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Introduction

INTRODUCTION

Water is an important and essential component of living being, which is
increasingly polluted from day to day. Water pollution requires ongoing evaluation and
revision of water resource policy at all levels (international down to individual aquifers and
wells). It was observed that the use of deleterious quality of water caused for various diseases
or even deaths throughout the globe (Daniel, 2006). In addition to the acute problems of
water pollution in developing countries or even industrialized countries continue to struggle
with the strategies to adopt in the remediation policies for decontamination of polluted water
bodies.

Water is typically referred to as polluted when it is impaired by anthropogenic
contaminants and either does not support a human use, such as drinking water, and/or
undergoes a marked shift in its ability to support its constituent biotic communities. Natural
phenomena such as volcanoes, algae blooms, storms, and earthquakes also cause major
changes in water quality and the ecological status of aquatic environment. The reclaimed
water often contained with the contaminants of emerging concerns (CECs) that includes
pharmaceuticals, household chemicals, personal care products, disinfectants, insecticides,
heavy metal toxic ions etc., which poses a serious concern to maintain the water quality
standards (Laws et al., 2011; Ternes et al., 1998; Kolpin et al., 2004; Wells et al., 2009).

Many chemicals undergo reactive decay or chemical change especially over long
periods of time in groundwater reservoirs. A noteworthy class of such chemicals is the
chlorinated hydrocarbons such as trichloroethylene (used in electronic industries for metal
degreasing) and tetrachloroethylene used in the dry cleaning industry (note latest advances in

liquid carbon dioxide in dry cleaning that avoids use of chemicals). Both of these chemicals
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which are known to be potential carcinogens, undergo only partial decomposition, leading to
new hazardous chemicals (including dichloroethylene and vinyl chloride).

Groundwater pollution is much more difficult to abate than surface water pollution
since groundwater moves greater distances through unseen aquifers. Micro or meso-porous
aquifers such as clays partially purify the water from bacteria by simple filtration (adsorption
and absorption), dilution, and, in some cases, chemical reactions and biological activity:
however, in some cases, the pollutants merely transform to soil contaminants. Groundwater
that moves through cracks and caverns is not filtered and can be transported as easily as
surface water. In fact, this can be aggravated by the human tendency to use natural sink holes
as dumps in areas of Karst topography.

There is variety of secondary effects stemming not from the original pollutant, but a
derivative condition. An example is silt-bearing surface runoff, which can inhibit the
penetration of sunlight through the water column, hampering photosynthesis in aquatic
plants.

The contamination of surface/ground waters by heavy metal toxic ions is a serious
environmental and public concern because of the fact that these ions are virtually non-
biodegradable and tend to accumulate within the bio-system, causing various biological
disorders (Martin, 1985). Increasing use of toxic metals in various industrial process leads to
the contamination of our aquatic environment. Besides the toxic and harmful effects to the
aquatic life the extended perseverance of these pollutants in the biological systems and
accumulating in the biosphere through the food chain results in the environmental and
occupational hazards (Martins, 2004; Rout et al., 2009). Contamination of water bodies with
heavy metals arises mainly from the aqueous waste streams of industries viz., metal plating,

mining operations, tanneries, etc. Toxic metals such as mercury, cadmium, arsenic, copper
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and many other species tend to accumulate with the sediments from which they may be
released by various processes of remobilization which further can move up to the biologic
chain, thereby reaching human beings where they produce chronic and acute ailments
(Forstner et al., 1981). Leachates emanating from old mines often contain higher
concentrations of dissolved metals like iron, manganese, aluminium, zinc, etc. and sulphate
which could even contain high acidity (Bamsforth et al., 2006; Manzano et al., 1999;
Younger, 2002). Heavy metals form compounds in the body that can be carcinogenic and
mutagenic even at very low levels (Ruiz-Manriques et al., 1998). Inorganic micro-pollutants
are of considerable concern since these are non-biodegradable, highly toxic and perhaps
cause for carcinogenic effect (Cimino et al., 1990; Madoni et al., 1996). The increased level
of industrialization/urbanization is known to be an additional source of contamination of
fresh water. Although, several heavy metals are reported to be essential at trace level
concentration however, an increased level of intake caused for adverse effects towards the
living beings. Heavy metals such as cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb),
arsenic (As) etc. often present in industrial waste/effluent waters which is a potential hazard

to the aquatic ecosystem and poses human health risk.

1.1. TOXICITY OF HEAVY METALS

1.1.1. Chromium

Chromium is usually found in industrial effluent. The most common sources of
chromium includes with steelworks, chromium electroplating, leather tanning, chemical
manufacturing and textile industries etc. (Sankararamakrishnan et al., 2006; Stasinakis et al.,
2003; Raji and Anirudhan, 1998; Balasubramanian and Pugalenthi, 1999; Liang et al., 2003,

Gopi Krishna et al., 2004; Adria-Cerezo et al., 2000; Deng and Bai, 2004). Chromium(V1) is
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poisonous to most living organisms but has many applications including in wood preservation
(Lakatos et al., 2002; Chwastowska et al., 2005; Sankararamakrishnan et al., 2006). Humans
are exposed to excessive amount of Cr(V1) through food, drinking water, and inhaling air that
may contain chromium particles. The average daily intake from air, water, and food is
estimated to be 0.01 — 0.03 pg, 2.0 pg/L and 60.0 pg, respectively (Donais et al., 1999).
Cr(VI) is known to be toxic to both plants and animals, as a strong oxidizing agent and
potential carcinogen (Costa and Klein, 2006). Cr(VI) is considered by the IARC
(International Agency for Research on Cancer) as a potential carcinogenic agent that modifies
the DNA transcription process causing important chromosomic aberrations (IARC, 1982).

The NIOSH (National Institute for Occupational Safety and Health) recommends that the

3

levels of Cr(VI) in water should be reduced to 10 - mg/m3 (Muir, 1977). The discharge of

Cr(V1) to surface water is regulated to below 0.05 mg/L by the US EPA (Baral, 2002). The
inhalation of chromium compounds has been associated with the development of cancer in
workers in the chromate industry. The relative risk for developing lung cancer was calculated
to be as much as 30 times that of controls (Hayes, 1982; Leonard and Lauwerys, 1980;
Langard, 1983). There is also evidence for an increased risk of developing nasal, pharyngeal
and gastrointestinal carcinomas (Hamilton and Wetterhahn,1988). Quantitative epidemio-
logical data were obtained by Mancuso and Hueper, (1951), they observed an increase in
deaths (18.2 %; P < 0.01) from respiratory cancer among chromate workers compared with
1.2 % deaths with controls. In a follow-up study, conducted when more than 50 % of the
workers were died, the observed incidents for lung cancer deaths were increased to
approximately 60% (Mancuso, 1975). The workers were exposed to total chromium of 1-8

mg/m®/year. Mancuso (1975) observed a dose response for total chromium exposure and
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attributed to the lung cancer deaths on exposure to insoluble Cr(l11), soluble Cr(\V1) and total

chromium.

1.1.2. Arsenic

Arsenic is generally found as a contaminant in soil and water systems due to various
anthropogenic sources, geologic variance, the arsenic mine drenching, the dissolution of
ground rock along with the human activities such as mining, metallurgy, leather process,
dyeing industry, use of pesticide and insecticide etc. (Chakravarty et al., 2002; Smedley
et al., 2002; Bhumbla et al., 1994; Kim et al., 2002).

Arsenic occurrence in the environment, its toxicity, health hazards, and the techniques
used for speciation analysis is well reviewed elsewhere (Penrose, 1974; Bodek et al., 1998;
Jain and Ali, 2000; Matschullat, 2000; Bissen and Frimmel, 2003). Long-term drinking water
exposure caused for skin, lung, bladder, and kidney canceras well as pigmentation changes,
skin thickening (hyperkeratosis) neurological disorders, muscular weakness, loss of appetite,
nausea etc. (Jain and Ali, 2000; Kiping, 1997; WHO, 1981; Mandal and Suzuki, 2002). This
differs from acute poisoning, which typically caused for vomiting, oesophageal and
abdominal pain, and bloody “rice water” diarrhea (Jain and Ali, 2000; Kiping, 1997,
WHO,1981; Desesso et al., 1998; Duker et al., 2005; Ng et al., 2003). Arsenic in natural
waters is a worldwide problem. Arsenic pollution reported in various countries including
USA, China, Chile, Bangladesh, Taiwan, Mexico, Argentina, Poland, Canada, Hungary, New
Zealand, Japan and India (Burkel & Stoll, 1999; Cebrian et al., 1983; Dhar et al., 1997,
Karim, 2000). The largest population at risk among the 21 countries with known groundwater
arsenic contamination is in Bangladesh, followed by West Bengal in India (Das et al., 1995;

Jain and Ali, 2000; Chatterjee et al., 1995)
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Arsenic is classified as a Group A carcinogen by the United States Environmental
Protection Agency (USEPA). The toxic effects ranged from acute lethality to chronic effects,
such as cancer and diseases of the vascular system (Borum et al., 1994; Saha et al., 1999). It
was reported that serious health problems, such as cancers, skin alteration, etc., was linked to
arsenic ingestion even at a low concentration (20-50 mg/l) (O’Connor, 2002). Extensive
epidemiological studies showed that chronic ingestion of high levels of inorganic arsenic
caused skin cancer (National Research Council, 1999). It was found that Arsenic exposure
also caused cancers of the nasal cavity, trachea, bronchus, lung, liver, bladder, colon, kidney,
prostate, brain, the lymphatic and hematopoietic tissues as well as the nervous system (Chen
and Lin, 1994; Naqvi et al., 1994; Remembrance, 2003). Recent report by the United States
National Academy of Science and United States National Research Council revealed that
even at 3ug/L of arsenic, the risk of bladder and lung cancer was between four and seven
deaths per 10,000 people. At 10 pg/L, the risk was increased to between 12 and 23 deaths
per 10,000 people (NRC, 2001). In addition, arsenic can cause high blood pressure and
diabetes. The US EPA announced its ruling in October 2001 to lower the maximum
contaminant level (MCL) from 50 pg/L to 10 pug/L (An et al, 2005; EPA, 2000). China has
adopted a new standard of arsenic in drinking water which was promulgated by National
Standard Committee and Sanitation Ministry, lowered the arsenic level from 50 pg/L to 10
Mg/L. The World Health Organization (WHO) also recommended lowering the As -drinking
water standard to 10 pg/L (WHO, 2001).The improved drinking water standard posed new

challenges to water treatment technique.

