excess equivalent concentration of competing anions such as 𝐶𝑙 − ,
𝑆𝑂42− and 𝐶𝑂32− . However, perchlorate and nitrate did not show very high selectivity when 10
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times excess equivalent concentration of competing anions such as 𝐶𝑙 − , 𝑆𝑂42− and 𝐶𝑂32− were
present because these two anions are less hydrated than chromate.
The presently developed montmorillonite-PDDA nanocomposites may be useful for

remediation of hazardous anions from water and soil. These nanocomposite materials can
also be potentially used for drinking water filtration.
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Appendix A RAW MONTMORILLONITES XRD PATTERN
Figures 6.1, 6.2 and 6.3 shows the X-ray diffraction patterns of raw Mt-W, Mt-C and MtJ montmorillonites before treatment with PDDA. In figure 6.1 Wyoming montmorillonite showed
a broad peak at d value = 11.76Å corresponding to the main crystal plane (100) of Namontmorillonite while 4.69 Å shows the 𝑑020 peak. Montmorillonites, Mt-C and Mt-J showed
peaks at d values of 14.86Å and 12.13Å (Figures 6.2 and 6.3) corresponding to the main crystal
planes (100), respectively while 4.69 Å shows the 𝑑020 peaks of both monmorillonites in Figures
6.2 and 6.3.

Figure 0.1 The XRD pattern of raw Mt-W.
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Figure 0.2 The XRD pattern of raw Mt-C.
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Figure 0.3 The XRD pattern of raw Mt-J.
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Appendix B LIST OF ACRONYMS
PDDA

Poly (Polydiallyldimethylammonim chloride)

CEC

Cation Exchange Capacity

XRD

X-Ray Diffraction

PXRD

Powder X-ray Diffraction

Å

angstroms

nm

nanometers

θ

diffraction angle

λ

wave length

USEPA

US Environmental Protection Agency

PDDA

Poly(diallyldimethyl ammonium) (PDDA) cations

Na-Mt

Na- Montmorillonite

CTAC

Cetyltrimethylammonium Chloride

CTMABr

Cetyltrimethylammonium Bromide

Mt-C

Montmorillonite form China

Mt-W

Montmorillonite form Wyoming

Mt-J

Montmorillonite form Japan (Kunipia)