1.1.3. Cadmium
Cadmium (Cd) is a toxic element whose presence in the environment, mainly due to

the industrial processes and phosphate fertilizers through which it is transferred to the food
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chain (Pinto et al., 2004). Cadmium enters into surface water with the discharge of industrial
effluents/wastes from metal plating, smelting, paint pigments, batteries, fertilizers,
metallurgical alloying, mining, ceramics and other industrial operations (Davis et al., 2000;
Igbal and Edyvean, 2005) or by leaching of soil, to which sewage sludge is added. It is
biologically very reactive and therefore gives rise to both acute and chronic poisoning.
Nariagu (1983) emphasized the effects of cadmium on aquatic organisms. It became
popularized in late 1940’s in Japanese villages causing a condition known as the “itai-itai”” or
ouch-ouch bone degenerative disease (Aoshima, 2003; Kasuya, 2000; Hutton, 1983).
Cadmium toxicity was observed by a variety of syndromes and effects including renal
dysfunction, hypertension, hepatic injury, lung damage and teratogenic effects (Hajialigol et
al., 2006). It was reported that cadmium found to be carcinogenic and caused for lung fibrosis
and dyspnea (Sud et al., 2008). Chronic exposure to elevated levels of cadmium caused for
bone degeneration, liver damage etc. (Igbal et al., 2007). Acute exposure to cadmium fumes
may cause flu like symptoms including chills, fever, and muscle ache sometimes referred to
as "the cadmium blues”. More severe exposures can cause tracheal bronchitis, pneumonitis
and pulmonary edema. Symptoms of inflammation may start hours after the exposure and
include cough, dryness and irritation of the nose and throat, headache, dizziness, weakness,
fever, chills, and chest pain. Cigarettes are also a source of cadmium exposure. Although
there is generally less cadmium in tobacco than in food, but lungs absorb cadmium more
efficiently than the stomach (Jarup, 1998). Workers exposed to cadmium-containing fumes
were reported to develop acute respiratory distress syndromes (ARDS) (Barbee and Prince,
1999). Intake of cadmium-contaminated food caused acute gastro- intestinal effects, such as
vomiting and diarrhoea (Nordberg, 2004).The IARC (International Agency for Research on

Cancer) decided to classify cadmium as one of human carcinogen group |. Latest data
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however, supported the assumption that only an uptake of cadmium via the respiratory

system has carcinogenic potential (Jin et al., 2002).

1.1.4. Copper

The primary sources of copper includes with the effluents aroused from printed circuit
boards, metal surface treatments and mining operations. Copper in small amount known to be
an essential element of humans and living organism where it is an important catalyst for
heme synthesis and iron absorption. However, higher concentrations of copper in the
biological systems possessed with several toxic effects (Benaissa and Elouchdi, 2007).
Copper can cause severe mucosal irritation and corrosion, widespread capillary damage
central nervous system irritation, stomach and intestinal distress, liver and kidney damage,
and anemia (Gardea-Torresdey et al., 1996; Ajmal et al., 1998). The human body has a
natural mechanism for maintaining the proper level of copper. However, children fewer than
one year old do not show such mechanism therefore is more vulnerable to the toxic effects of
copper. People with Wilson’s disease also showed a problem with maintaining the proper
balance and taking care to limit the exposure of copper. Concentration of copper in drinking
water with level of 5 to 8 mg/L make the water undrinkable (HDR Engineering Inc, 2001).
Maximum Contaminated Level (MCL) for copper is 1.3 mg Cu/L based on taste and to a

lesser extent on limited toxicity data (Donald et al., 1999).

1.15. Lead

Lead is one of potential toxic heavy metals and once absorbed into the body showed
several biological disorder (Friberg et al., 1979).Lead contamination of the environment is
primarily due to anthropogenic activities making it the most ubiquitous toxic metal in the
environment (Environmental health criteria 165 1995, Amdur et al., 1991). Research on lead

(Pb) becomes an important topic of research for environmental and medical scientists for the

8
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reasons: (1) It has no known biological use and (2) It is toxic to most living beings. Lead
readily bio accumulates in the human-rich surface layer of the soils due to its complexation
with organic matter. It is the least mobile heavy metal in soils under reducing or non-acidic
conditions. Furthermore, it is one of the most common trace metal contaminants in urban
soils due to atmospheric deposition from industries and automobile emission. The sources of
lead in the environment is mainly because of waste streams of battery manufacturing, acid
metal plating and finishing, ammunition, tetraethyl lead manufacturing, ceramic and glass
industries printing, painting, dying, and other industries (An et al., 2001; Li et al., 2002).
Lead has been well recognized for its negative effect on the environment where it
accumulates readily in living systems. Lead is non-biodegradable and can accumulate in
living tissues, thus becoming concentrated throughout the food chain and can be readily
absorbed into the human body (Wong et al., 2003). The presence of lead in drinking water
even at low concentration level may cause diseases such as anemia, encephalopathy, hepatitis
and nephritic syndrome (Lo et al., 1999). Severe exposure to lead was associated with
sterility, abortion, stillbirths and neo-natal deaths (Goel et al., 2005). When Lead is ingested,
there is rapid uptake into red blood cells forming PbB, then into soft tissues (kidney, bone
marrow, liver and brain) and followed by a slow redistribution to mineralizing tissues (bones
and teeth) (Nriagu, 1988; Environmental health criteria 165, 1995; Lum Max et al., 1994).
Current Environmental Protection Agency (EPA) guidelines indicated that the maximum
limit of lead in drinking water is 0.05 mg/L, but a level of 0.02 mg/L is proposed which is
under review (Groffman et al., 1992). According to the Indian Standard Institution, the
tolerance limit for discharge of lead into drinking water is 0.05 mg/L and in land surface

water is 0.1 mg/L (I.S.1., 1982).
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1.2. REMOVAL TECHNIQUES OF HEAVY METALS

The removal of heavy metal toxic ions from wastewaters has received an increased
attention in recent decade for global awareness of the underlying detriment of heavy metals in
the environment. The tighter national and international regulations on water pollution and
the discharge of heavy metals make it necessary to develop efficient and cost effective
technologies for their effective and efficient removal. Various treatment technologies were
developed for the removal of heavy metals from water. The commonly used technologies for
removing metallic impurities from effluents include with chemical precipitation, lime
coagulation, ion exchange (Gode et al., 2005; Chakravarti et al., 1995; Qdais et al., 2004),
electro dialysis, reverse osmosis membrane filtration (Low et al., 1999; Lacour et al., 2001;
Juang et al., 2000), electro winning (Gode et al., 2006), solvent extraction, adsorption (Gode
et al., 2006; Leinonen et al., 2000; Yu et al., 2003), complexation/sequestration, electro-
chemical operation and biological treatment etc. (Kiffs, 1987; Namasivayam, 1995).
Chemical precipitation was traditionally employed to remove heavy metal toxic ions from
aqueous solutions. However, metal removal via coagulation/flocculation is, in many cases,
insufficient to meet strict regulatory requirements (Lee and Davis, 2001). Iron oxide-coated
sand was used to remove the toxic metal ions (Thirunavukkarasu et al., 2003). The
applications of traditional treatment techniques thus need enormous cost and continuous input
of chemicals, which become impracticable and unconventional and also caused for further
environmental damage (Tiwari et al., 2007b).

Among several methods available, ion exchange is an attractive process as its
application is relatively simple and safe. lon exchange is the exchange of ions between a
liquid phase and a porous solid phase, which may be synthetic or natural (Wartelle and

Marshall, 2006; Korngold et al., 2003). lon-exchangers play a prominent role for the removal
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/speciation of several cationic/anionic species in waste waters and if the adsorbent is chosen
so carefully and the solution chemistry adjusted accordingly, it can provide an effective waste
treatment even at wide range of solution pH (Benjamin and Leckie, 1982; Davis and Leckie,
1978; Elliot and Huang, 1980; Mishra et al., 2004). The low-cost exchangers like zeolite etc.
is used, the method is reported to be cost — effective (Inglezakis et al., 2004; Inglezakis
et al., 2005; Yebra-Biurrun et al., 1995; Dabrowski et al., 2004). Synthetic ion exchangers
are often used in elimination of heavy metal pollutants (Patterson et al., 1975; Schwuger and
Smolka, 1976; Schore, 1972; Higgins, 1973). During treatment, ion exchange involves the
reversible exchange of ions between a solution and a solid phase that are in direct contact
(Dean, 1985).

The biosorption process which is an innovative technology using living or dead
biomasses to remove toxic heavy metals from aqueous solutions offers potential advantages
such as low operating cost, minimization of chemical or biological sludge, relatively high
efficiency of heavy metal removal from diluted solutions, regeneration of biosorbents,
possibility of metal recovery and environment friendly (Ahluwalia and Goyal, 2007).

Several natural and synthetic hydrous solids have been investigated as adsorbents of
heavy metals. Among these, metal oxides (Benjamin and Leckie, 1981; Elliott and Huang,
1984; Davis and Bhatnagar, 1995) and activated carbon (Tan and Teo, 1987; Corapcioglu and
Huang, 1987; Seco et al., 1997) are the most extensively employed. However, the high cost
of these materials limit their large-scale use for the removal of metals. Hence, the interest lies
for more effective, economic and eco-friendly techniques to be developed for the fine-tuning
of effluent/waste water treatment (Chiron et al., 2003; Kadirvelu and Namasivayam, 2003).
Therefore, numerous approaches are intended for the development of cheap metal trapping

materials, such as fly ash (Senand De, 1987), peat (Gosset et al., 1986), activated sludge
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(Fristoe and Nelson, 1983; Tien and Huang, 1987), waste slurry (Srivastava et al., 1989) and
biosorbents (Huang et al., 1990 &1991).

It is reported that the adsorption phenomena can remove metals over a wide pH range
and lower concentrations than precipitation (Lo et al., 1997). Green-Pedersen and Pind
(2000) reported that a ferrihydrite-coated montmorillonite surface possessed large specific
surface area and an increased sorption capacity for Ni(ll) compared to the bare surface of
montmorilllonite. Meng and Letterman (1996) discussed the adsorption properties of oxide
mixtures and correlated the metal uptake by relative amount of metal oxide components.
Meng and Letterman (1993) also reported adsorption of heavy metal ions onto the aluminum
oxide-coated silica and the adsorption was modeled with uniform coverage of the oxide
rather than using two distinct surfaces. Lo and Chen (1997a) determined the effect of Al
oxide mineralogy, amount of oxide coating, and acid- and alkali-resistance on the removal of
selenium from water. Brandao and Galembecket (1990) reported that the impregnation of
cellulose acetates with manganese dioxide resulted in high removal efficiency of Cu(ll),
Pb(I1), and Zn(ll) from aqueous solutions. Al-Degs and Khraisheh (2000) had reported that
diatomite and manganese oxide modified diatomite were effective adsorbents for removing
Pb**, Cu?*, and Cd** ions. The sorption capacity of Mn-diatomite was considerably increased
compared to the original material in removing the studied metals. Filtration quality of
diatomite was significantly increased after modification with Mn-oxides.

Numerous researchers investigated the use of activated carbon to remove heavy
metals from aqueous solutions (Alfarra et al., 2004; Kononova et al., 2005; Park and Kim,
2005; Puziy et al., 2004; Sekar et al., 2004). Granular activated carbon (GAC) used in a
column process could eliminate separation problems and minimize sludge production.

Activated carbon, however, showed relatively lesser adsorption capacity and affinity for
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metals (Fan and Anderson, 2005). Huang et al., (1975 &1977, 1978) found that the removal
of Cr(l111) and Cr(VI) from aqueous solutions by different heat-treated charcoal and activated
carbons depends largely on the solution pH and chromium concentrations. Oxides were
widely used for the removal of heavy metal toxic ions from aqueous solutions. Relative to
GAC, oxides have higher metal exchange capacities. Furthermore, oxides have the ability to
remove metals even up to trace levels and the adsorbed metals can be recovered and solids
can be reused. However, solid separation and sludge management after the adsorption process
is seemingly difficult, because the oxides are usually in colloidal forms. One possible
solution to this problem is to prepare a granular adsorbent that can be used in column process.
Composite adsorbents of this type include Fe** treated activated carbon (Huang and Van,
1989), Fe-coated sand (Edwards and Benjamin, 1989; Lai et al., 1994; Lo et al., 1997,
Satpathy and Chaudhuri, 1995; Stahl and James, 1991a), granular iron oxides (Theis et al.,
1992), Fe-coated GAC (Wang, 1995) and Mn oxide coated sand etc. (Stahl and James,
1991b).

Sand is one of the natural filter media and widely used in the waste water treatment
plant for pre-filtration and it was reported that during the treatment, manganese or iron, which
is present in the wastewater, is deposited on the surface of sand in the form of oxides.
Recently, several researchers have developed techniques for coating metal oxides onto the
surface of sand to overcome the problem of using metal oxides powders in water treatment.
Many reports have shown the importance of these surface coatings in controlling metal
distribution in soils and sediments (Zacharra et al., 1995; Fuller et al., 1996; Edwards and
Benjamin, 1989). In recent years, coated minerals are widely studied because of their
potential application as effective sorbents (Zacharra et al., 1995; Lo et al., 1997; Kuan et al.,

1998).
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Merkle et al., (1996 & 1997) reported that manganese dioxide coated sand was
effective for removal of arsenic from ground water in column experiments. Merkle et al.,

(1996) developed a manganese oxide coating method on anthracite to improve the removal of
Mn®* from drinking water and hazardous waste effluent. They generated a filter media with

an increased surface area after coating with manganese oxide and found manganese oxide
coated media have the ability to adsorb and co-precipitate a variety of inorganic species.
Stahl and James (1991 b) found that manganese oxide coated sands generated a larger surface
area and increased adsorption capability with increasing pH as compared to uncoated silica
sand. The removal of As(lll) and lead(ll) from aqueous solutions was studied using
manganese coated sand and the equilibrium study and competitive adsorption was further
carried out (Han et al., 2006). The removal of copper using manganese coated sand in a
liquid fluidized-bed reactor was carried out by Lee et al., (2004). Similarly, manganese
coated sand was studied by Guha et al., (2001).

Iron oxide coated materials for heavy metal removal was employed successfully for
the enhancement of removal capacity and efficiency comparing to uncoated filter media, such
as silica sand (Sansalone et al., 1995; Sansalone et al., 1999; Khaodhia et al., 2000; Joshi
et al.,, 1996; Benjamin et al., 1996), granular activated carbon (Reed et al., 1996) and
polymeric media (Liu et al., 2001 a; Edwards and Benjamin, 1989) etc. It was observed that
coated media possessed with significant higher removal capacity for several heavy metals
toxic ions over a wide pH range. Bailey et al., (1992) used iron oxide coated sand to remove
hexavalent chromium from a synthetic waste stream. The influent contained with 20 mg/L of
Cr(VI) and more than 99% of Cr(VI) was removed. It was found that iron(l1l) coated sand

can be used for the removal of both cationic and anionic heavy metals, such as Cu(ll), Pb(Il),
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As(111), As(V), Sr(Il) and Se(IV) (Huang and Liu, 1997; Lo and Chen, 1997a; Yang et al.,
2005).

The oxidation and adsorption of Co(ll1)-EDTA complex subsurface materials using
iron oxide coated and manganese oxide coated grains was performed by Zachara et al.
(1995). Mn(Il) was removed from aqueous solutions using manganese coated sand and the
removal efficiency was greatly enhanced in presence of sodium hypo-chlorite (Tiwari et al.,

2007D).

Iron oxides, hydroxides and oxide hydroxides consist of arrays of Fe ions and 0% or
OH ions. In comparison with minerals existing in soil, iron oxides have relatively high

surface area and surface charge, and they often regulate free metal concentration in soil
through adsorption reactions (Scwertmann and Taylor, 1989). It was affirmed that, in recent
years, many researchers have applied the iron oxide to the treatment of heavy metals from
metal-bearing tap or wastewater (Benjamin and Leckie, 1981b). Most of iron oxides are
available only as fine powders or are being generated in aqueous suspension as hydroxide
floc or gel. In such forms, they retain their desirable adsorptive properties for the trace metals
but are limited to reactor configurations incorporating large sedimentation basins or a
filtration unit. Under such conditions, the solid/liquid separation is fairly difficult. Besides,
the iron oxide alone is not suitable as a filter medium because of its low hydraulic
conductivity (Theis et al., 1992). Many researchers have studied the adsorption characteris-
tics of anions, cations, and organics onto the iron oxide surface in recent decades. Adsorption
is capable of removing metals over a wider pH range and to much lower concentrations than
precipitation (Benjamin and Leckie, 1981b; Schultz et al., 1987). It was reported that iron
oxide could be regenerated and reused at least 50 times without a noticeable loss in treatment

efficiency (Edwards and Benjamin, 1989). Iron — coated sand was tested for removal of
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cationic as well as anionic metals from synthetic and real waste waters (Theis et al., 1992;
Edwards and Benjamin, 1989; Stahl and James, 1991; Bailey et al., 1992; Lai et al., 1994).
The results from these studies confirm the utilization of iron-coated sand for trace removal of
metal ions from water is worth to be developed for future wastewater treatment strategy. The

applications of iron-coated sand are influenced by the coating techniques. Iron oxide formed
from Fe(NO3)3 is composed of mainly amorphous iron oxides and a small amount of

crystalline iron oxides (Lo et al., 1994a; Lo et al., 1994b). But the type of iron oxide coating
produced depends on the physical and chemical environments at which iron oxide was

prepared and coated.

1.3. ADSORPTION

Adsorption is the adhesion of atoms, ions, or molecules from a gas, liquid, or
dissolved solid to a surface (Glossary, 2009). This process differs from absorption, in which a
fluid (the adsorbate) permeates or is dissolved by a liquid or solid i.e., the absorbent
(Absorption Chemistry, 2010). The exact nature of the bonding depends on the details of the
species involved, but the adsorption process is generally classified as physi-sorption
(characteristic of weak van der Waals forces) or chemisorption (characteristic of covalent
bonding). It may also occur due to electrostatic attraction (Ferrari et al., 2010). A liquid or a
solid substance which is present in the bulk of the substance is being attracted uniformly from
all sides by the neighbouring molecules and hence there is no net force acting on the
molecule hence there is no unbalanced force around molecule. On the other hand, if a
molecule is present near the surface, such a molecule is not bonded to other molecules from
all sides but has some unutilized valencies because there are no neighbouring molecules

above the surface to which it can be bonded. As a result of these unbalanced forces the
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molecules present at the solid or liquid surfaces tends to satisfy their residual forces by
attracting and retaining on their surface, the molecules of other species when brought in
contact with them. These results in increase in concentration of the substance near the surface
compared with the bulk phases. A substance which has different concentration at the surface
than in the bulk phases is said to adsorb and the existence of a substance at a surface in a
different concentration than in the adjoining bulk phases is adsorption.

The material upon whose surface the adsorption takes place is called an adsorbent
while the molecular species that get adsorbed are called adsorbate. Adsorption is not
necessarily a physical phenomenon always. It maybe said a chemical process involving a
chemical interaction between the adsorbent and adsorbate. When the molecules of the
adsorbate are held to the surface of the adsorbent by chemical forces, the adsorption is called
chemisorption.

Adsorption is different from absorption. In absorption, the molecules of a substance
are uniformly distributed in the bulk of the other, whereas in adsorption molecules of one
substance are present in higher concentration at the surface of the other substance. But in
some cases adsorption and absorption occur together. In such cases, the substances gets
uniformly distributed into the bulk of the solid but at the same time, its concentration is
higher at the surface than in the bulk, such phenomenon is called “sorption”. Instead of using
an adsorption, the term sorption and bio-sorption is used since the adsorption phenomenon is
not clear. Bio-sorption can be defined as a non-directed physio-chemical interaction that may

occur between metal species and the biological materials.
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1.4. CLASSIFICATION OF ADSORPTION

Adsorption has been classified mainly on the basis of the nature of interactions

between the atoms, molecules or ions of the adsorbates and the adsorbents.

1.4.1. Physisorption

Physisorption, also called physical adsorption, is a process in which the electronic
structure of the atom or molecule is barely perturbed upon adsorption (Oura et al., 2003;
Desjonqueres et al., 1993; Hans Luth, 1993). This type of adsorption depends on the result of
dispersion or VVan der Waal forces of attraction between the adsorbent and the adsorbate. It is
generally resulting with the binding of the adsorbate particles ion several consecutive layers
which is usually favours the lowering of temperature. Physisorption is a spontaneous, rapid
and reversible process, which requires small activation energy and the corresponding

enthalpy change ranges up to 20 kJ/mol (Bond, 1984; Yoyutsky, 1978).

1.4.2. Chemisorption

Chemisorption is a sub-class of adsorption, driven by a chemical reaction occurring at
the exposed surface. A new chemical species is generated at the adsorbent surface (e.g.
corrosion, metallic oxidation). The strong interaction between the adsorbate and the
substratesurface creates new types of electronic bonds - ionic or covalent, depending on the
reactive chemical species involved (Oura et al., 2003). Chemisorption is based on the
chemical forces which arise due to transfer or sharing of electrons between the adsorbate and
the adsorbent. The energy of attachment is much greater as compared to the physisorption
and may be comparable to the energies of the chemical bond formations. Chemisorption

behaves to be irreversible, slow and temperature dependent which indicates the presence of
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an activation energy. The enthalpy of chemisorption is usually in the range of 40 — 800

kJ/mol (Volkenshtein et al., 1949; Robers, 1935).

1.4.3. Electrostatic Adsorption

This type of adsorption is mainly due to the attractive coulombic forces between
electrically charged adsorbent surface and the oppositely charged adsorbate species which is
mostly observed in adsorption from agqueous solutions. It is usually the ionic exchange type;
however, ion exchange need not be necessarily an electrostatic process. The ion
exchange adsorption is specific, not always reversible and occurs slowly and the heat of
adsorption is usually smaller than that of chemisorption (Helfferich, 1962).

In many systems, the mechanism of adsorption cannot be definitely specified and
several mechanisms may be involved simultaneously (Ottewill and Shaw, 1968; Mishra
etal., 1991).

The adsorption of trace elements is difficult to interpret as some of the physical
methods used to distinguish among the adsorption mechanisms viz., calorimetry, infrared
spectroscopy etc. fail entirely to detect micro and sub micro concentrations of the adsorbate
species. However, it is well established that the mechanism of adsorption for trace elements
depends upon their state in solutions. Simple ions are adsorbed by ion exchange mechanism
whereby ions of the similar charge form part of the surface crystal layer of the adsorbent or
the outer part of the electrical double layer which exists on the surface of most of the
adsorbents (counter ions). The former mechanism is basically primary adsorption on
crystalline precipitates (Wahl et al., 1951) and is mostly due to isomorphous ion replacement.
The latter (secondary adsorption) can occur with the major site of the adsorbents

(Grebenshesikova et al., 1972).
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1.5. FACTORS INFLUENCING ADSORPTION PROCESS

Adsorption at solid — solution interface is influenced by several parameters viz., nature
of adsorbent, nature of adsorbate, temperature, pH and concentration of the adsorbate and the

presence of foreign species.

1.5.1. Nature of Adsorbent

The efficiency of an adsorbent depends on two factors. One is the specific surface

area of the adsorbent and the other is the adsorption affinity of 1 cm2 of the adsorbent.

Generally, an increase in specific surface area of adsorbent enhances the adsorption due to
increase in the number of sites available for adsorption (Kurbatov, 1948; Petrov, 1958).
Adsorbents with higher surface charge will have a greater tendency to adsorb oppositely
charged trace elements (King et al., 1974; Skulskii et al., 1971) while similar charged trace
elements (adsorbate) results in lesser uptake by the adsorbent (Benes et al., 1972). The
adsorption of hydrolysed or slightly dissociated species normally increases with the increase

in hydrophobic character of the adsorbent (Rydberg et al., 1952).

1.5.2 Nature of Adsorbate

The adsorption process also depends on the size, shape and chemical nature of the
adsorbate. The uptake of the adsorbate depends upon the polarity and the presence of active
sites on the adsorbent. The presence of hydroxyl groups in a molecule is reported to enhance

its adsorb ability (Stryker et al., 1968).

1.5.3. Influence of Temperature
Temperature influences the kinetics and the final values of adsorption (Benes et al.,

1980). The uptake of the adsorbate normally increases with the increase in temperature which
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could be used in evaluating the activation energies (Gutsanu et al., 1990; Kikuchi et al.,
1979; Kato et al., 1981; Pakholkov et al., 1983). On the other hand, the effect of temperature
on trace adsorption was found to be small and is nearly constant over a wide range of
temperature (Dyck, 1968; Mishra et al., 1986). It was observed that the physisorption
decreased with the increase in temperature (Mishra et al., 1987 a; Taylor et al., 1932). The
increase in adsorption with the rise in temperature was attributed to the acceleration of some
steps which are originally slow or even due to the change in the adsorption mechanism

towards the chemisorption (Taylor, 1932; Mishra et al., 1992).

1.5.4. Influence of pH on Sorptive Solutions

The pH is an important parameter for adsorption of trace elements as their state in
solutions is strongly depends on the pH of the solution. The pH can extensively affect the
surface charge of the adsorbent which in turn direct the electrostatic adsorption of ions and

colloids. Organic polymers are negatively charged in the pH range of 2-3 due to the

dissociation of their surface active groups or due to adsorption of OH ions (Benes et al.,

1971). The acidity and basicity of solution can influence the composition and properties of
adsorbent surface and this in turn put forth some effect on adsorption (Rozovskaya, 1960;
Suhybani, 1989; Kenta et al., 1984). The anions or cations of hydroxides used for adjustment
of pH compete with trace ions in ion exchange process which is particularly observed in the
adsorption of monovalent or bivalent ions (Benes and Kucerra, 1972).

Generally, the adsorption of cations takes place at higher pH values whereas the
anions are adsorbed at lower pH values. Therefore, adsorption of most trace cations is
observed in negligible quantity at lower pH i.e., strongly acidic solutions (Ahmad, 1969).
Under certain conditions the increase in pH may even increase the uptake of anions (Burclova

etal., 1973).
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1.5.5. Influence of Sorptive Concentration

The adsorption at solid—solution interface obviously depends on the bulk sorptive
concentrations. The concentration of trace quantity adsorption often conform either Langmuir
or Freundlich adsorption isotherms. The later has been successfully utilized by several
researchers for the adsorption study of cations and anions on solid surfaces (Upien, 1986;
Aksoyoglu, 1989; Clark, 1970; Mishra and Tiwary, 1991). However, Freundlich isotherm
fails in some cases wherein Sips formulation is obtained for a better fit to such cases (Sips,

1948).

1.6. THEORIES OF ADSORPTION

Various theories have been put forward from time to time to explain the process of

adsorption which is discussed briefly below:

1.6.1. Chemical Theory

The chemisorption may involve sharing or transfer of electrons between the adsorbate
and the adsorbent resulting in the formation of a chemical bond. Considering a covalent
bonding model, Pauling derived an empirical formula for bonds between single atoms and

extended to adsorption bonds in the case of covalent bonding (Pauling, 1939).

1.6.2. Capillary Condensation Theory

The condensation of the adsorptive species on to the pores of the adsorbent to form a
thin layer of the molecules is the basis of this theory. The concept of this theory is
comparable to the idea proposed by Zsingmondy (1911) and Foster (1932). The theory was
extended further by Patric and Long (1925) to explain the physical adsorption. However, the

elementary theory of capillary condensation does not take into account the specific action of
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surfaces and it also differs from poly-molecular physical adsorption by the fact that the latter

may occur on plane surface while capillary condensation cannot.

1.6.3. Residual Valence Theory

Haber (1914) proposed this theory assuming that the upper surfaces of adsorbents
generally possess residual valencies, as a result of which adsorptive species are attracted
towards the surface of adsorbents. This theory was further elaborated by Langmuir
(Langmuir, 1918) assuming that the adsorption forces are homogeneously distributed all over
the surface forming a monolayer coverage. However, the bonds are weaker than the true

chemical bonds.

1.6.4. Polarization Theory

The polarization theory is based on the notations of de Boer and Zwikker (1929) and
Bradly (1936) where the surface of a polar adsorbent polarizes the molecules of a non-polar
adsorbate which are adsorbed in the first adsorption layer. The induced dipoles further induce
secondary dipoles in the second layer and the process extends to several layers. Modern
spectroscopic data point to the substantial polarization of the adsorbed molecules and atoms.
This theory is successfully utilized in explaining the adsorption of organic molecules and
noble gases on metals, graphite and alumina (Fridrikhsberg, 1986) which has been supported

by the works of Cassel (1931) and Imre (1934).

1.6.5. Potential Theory
This theory was proposed by Polanyi (1914) and extended by several workers
(Berenyi, 1920; Williams, 1918). It is based on the assumption that there is a potential field at

the surface of adsorbents responsible for mono- and multi-layer adsorption. The potential
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energy of interacted gas molecule with the particles of the lattice is the sum of all the

individual interactions:

u=2U(rj) (1)
Where U(rj ) is the potential energy of interaction of the gas molecules with the it particle of

the lattice at a distance j U is a function of X, Y and Z coordinates of adsorbed molecule. If

X and Y coordinates of the adsorbed molecule are kept constant, while Z varies, U(z) will
have shape of the potential energy curve with minimum such as that given by Lennard-Jones

intermolecular pair i.e.

where A and C are the constants and r is the distance perpendicular to the surface. The value

of U(z) above a particle of the solid will be different from U(z) between two particles.

Specifically, Up, the potential minimum of U(z) will vary periodically in both X and Y

directions. Thus, a plot of U, against X and Y will give a curve with maxima and minima.

The energy difference between the energy of minima and that of molecules in the gas phase is

the energy of adsorption (Ug) and the difference between energy of minima and maxima is

the energy required for surface diffusion (V). In the simple case of localized adsorption and

adsorbed molecule is considered to be held at the bottom of a potential well whose depth is
much greater than kT. All the potential wells at the surface are assumed to be equal in depth
and regularly spaced. Molecules in such positions have practically no chance of lateral
movement across the surface. However, localized adsorption may be mobile or immobile

depending on the nature of the surface. When the adsorptive species are free to migrate along
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the surface, the adsorption is generally classified as mobile or non-localized. This theory was

further modified for the adsorption from solutions of sparingly soluble solute (Polanyi, 1920).

1.6.6. BET Theory

Brunauer, Emmett and Teller (Brunauer et al., 1938) extended the Langmuir concept
to the multilayer adsorptions and derived an equation which is known as BET equation. It
represents the first effective attempt to explain physical adsorption from monolayer regions

through the multilayer regions. The equation is:

C 1 B-1 C
= + . ---(3)
(Cx-C)Qc ~ BQ® BQ° ' Cs

where Cs is the saturation concentration of the solute on adsorbent, C is the measured
concentration in solution at equilibrium, Q° is the number of moles of solute adsorbed per
unit weight of adsorbent inferring a complete monolayer on the surface, Qc is the number of
moles of solute adsorbed per unit weight of adsorbent at concentration C, and B is a constant,
expressive of the energy of interaction with the surface. This equation is helpful in
determining the nature of adsorption isotherm, heat of adsorption and the amount of
adsorbate required to form a complete monolayer. This theory has been extensively used for

the determination of the surface area of solid materials.

1.6.7. Boundary — Layer Theory

This theory was reported by Aigrain and Dugas (1952) and Hauffe and Engell (1952)
and Weisz (1953). The electron transfer between the adsorbing gas and adsorbent
(semiconductor) is the basis of boundary layer theory of adsorption (Mott and Gurney, 1950;
Garner et al., 1952) when a neutral atom ‘c’ is brought to the surface of solid (n-type
semiconductor), electron near the surface is transferred from conduction band to the electron

accepting level of ‘c’ giving, a negative ion ’c’. As the process of adsorption continues, a
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positive space charge is developed in the semiconductor underneath the surface and the
surface accumulates the negatively charged adsorbate molecules. After the setting up of
negative field, the surface layer of semiconductor starts repelling the electrons and prevents
an accumulation process. In view of the fact that the electrons available from the upper
conduction band or impurity levels are depleted and then adsorption remains confined to a
monolayer, this type of adsorption is known as ‘depletive chemisorption’. The process of
adsorption is followed by a decrease in conductivity of adsorbent. An example of such
behaviour is the adsorption of oxygen on zinc oxide (Mott and Gurney, 1950). This theory
predicts the direction of change of conductivity accompanying adsorption. It also explains the
adsorption due to the presence of impurities in the adsorbent. The major disadvantage of this
theory is that it considers only those types of adsorption processes which result from the

transfer of charge.

1.6.8. Electron Theory
This theory was developed by Wolkenstein to explain chemisorptions and catalysis on
semiconductors (Wolkentein and Peshev, 1965). He considered a process in which transfer of
charge occurs with resulting change in conduction and also adsorption in which no transfer of
charge occurs. Electron theory indicated that two or more types of adsorption may occur
simultaneously. The adsorption of CO on Cu,0O and ZnO/Cr,03; were explained with this
theory (Green et al., 1957). Wolkenstein and Peshev, (1965) has further defined ‘weak’ and

‘strong’ chemisorption.
)} In weak chemisorption, no change occurs in the number of electrons in the
conduction band or positive holes in the valence band of the material. The

chemisorbed particle with its adsorption center remains electrically neutral.
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i) In strong chemisorption either donation or capture of an electron by the
chemisorbed particle will occur. Thus, the number of electrons in the
conduction band or positive holes in the valence band of the crystal will
change. There are two types of ‘strong’ chemisorption bonds’ donor bonds
when the chemisorbed particles donate electrons (capture positive holes) to the
crystal and acceptor bonds, when the particles capture free electrons from the
crystal. Each of these bonds may be purely ionic, purely covalent or

intermediate.

1.7. ADSORPTION ISOTHERM

The adsorption of compound onto adsorbent can be described mathematically by an
adsorption isotherm; adsorption isotherm simply defined as the quantity of adsorption that
can be bound up on a particular of adsorbent is a function of the concentration of an
adsorbate and the temperature.

Although several isotherms have been developed for use in modeling the adsorption
isotherms, only two isotherms are considered the most common equation used to describe
the equilibrium between an adsorbent (surface) and an adsorbate (chemical in solution).

These isotherms are the Freundlich and Langmuir adsorption equations.

1.7.1. Freundlich isotherm equation

In 1906, Freundlich presented the earliest known adsorption isotherm equation.
Freundlich is an empirically derived logarithmic model that attempts to factor in the effects of
various adsorption energy levels. The model assumes that the number of sites associated with
a particular free energy of adsorption decreases approximately as the free energy level

increases, this empirical model can be applied to non —ideal sorption on heterogeneous

27



Introduction

surfaces as well as multilayer adsorption. The model can be described by the following
equation (4) (Alley, 2002; Ho et al., 2002):
qe = Ky Co'" e (8)
where:
ge=Equilibrium loading on the adsorbent (mg/g)
Ki=Adsorption capacity at unit concentration (mg/q)
Ce= Equilibrium concentration of adsorbate (mg/L)

1/n= Adsorption intensity

The equation fit to straight line when plotted on Log- Log basis, the above equation

can be written in following form as equation (5):

Log e = Log K¢ + [1/n] Log C¢ ... (5)

1.7.2. Langmuir Isotherm Equations

In 1915 Langmuir developed equation to describe the interaction between the
adsorbent and adsorbate as a linear, reversible and mono layer chemical reaction, this
equation is relatively a straight forward model that assume that the adsorbent surface
is completely homogeneous, that each adsorbent site can bind a maximum of one adsorbate
molecule, and that their no lateral interaction take place between molecules of the
adsorbate(Alley, 2000).

This model can describe theoretically by following equation (6) (Ho et al., 2005):

ZQm Kq Ce
Qe =73 Kg Ce

where:

ge = Equilibrium loading on the adsorbent (mg/g)
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Ce= Equilibrium concentration of adsorbate (mg/L)

gmand K4 = characteristics Langmuir constants

Constant g, and K, can be determined from linearized form of equation (7),
represented as:

Ce— _1 Le
qe Qm+Ka qm

- (7)

A plot of C¢/qe vs C, could indicate a straight line of slope 1/g,, and an intercept of
1/ (Kagm). Advantage of the Langmuir equation includes simplicity and the applicability to a
wide range of data. Limitations to the model include the monolayer assumption the

reversibility of bonding and the constant uptake rate.

1.8. SCOPE OF THE PRESENT INVESTIGATION

Sand itself is widely used as a filter media for the treatment of wastewaters and it was
found that during the treatment, manganese and iron, if present in wastewater, is to be
deposited on the surface of sand in the form of their oxides. Hence, the application of iron
coated sand or manganese coated sand may provide more viable, eco-friendly and cost
effective treatment technology. The present research work is an alternative treatment
technology for the removal of heavy metal toxic ions from the aqueous solutions by
employing the artificially obtained manganese coated sand (MCS) or iron coated sand (ICS).
Further, the manganese or iron coated sand is a type of silica medium coated with manganese
or iron oxides, formed from the sorption of manganese or iron oxides during long-term
filtration via the process of rapid sand filtration, followed by aeration on a water treatment

plant. This study was conducted to build the basic data for coating hydrated manganese or
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iron oxide on the sand surface to utilize the adsorbent properties of the coating and the
filtration properties of the sand in the low level removal of various heavy metal ions.

The wide range of waste water treatment strategies to be adopted for the
effective/efficient low level removal of several heavy metal toxic ions is a current area of
research. The cost effective and more environment friendly processes are inevitable for the
treatment methods. Hence keeping in view the proposed study is an attempt to exploit fully
the natural sand materials in order to obtain the manganese or iron coated sand which further
be used for the low level removal of several heavy metal toxic ions viz., Cr(VI), As(lll),
As(V), Cd(ll), Cu(ll) and Pb(ll). The materials employed were likely to be cost effective and
perhaps environmentally benign. Further, the studies were extended to understand the
mechanism involved at solid/solution interface carrying the various parametric studies viz.,
effect of sorptive pH, concentration and ionic strength, etc.

The practical applicability of these methods could better be demonstrated under the
dynamic experimentation i.e., column studies. Hence, the column experimentation were
included in the present investigation. The basic data to be obtained by the column
experiments could be used finally to develop the Pilot Plant or the Large Scale Treatment

Plant for the treatment of waste/effluent waters contaminated of these polluting ions.
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METHODOLOGY

2.1. MATERIALS

Sand was obtained from the local river Tlawng at the Sairang site, Aizawl, Mizoram,
India. It was washed thoroughly with water followed by 0.2 mol/L HNO3 to remove any mud
dirt or other adhering impurities. It was again washed with plenty of distilled water and dried.
The dried sample was sieved to obtain the 30 — 60 BSS standard Mesh size using the
mechanical sieve. The chemicals used for the experiment were manganese nitrate as
Mn(NO3),.6H,0 (97% Extra Pure, Junsei Chemicals, Japan); ferric nitrate (Fe(NO3)3.5H,0,

AR grade, E. Merck, Germany); potassium dichromate K,Cr,0O7, AR grade, E. Merck

Germany); cadmium nitrate (Cd(NO3)2; copper sulphate (CuSO,4.5H,0)(both GR Reagent,

Duksan Pure Chemicals Co. Ltd., Korea); lead nitrate (Pb(NO3),, GR Reagent, Shinyo Pure

Chemicals Co. Ltd., Japan); sodium meta arsenite (NaAsO;) and sodium arsenate

(Na3zAsOg4)(both GR Reagent, Himedia, India). These chemicals were obtained and used

without any further purification. HNO3; and NaOH used were of AR grade and the water was
used as de-ionized distilled water (18M€Q-cm) using the Millipore water purification system

(Milli-Q+).

2.1.1. UV- Visible Spectroscopy

Ultraviolet-visible spectroscopy refers to absorption spectroscopy or reflectance
spectroscopy in the ultraviolet - visible spectral region. This means it uses light in the visible
and adjacent (near-UV and near-infrared (NIR) regions. The absorption or reflectance in the

visible range directly affects the perceived color of the chemicals involved. In this region of
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the electromagnetic spectrum, molecules undergo electronic transitions. This technique is
complementary to fluorescence spectroscopy, in that fluorescence deals with transitions from
the excited state to the ground state, while absorption measures transitions from the ground
state to the excited state (Skoog et al., 2007). The principle of this technique lies to the fact
that molecules containing m-electrons or non-bonding electrons (n-electrons) can absorb the
energy in the form of ultraviolet or visible light to excite these electrons to higher anti-
bonding molecular orbitals (Mehta, 2011). The more easily excited the electrons (i.e. lower
energy gap between the HOMO and the LUMO) the longer the wavelength of light it can
absorb.

The alternative title for this technique is Electronic Spectroscopy since it
involves the promotion of electrons from the ground state to the higher energy state.
The amount of light absorbed by the sample is as a function of the wavelength (nm
unit) is called the absorption spectrum which generally consists of absorption bands.
The spectrum consists of a sharp peaks and each peak will corresponds to the
promotion of electron from one electronic level to another. But, actually sharp peaks
are seldom observed and instead, broad absorption bands are recorded. It is due to
the fact that the excitation of electrons are also accompanied by the constant
vibratory and rotatory motion of the molecules. Since the energy levels of a molecule
are quantized, the energy required to bring about the excitation is a fixed quantity.
Thus, the electromagnetic radiation with only a particular value of frequency will be
able to cause excitation.

In this experiment, the sorption capacity is determined by using Beer-Lambert’s
law. The Beer-Lambert’s law states that ‘the absorbance of the solution at a particular

wavelength is directly proportional to the concentration of the solution into path length
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of the sample cell (cm)’. It can be represented below and a plot of absorbance (A) against

concentration of the solution gives a straight line for constant path length (1).

A=€cl - (8)

where, A=absorbance of the light absorbing solution.

¢ =molar concentration of the solute.
€ =molar extinction coefficient
| = path length of sample cell.

A spectrophotometer is a device which detects the percentage transmittance of
light radiation when light of certain intensity and frequency range is passed through
the sample. Thus, the instrument compares the intensity of the transmitted light with
that of the incident light.

The modern ultra-violet-visible spectrometers consist of light source, monochromator,
detector, amplifier and the recording devices. The most suitable sources of light are:
Tungsten Filament Lamp and hydrogen-deuterium discharge lamp which is rich in red
radiations. Most spectrophotometers are double beam instruments. The primary source of
light is divided into two beams of equal intensity. Before dividing it into two beams,
the incident radiation is dispersed with the help of a rotating prism and then selected
by slits such that the rotation of the prism causes a series of continuously increasing
wavelengths to pass through the slits for recording purposes. The selected beam is
monochromatic which is then divided into two beams of equal intensity. Dispersion
grating can also be employed to obtain monochromatic beam of light from the
polychromatic radiation. As the dispersion of a single beam or grating is very small,

it is not possible to isolate or collimate very narrow band widths. Thus, light from the first
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dispersion is passed through a slit and then sent to the second dispersion. After the second
dispersion, light passes through the exit slit. The main advantage of the second dispersion is
that the band width of the emersion light increases and the light passing through the exit slit
is almost monochromatic. Almost the entire of the stray light is suppressed. In this
experiment, UV-Visible Spectrophotometer (Thermo Electron Corporation, England; Model:

UV1) was used to quantify the chromium(V1) concentration.

2.1.2. Atomic Absorption Spectroscopy

Atomic absorption spectroscopy (AAS) is a spectro — analytical procedure for the
qualitative and quantitative determination of chemical elements employing the absorption of
optical radiation (light) by free atoms in the gaseous state. In analytical chemistry the
technique is used for determining the concentration of a particular element (the analyte) in a
sample to be analyzed. AAS can be used to determine over 70 different elements in solution
or directly in solid samples.

The technique makes use of absorption spectrometry to assess the concentration of an
analyte in a sample. It requires standards with known analyte content to establish the relation
between the measured absorbance and the analyte concentration and relies therefore on Beer-
Lambert Law. In short, the electrons of the atoms in the atomizer can be promoted to higher
orbitals (excited state) for a short period of time (nanoseconds) by absorbing a defined
quantity of energy (radiation of a given wavelength). This amount of energy, i.e., wavelength,
is specific to a particular electron transition in a particular element. In general, each
wavelength corresponds to only one element, and the width of an absorption line is only of
the order of a few picometers (pm), which gives the technique its elemental selectivity. The

radiation flux without a sample and with a sample in the atomizer is measured using a

34


http://en.wikipedia.org/wiki/Beer-Lambert_Law
http://en.wikipedia.org/wiki/Beer-Lambert_Law
http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Radiation_flux

Methodology

detector, and the ratio between the two values (the absorbance) is converted to analyte
concentration or mass using Beer-Lambert Law.

In order to analyze a sample for its atomic constituents, it has to be atomized. The
atomizers most commonly used nowadays are flames and electro thermal (graphite tube)
atomizers. The atoms should then be irradiated by optical radiation, and the radiation source
could be an element-specific line radiation source or a continuum radiation source. The
radiation then passes through a monochromator in order to separate the element-specific
radiation from any other radiation emitted by the radiation source, which is finally measured
by a detector.

The relatively small number of atomic absorption lines (compared to atomic emission
lines) and their narrow width (a few pm) make spectral overlap rare; there are only very few
examples known that an absorption line from one element will overlap with another.
Molecular absorption, in contrast, is much broader, so that it is more likely that some
molecular absorption band will overlap with an atomic line. This kind of absorption might be
caused by un-dissociated molecules of concomitant elements of the sample or by flame gases.
We have to distinguish between the spectra of di-atomic molecules, which exhibit a
pronounced fine structure, and those of larger (usually tri-atomic) molecules that don’t show
such fine structure. Another source of background absorption, particularly in ET AAS, is
scattering of the primary radiation at particles that are generated in the atomization stage,
when the matrix could not be removed sufficiently in the pyrolysis stage.

All these phenomena, molecular absorption and radiation scattering, can result in
artificially high absorption and an improperly high (erroneous) calculation for the
concentration or mass of the analyte in the sample. There are several techniques available to

correct for background absorption, and they are significantly different for LS AAS and HR-
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CS AAS (Walsh, 1955; Welz and Sperling, 1999). The AAS, model: Fast Sequential Atomic
Absorption Spectrometer, AA240FS, Varian, USA was fully employed for the estimation of

copper, lead, cadmium and arsenic.

2.2. METHODS

2.2 1. Preparation of Manganese and Iron coated sand (MCS / ICS ) samples
Manganese and iron coated sand were prepared by taking 120 g of cleaned and dried
sand (30 — 60 BSS Standard in size) and 100 mL of 0.05 mol/L manganese /or iron nitrate
solutions at pH = 9.0 in a flask of rotary evaporator. The mixture was then constantly stirred
at 60°C temperature in a rotary evaporator with the slow speed of 30 rpm till the volume
reduced to about 10 mL. The solution was kept in a drying oven at 90°C till it dried out
completely. The sample was further kept at 160°C for Ca. 3 hours for complete drying and
better coating stability of manganese /or iron onto the sand surface. It was then cooled to
room temperature and again washed with distilled water for several times. It was dried in a
drying oven at 70°C overnight (Tiwari et al., 2007b) and stored in the tapered polyethylene
bottles. These dried MCS and ICS samples were used for the present investigation. Moreover,
the amount of manganese and iron coated on the surface of sand was analyzed with the

standard EPA method(US EPA method 3050B)

2.2.2. Characterization of solid sample

The solid sample was characterized by using the Scanning Electron Microscope
(SEM) machine (FE-SEM-Model: SU-70, Hitachi, Japan) equipped with energy dispersive
X-ray Spectroscopy (EDX) system. X-Ray Diffraction (XRD) data was collected using the
XRD machine i.e., PANalytical, Netherland (vide model- X’Pert PRO MPD). The data was

collected with the scan rate of 0.034 of 2O illumination and the applied voltage was 45 kV
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with the observed current 35 mA and using the Cu K, radiation having wavelength 1.5418 A

(Tiwari et al., 2011a). The BET specific surface area was obtained by using the BET specific

surface area analyzer (Mountech, Japan model MacSorb HM model — 1200 Series).

2.2.3. Stability of solids

The manganese /or iron particles aggregated onto the sand surface were assessed for
its stability against the pH effect by varying the solution pH from 2 to 11. To this effect, 0.5 g
of solid was equilibrated with 100 mL of distilled water at different initial pH values and then
kept in an automatic shaker at 25°C for 24 hrs. The solutions were then filtered using the 0.45
um syringe filter and the filtrates were subjected for its total manganese /or iron content using
the Atomic Absorption Spectrometer (AAS; Fast Sequential Atomic Absorption

Spectrometer Model AA240FS, Varian) (Tiwari et al., 2011a)

2.2.4. pHpzc determination of solid

The pHpzc (point of zero charge) of manganese coated sand or iron coated sand was
defined as the pH value at which the surface carries net zero charge. Consequently, to
evaluate the pHpzc, the acid and base titrations were carried out by taking 5 g of the solid
sample into 500 mL of distilled water and titrated against the 0.1 mol/L of HNOsand 0.1
mol/L of NaOH solutions, separately. The corresponding pH was recorded using a pH meter
(HANNA pH-213, Microprocessor pH meter, USA). The titration data were further utilized

to evaluate the pHpzc (Tiwari et al., 2011a).

2.2.5. Speciation Studies
Speciation of chromium(VI), cadmium(ll), copper(Il), lead(ll), arsenic (Ill) and
arsenic(V) were conducted separately using the MINEQL+ (Version 4.5) a geochemical

computer simulation program. The input parameters were taken as initial concentration of
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Cr(VI): 20mg/L, As(I1l) and As(V): 2mg/L, Cd(ll): 10mg/L, Cu(ll):20 mg/L; Pb(ll): 40
mg/L at constant temperature: 25°C (Lee et al., 2010 b; Tiwari et al., 2011a). The thermo-
dynamic equilibrium constants used were given in Table: 1, 2, 3. 4. 5 and 6 respectively for
the Cr(VI), As(l11), As(V), Cd(I1), Cu(ll) and Pb(ll). The species distribution of these metal
ions as a function of pH is further obtained and represented in figures elsewhere (figures 11,

12,13, 14, 15 and 16).
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Table 1: Various equilibrium constants used for the speciation of Cr(VI) in aqueous

solutions at 25 °C.

Equilibrium Log K
CrO4* +H"&Cr,0,4+ H,0 14.560
CrO4% + H'«<>HCrO4 6.510
CrO4” +2H"H7CrO4 (aq) 6.419

Table 2: Various equilibrium constants used for the speciation of As(l1) in aqueous

solutions at 25 °C.

Equilibrium Log K
AsO3”> + H'o> HAsO3” 13 414
AsOz" + 3H'<> H3AsO3 34.744
AsOz> + 2H & HoAsO3” 25.454
AsO3 > +4H & HyAs03" 34.439

Table 3: Various equilibrium constants used for the speciation of As(V) in aqueous
solutions at 25 °C.

Equilibrium Log K
AsO,Y + H'o HAsO,” 11.500
- + -
AsO4> + 2H <> HpAsOy 18.460
- +
AsO,” + 3H & H3AsO, 20700
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Table 4: Various equilibrium constants used for the speciation of Cd(ll) in aqueous

solutions at 25 °C.

Equilibrium Log K

cd®* + 3H0 « CdOH)3  + 3H' -32.505

cd”" + 4H,0 Cd(OH)42' + aH" - 47.288

Cd 2 + H)O o Cd(OH)+ + H+ -10.097
2+

Cd + 2H,0 & Cd(OH); (ag) + 2H+ - 20.294

2Cd”" + H0 o CdpOHP* + H' - 9397

Table 5: Various equilibrium constants used for the speciation of Cu(ll) in aqueous

solutions at 25 °C.

Equilibrium Log K
2Cu> + 2H,0 <>Cu(OH), > +2H" -10.594
Cu?*+ 3H,0 «<>Cu(OH)3" -26.879
Cu”*+ 4H0<CU(OH) 4~ + 4H" -39.980
Cu” "+ Hp0 <>Cu(OH) "+ H -7.4970
Cu?*+ 2H,0 «<>Cu(OH); (aq.) + 2H" -16.497

Table 6: Various equilibrium constants used for the speciation of Pb(Il) in aqueous

solutions at 25 °C.

Equilibrium Log K
Pb* "+ 2H,0 <Pb(OH)5 (aq) + 2H" -17.094
2+ + +
Pb**+ Hy0 «<>Pb(OH) "+ H 7,507
2+ 4+ +
4Pb°*+ 4H,0 <Pby(OH),  + 4H -19.988
2Pb> "+ HoO <>Pb,(OH)3 T+ HY -6.397
Pb>*+ 3H,0 «<>Pb(OH)z +3H" -28.091
2+ 2- +
Pb>*+ 4H»0 «>Pb(OH),° "+ 4H -39.699
3Pb> "+ 4H,0 <>Pb3(OH)4 > + 4H" -23.888
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2.2.6. Effect of pH

Batch experiments were carried out to study the effect of pH on Cr(VI), Cd(ll),
Cu(ll), Pb(11) As(I11) and As(V) sorption by taking potassium dichromate, cadmium nitrate,
copper sulphate, lead nitrate, sodium meta arsenite and sodium arsenate solutions
respectively.

Chromium and cadmium solutions of 20 mg/L and 10 mg/L concentrations
respectively were prepared at different pH of 2 to 10. The pH was adjusted by the addition of
drops of conc. HNO3 and conc. NaOH solutions. To 100 mL of each of these sorptive
solutions, 0.5 g of MCS/ or ICS sample was added. The solutions were constantly shaken for
about 24 hours in a rotary shaker at 25+2 °C. The solutions were filtered with 0.45 pm
syringe filter and the pH was again checked and reported as the final pH. The filtrates were
then subjected to UV- visible Spectrophotometer (Thermo Electron Corporation, England;
Model: UV1) for Cr(VI estimation or Atomic Absorption Spectrophotometer for total heavy
metal (As, Cd, Pb, Cu) concentrations (Lee et al., 2010 b).

100 mL each solution of 10 mg/L Cu(ll) and 20 mg/L Pb(Il) concentrations
respectively were taken into the polyethylene bottle at pH of 2.0 to 10.0. The pH was
adjusted by the addition of drops of conc. HNO3zand conc. NaOH solutions. 0.5 g of solid i.e.,
MCS /or ICS was then added. The bottles were kept in the automatic shaker for 24 hrs at
25+2°C in order to complete the sorption process and an apparent equilibrium may likely to
be attained between the solid/solution interfaces. The samples were taken out from the shaker
and filtered using a 0.45 um syringe filter and the pH was again checked and reported as the
final pH. The filtrates were then subjected for its bulk sorptive concentration measurements

using the Atomic Absorption Spectrophotometer (Tiwari et al., 2011a).
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Arsenic (111) and Arsenic (V) solutions of 2 mg/L concentration each were prepared at
different pH of 2.0 to 10.0. The pH was again adjusted by the addition of drops of conc.
HNO3zand conc. NaOH solutions. To 100 mL of each of these sorptive solutions, 0.2 g of
Manganese Coated Sand MCS/or Iron Coated Sand ICS sample was added. The solutions
were constantly shaken for about 24 hours in a rotary shaker at 25+2 °C. The solutions were
filtered with 0.45 um syringe filter and the pH was again checked and reported as the final
pH. The filtrates were then subjected to Atomic Absorption Spectrophotometer for total
arsenic concentrations.

The percentage removal of the target metal ion was calculated using the equation

Co—C
% Removal = %x 100 ...(9)
0

where C, and C, are the initial and bulk sorptive concentrations, respectively.

2.2.7. Effect of sorptive concentration

The concentration dependence study was carried out varying the sorptive
concentration from 5 mg/L to 100 mg/L for Cr(VI) and 1 mg/L to 20 mg/L for Cd(ll),
keeping constant pH 3.0 for Cr(V1) and 6.0 for Cd(Il)). The 100mL sorptive solutions were
equilibrated with 0.5 g of MCS /or ICS at 25+2 °C for 24 hrs in a rotary shaker. The solutions
were filtered with 0.45 pum syringe filter and the filtrates were then subjected for the bulk
sorptive concentrations using UV — visible Spectrophotometer for Cr(VI)(Thermo Electron
Corporation, England; Model: UV1) and Atomic Absorption Spectrophotometer for total

Cadmium concentration.
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Similarly, the sorptive dependence data were collected taking the sorptive
concentration from 1 mg/L to 20 mg/L for Cu(ll) and from 1 to 40 mg/L for Lead Pb(Il) at
the constant pH 4.0 and temperature 25+2°C. Results obtained were then reported in terms of
sorptive concentration and respective amount of Cu(lIl)/or Pb(Il) removed with the help of
Atomic Absorption Spectrophotometer. The As(IIl) and As(V) concentration dependence
study was carried out varying the arsenic concentration from 1 mg/L to 20 mg/L at the
constant pH 5.0 and temperature 25+2°C. The results obtained were reported in terms of
sorptive concentration and the amount/or percent of total arsenic removal with the help of

Atomic Absorption Spectrophotometer.

2.2.8. lonic dependence study
The ionic dependence study for the adsorption of As(lll), As(V), Cd(ll), Cu(ll),

Pb(Il), by the manganese coated sand (MCS) or iron coated sand (ICS) was conducted
varying the background concentration of sorptive solutions using the different concentrations
i.e., from 0.0001 to 0.1 mol/L of NaNOj solution. The sorptive pH (4.0) and temperature
(25+2°C) was kept constant throughout the experiments. The remaining sorption procedure
was followed as mentioned in the previous section. The results obtained were reported as

percent removal as a function of the ionic strength.

2.2.9. Column Studies

The column experiments were performed using a glass column (1 cm inner diameter)
packed with 1g of solid manganese coated sand (MCS) / or iron coated sand (ICS) sample
(kept in the middle of column) and below and above to the MCS / or ICS, was filled with the
2 g of bare sand and finally packed with the glass beads. Sorptive solutions of As(lll) and
As(V) 2 mg/L, Cd(ll), Cu(ll) and Pb(ll), 10 mg/L at constant pH 4.0 each was pumped

upward from the bottom of the column using Acuflow Series I, High - pressure liquid
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chromatograph, at a constant flow rate of 1.2 mL/min. Effluent solution were then collected
using Spectra/Chrom CF-1 fraction collector. These collected solutions were filtered using a
0.45 um syringe filter and the total bulk sorptive concentrations were measured using Atomic
Absorption Spectrophotometer (AAS).

The breakthrough data obtained were simulated for the removal capacity of
Manganese Coated Sand (MCS) / or Iron Coated Sand (ICS) using the Thomas equation (4)

(Thomas, 1944):

&_ 1
Co 1+ elKT(@dom—-CoV)]/Q

-(10)

Where C; is the As(lll), As(V), Cd(ll), Cu(ll) and Pb(Il) concentration in the effluent
(mg/L); Cg is the As(111), As(V), Cd(I1), Cu(ll) and Pb(Il) concentration in the feed (mg/L);

Kt the Thomas rate constant (L/min/mg); qo is the maximum amount of the As(lll), As(V),
Cd(11), Cu(ll) and Pb(ll) which can be loaded (mg/g) under the specified column conditions;
mthe mass of adsorbent loaded (g); V the throughput volume (L); and Q is the flow rate

(L/min). A non-linear regression of the breakthrough data were performed for the least square
fitting of the estimation of two unknown parameters i.e., Kr and g, (Tiwari et al., 2007b;

Tiwari et al., 2011a; Lee etal., 2010b).
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RESULTS AND DISCUSSIONS

3.1. CHARACTERIZATION OF MANGANESE COATED SAND
(MCS) AND IRON COATED SAND (ICS)

3.1.1. Surface Morphology and Mineralogical Analysis of Manganese Coated
Sand (MCS)

Figure 1(a), and 1(b) show the physical appearance of bare sand and manganese
coated sand (MCS). The distinct colour change as shown in figure clearly indicated that

manganese was aggregated significantly onto the surface of sand.

3.1.1.1. Scanning Electron Microscopic (SEM) Studies

The scanning electron microscopic (SEM) images of these two samples i.e., sand and
manganese coated sand (MCS) were obtained and shown in figures 2(a) and 2(b) respectively
for sand and manganese coated sand (MCS). However, the scanning electron microscopy
(SEM) images (using FE-SEM-Model: SU-70, Hitachi, Japan) showed that the bare sand
possessed very compact and disordered surface structure hardly found pores on its surface but
contained several aggregated particles of silica. On the other hand the SEM images show that
the manganese coated sand (MCS) sample was possessed with micro-pores hence likely to
have higher specific surface area. Manganese is likely to be aggregated as in the form of
manganese dioxide onto the sand surface. Manganese was very orderly clustered onto sand
surface and the average particle size of manganese was estimated to be in the order of nano-
meter range, Cal00 — 200nm. The low dose of manganese used (i.e., 0.05 mol/L) for the
modification of activated sand samples likely to cause for less amount of manganese

aggregated onto the sand surface. Other studies inferred that fine particles of manganese were
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Figure 1(a): Bare sand Figure 1(b): Manganese coated sand
(MCS)

Figure 2(a): SEM image of bare sand Figure 2(b): SEM image of manganese
coated sand (MCS)
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orderly arranged onto the sand surface. Further, it was revealed that the manganese coated
sand (MCS) surface was found to be porous and irregular surface with aggregated manganese
oxide particles (Lee et al., 2004). Moreover, manganese oxide coated sand (MOCS) was
reported to possess a rough surface structure than bare sand and the coated sand surfaces
were apparently occupied by newly born manganese dioxides, which were formed during the

impregnation process (Han et al., 2006).

3.1.1.2. Energy Dispersive X- Ray (EDX) Studies

The Energy Dispersive X — ray Spectrophotometric (EDX) analysis was performed
and the results obtained were shown in Tables 7 and 8 along with Figures 3(a) and 3(b)
respectively for the sand and manganese coated sand (MCS). Sand sample showed distinct
peaks for the silica, iron, aluminium, magnesium etc. whereas the manganese coated sand
(MCS) showed an additional peak for the manganese i.e., Ca 4.54 % (weight percent). These
results again confirmed the low level aggregation of the manganese onto the surface of sand.
Earlier, it was noted that significantly high manganese content was aggregated onto the sand
surface making dense clustering onto the substrate which was prepared by the different
preparative route (Hu et al., 2004; Han et al., 2006). Moreover, total manganese coated onto
sand was reported to be relatively high.

The manganese content aggregated onto the surface of sand was also obtained by
using the United States Environmental Protection Agency (US EPA) standard method 3050B.
The amount of manganese aggregated was found to be 1446 mg/Kg of sand which is slightly
higher than the result obtained by the similar works reported by the same group using
different sand surfaces where the amount of manganese aggregated onto manganese coated

sand was found to be 1045.7 mg/Kg (Lee et al., 2010a).
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3.1.1.3. pHpzc Determination of Manganese Coated Sand (MCS)

The pHpzc (point of zero charge) of the solid was obtained by the usual acid/base
titrations and it was found to be 6.28. This value is somewhat higher than the pHpzc of the
manganese dioxide as reported to be 5.5 (Koulouris, 1995) and 6.0 (Lee et al., 2009). This
may be because of the mixed effect of sand and manganese content possibly in the form of

manganese dioxide.

3.1.1.4. X — Ray Diffraction (XRD) studies

The X~ ray diffraction (XRD) data were obtained for the sand and manganese coated
sand (MCS) and results were shown in Figure 4. The spectra clearly possessed with distinct
diffraction peaks at the two theta value of 21.04, 26.76, 36.64, 39.58, 42.62, 50.24, 55.44,
60.04, 68.42, 81.57 etc. because of the reflections because of the presence of silica in both the
samples. The d-spacings along with the relative intensities obtained for these reflections were
then reported in Table 9. The data published by the Joint Committee on Powder Diffraction
standards (JCPDS) were used to identify the crystalline phases of silica (SiO;) in sand.
Further, it was noted that the introduction of manganese caused for a slight shift in d-values,
as mentioned in Table 8. This indicated that the interlayer of sand structure was prop up
slightly. Moreover, due to the very low content of manganese onto the surface of sand, it
could possibly not provide very sharp reflections of the mineral phases of manganese. These
results were in accordance to the previous reports in which the pyrolusite was coated onto the
clay surface using very low loading of pyrolusite. The pyrolusite was not detected by the
XRD analysis because of the reasons that there may be inhibition of oxide crystallization or

that the oxide nucleated as nano — meter particles which were not detected by XRD
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Table 7: EDX Data for sand Figure 3(a): EDX spectra for sand
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Table 8: EDX Data for the manganese Figure 3(b): EDX spectra for manganese

coated sand (MCS) coated sand (MCS)

49




Results and Discussions

Table 9: The d-values and relative intensities for sand and manganese coated

sand (MCS) using the XRD analysis

Sand MCS difference
with d-
20 d-value | 1/1,x100 20 d-value | Ilgx100 | value
21.0441 4.2215 34.59 20.9141 4.2474 16.02 0.0259
26.7641 3.3308 100.00 26.7121 3.3372 100.00 0.0064
36.6441 2.4523 14.61 36.5920 2.4557 7.88 0.0034
39.5821 2.2768 10.29 39.5301 2.2797 8.99 0.0029
42.6241 2.1211 8.88 42.4941 2.1273 4.09 0.0062
50.2421 1.8159 11.35 50.1641 1.8185 14.58 0.0026
55.4421 1.6573 4.90 55.3641 1.6594 2.38 0.0021
60.0441 1.5408 9.34 59.9921 1.5420 5.94 0.0012
68.4161 1.3712 8.84 68.3381 1.3726 5.61 0.0014
81.5721 1.1801 4.16 81.4941 1.1810 2.31 0.0009
r — MCS

Intensity (au)

——Sand
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Figure 4: XRD spectra for sand and manganese coated sand
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(Boonfueng et al., 2005). This observation is also in accordance to the poorly crystalline
lepidocrocite — coated montmorillonite (Green — Pederson et al., 2000). However, the other
reports indicated that it mainly contained with the pyrolusite (6-MnQO;) (Chang et al., 2008).
Moreover, Hu et al., (2004) reported that the manganese was aggregated onto sand as

randomly stacked pyrolusite (MnO3), y-Mn,Ozand Mn(OH),.

3.1.2. Surface Morphology and Mineralogical Analysis of Iron Coated Sand (ICS)
Fig. 5(a) and 5(b) show the physical appearance of sand and iron coated sand (ICS).
The distinct colour change as shown in figure 5(b) clearly indicated that iron was coated onto

the surface of sand.

3.1.2.1. Scanning Electron Microscopic (SEM) Studies

Figure 6(a) and 6(b) show the SEM images of the bare sand and iron coated sand
(ICS) respectively. The image of sand indicated that the surface of sand is very compact and
disordered which hardly possessed with micro- or meso-pores on its surface. On the other
hand the SEM images showed that the iron coated sand (ICS) samples had more micro-pores
hence possessed higher specific surface area, owing to attachment of iron likely in the form
of ferric oxide on sand surface. No cracks were visible, except for the crystalline iron oxides
found on the surface, similar to the observations reported by other workers (Lai et al., 2000;
Kitis et al., 2007). They were very orderly clustered onto sand surface and the average size of
these particles was estimated to be Ca<200-300 nm. The low dose of iron used (i.e., 0.05
mol/L) for the modification of activated sand samples likely to cause for less amount of iron

aggregated/impregnated onto the sand surface.

51



Results and Discussions

~

Figure 5(a): Bare sand Figure 5(b): Iron coated sand (ICS)

KBSI-SU70 15.0kV 4 7mm x50.0k SE(U) KBSI-SUTO 150V 47Tmm X500k SE()
Figure 6(a): SEM image of bare sand Figure 6(b): SEM image of iron coated
sand (ICS)
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3.1.2.2. Energy Dispersive X — Ray (EDX) studies

The Energy Dispersive X — ray Spectrophotometry (EDX) analysis was performed
and the results obtained were shown in figures 7(a) and 7(b) respectively for the sand and
iron coated sand (ICS) samples. Sand showed distinct peaks for the silica, iron, aluminium,
magnesium, etc. The content of iron was found to be Ca. 6.82% (weight percent). But on the
other hand the iron coated sand (ICS) sample showed an enhance intensity for the iron and
quantitatively it is Ca 15.54 % (weight percent). These results again confirmed the low level
aggregation of the iron onto the surface of sand. The other studies showed that significantly
high iron content was aggregated onto the sand surface making dense clustering onto the
substrate (Han et al., 2006), which was prepared by the different preparative route. Moreover,
total iron coated onto sand was reported to be relatively much higher. The elemental mapping
obtained by the EDX data showed previously that the iron is mostly concentrating in the
rough areas, and the relative distribution of Fe and Si indicated a non-uniform coating on the
silica surface (Xu et al., 2005; Edwards et al., 1989; Scheidegger et al., 1993).

The iron oxide content aggregated onto the surface of sand was also obtained by using
the United States Environmental Protection Agency (US EPA) standard method 3050B. The
amount of iron oxide aggregated effectively was found to be 5700 + 0.3 mg/Kg of sand.

Similar observations were also reported by other worker (Lai et al., 2000) as well.

3.1.2.3. pHpzc Determination of Iron Coated Sand (ICS)

The pHpzc of the solid was obtained by the usual acid/base titrations and it was found
to be 6.23 which, was very close to the reported pHpzc of ferric hydroxide 6.28 (Koulouris,
1995). The other studies showed that the pHpzc of reclaimed iron oxide coated sand (I0CS)

was found to be 7.0+£0.4 (Hsu et al., 2008) and 6.5 to 8.5 (Cornell and Schwertmann, 1996).
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Table 10: EDX data for sand

Figure 7(a): EDX spectra of sand
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Table 11: EDX data for iron coated
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Figure 7(b): EDX spectra of iron coated
sand (ICS)
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This may be because of the mixed effect of sand and iron content possibly in the form of

ferric oxide.

3.1.2.4. X —Ray Diffraction (XRD) studies

The X - ray diffraction (XRD) data obtained for the sand and iron coated sand (ICS)
were shown in Figure 8. Figure clearly indicated that INS and sand samples possessed with
very characteristics and distinct diffraction peaks occurred at the 20 values of 20.88, 26.68,
28.00, 36.58, 39.50, 40.33, 42.46, 50.18, 59.96, 67.73, 68.31 etc. The d-values along with the
relative intensities obtained for these reflections were then reported in Table 12. These
reflections were because of the presence of silica as compared with the standards mentioned
by the Joint Committee on Powder Diffraction Standards (JCPDSs). Moreover, the difference
in d-values was insignificant for these two solids inferred that iron oxide was hardly to prop-
up the silicate layers hence, mostly it was aggregated onto the surface or within the accessible
pores of the sand. Moreover, it was noted that iron coated sand hardly showed any sharp or
additional reflections because of the particular mineral phase of iron present onto the sand
surface. This was perhaps due to the very low content of iron aggregated onto the surface of
sand (Xu et al., 2005; Tiwari et al., 2011a). These results were in accordance to the previous
reports in which the pyrolusite was coated onto the clay surface using very low loading of
pyrolusite. The pyrolusite was not detected by the XRD analysis because of the reasons that
there may be inhibition of oxide crystallization or that the oxide nucleated as nanometer
particles which were not detected by XRD (Boonfueng et al., 2005). This observation was
also in accordance to the poorly crystalline lepidocrocite-coated montmorillonite (Green-
Pederson et al., 2000). Other studies mentioned that anamorphous iron oxide was coated onto
sand surface which was converted to goethite and hematite at 150 °C and hematite above

300°C (Lo et al., 1997). Similarly, y-Fe,O3 was occurred at 400 °C while iron was coated
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onto alumina (Zhong et al., 1999). The mixture of hematite and goethite were observed by
Chang et al., (2008) as they obtained iron and manganese coated sand materials which was

further used to pack the columns to remove As(I11) under dynamic conditions.

3.2. STABILITY OF MANGANESE AND IRON COATED SAND

The stability of manganese and iron coated sand at different pH were conducted and
the stability results are included in Tables 13 &14 and Figures 9 &10 respectively for MCS
and ICS. The results clearly showed that the manganese /or iron strongly occupied the surface
within the pH region 3 to 10 since no significant amount of manganese /or iron was desorbed
into the bulk solution. Whereas, it was slightly unstable at pH 2 since total of Ca0.5 mg/L of
manganese or 0.60 mg/L of iron was desorbed respectively from MCS and ICS samples.
These results suggested that manganese/or iron occupied the surface of sand firmly and likely
to have some strong chemical binding with the substrate. Moreover, these solids are useful to
employ in water purification purposes over the wide pH range. The similar experiment
studies carried out for manganese coated activated carbon by Tiwari et al., (2011b)
emphasized that the manganese coating is relatively stable within pH 3.0 to 11.0.

The specific surface area of the solids is obtained by using a Brunauer-Emmett-Teller
(BET) specific surface area analyzer (Mountech, Japan model MacSorb HM model-1200
Series). The BET multipoint surface area was found to be respectively, 8.51, 11.03, 11.12
m?/g for sand, MCS and ICS respectively. This clearly showed that the manganese coated or
iron coated sand possessed with significantly higher specific surface area compared to the

bare sand sample.

56



Results and Discussions

Table 12: The d-values and relative intensities for sand and iron coated
sand (ICS) using the XRD analysis

difference
Sand ICS with
20 | 1/1,x100 | d—value | 20 | 1/1x100 | d=value | 9-Vvalue
20.8811 | 18.12 425074 |21.1151| 16.05 4.20150 0.04924
26.6791 | 100.00 | 3.33867 |26.8351| 100.00 | 3.31959 0.01908
28.0051 | 3.11 3.18351 |[28.1091| 1.40 3.17197 0.01154
36.5851 | 15.19 245420 |36.7411| 9.83 2.44414 0.01006
39.4971| 11.71 227971 |[39.6791| 554 2.26967 0.01004
40.3291| 3.95 2.23458 |405111| 2.25 2.22496 0.00962
424611 | 3.59 212718 | 426691 | 4.41 2.11729 0.00989
50.1831| 8.48 1.81646 |50.3391| 10.98 1.81120 0.00526
59.9591 | 6.33 154155 |60.1411| 7.21 1.53732 0.00423
67.7331| 5.16 1.38230 |67.9151| 4.96 1.37903 0.00327
68.3051 | 6.29 1.37211 |68.3311| 5.64 1.37165 0.00046
S
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Figure 8: XRD spectra for sand and iron coated sand (ICS) samples
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Table 13: Stability data for manganese Figure 9: The stability curve for manganese

coated sand (MCS) coated sand (MCS)
H Bulk iron conc.

P (mg/L)
1.95 0.6000 0-7 1
3.01 0.0400 R B

5; 0.5 4
3.96 0.0060 £ o Fe (1I1)
4.99 0.0040 g

S 03 -

(8]
6.04 0.0020 9 02 -
7.12 0.0010 0.1 -

*
7.98 0.0005 o+——-=-=-=-=-=- —
0 5 10 15
9.02 0.0006
pH
10.01 0.0003
Table 14: Stability data for iron Figure 10: Stability curve for iron coated
coated sand (ICS) sand (ICS)
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3.3. SPECIATION STUDY OF Cr(V1), Cd(I1), Cu(ll), Pb(11), As(I11)
AND As(V)

The speciation of chromium(VI) (20 mg/L), arsenic(lll), arsenic(V) (2 mg/L),
cadmium(I1) (10 mg/L), copper(ll) (10 mg/L) and lead(Il) (20 mg/L)species as a function of
pH were obtained using a MINEQL geochemical simulation program keeping the ionic
strength 0.01 mol/L and at constant temperature 25 °C. The speciation studies were important
to elucidate the mechanism involved at solid solution interface. Moreover, it intended to
describe, under the specified conditions that the sorptive ions were distributed in aqueous
solutions with what specific species at the varied pH region i.e., pH 2 — 11. Further, the
outcome of these studies were shown respectively in Figure 11, 12, 13, 14, 15 and 16 for

Cr(V1), As(lIl), As(V), Cd(I1), Cu(ll) and Pb(lI).

3.3.1. Speciation Study of Chromium(V1I)
The speciation results of Cr(VI) were shown in Figure 11. The equilibrium constants

used were already given in Table 1. The figure clearly indicated that Chromium Cr(VI)

mostly exists as the soluble anionic species of CrO42', HCrO4_0r Cr2072'throughout the pH

range of 2 — 10. However, it was observed that up to the pH of 5.5, the major species was

HCrO4_. Beyond this pH, Cr(VI) was existed mainly as anionic CrO42_species. Similar

observations had also cited by Sonia et al., (1999).

3.3.2. Speciation Study of As(l11)

Depending on pH, different forms of As(lll) viz., H3AsO3, HyAsO3 , HA3032', and
A5033' were occurred.The speciation analysis results of As(l11) was represented in Figure 12.
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The input data introduced was stated in Table 1. It was observed that the species

H3AsOzwasdominated below the pH = 8and above pH = 8 the anionic species was H2A503_

dominated. The relative distribution of all the species of Arsenic(lll) with respect to pH was

also appended elsewhere (Edwards, 1994; Ferguson et al., 1972).

3.3.3. Speciation Study of Arsenic(V)
The different species of arsenic(V) i.e., H3AsO4, HyAsOy, HASO42', and AsO43'

were existed in aqueous solutions depending upon the solution pH. The speciation studies of

As(V) which was represented in Figure 13 had revealed that at lower pH till pH 6.8,

H3AsO4and HoAsOy4 species dominated whereas above pH = 7, HAsO4  anionic species

dominated. Similar observations were mentioned by Zouboulis et al., (1993) for As(V)

speciation.

3.3.4. Speciation Study of Cadmium(ll)

The speciation studies for cadmium(Il) showed in Figure 14 that even up to pH 8.5
the cadmium was exited as Cd**soluble cationic species. Beyond the pH 8.5 the cadmium
was turned into insoluble Cd(OH), species and at pH 10 and beyond it was occurred with
100%. In between these two species at pH 9.2 a maximum of Ca. 2 % of Cd(ll) existed as
Cd(OH)"species. Similar observation was reported previously in our research papers (Lee

et al., 2010b; Tiwari et al., 2011b). Ma et al., (2003) reported that at pH 4, Cd(ll) existed as

cationic Cd2+species with 97 —99.9 % abundance.
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3.3.5. Speciation Study of Copper(l1)
The speciation studies obtained by the MINEQL geochemical program for Copper

Cu(Il) were shown in Figure 15. Figure 13 showed that Copper was existed to its bionic form
e, Cu2+upto the pH region ~5.8. But beyond that it was started precipitating as the Cu(ll)

converted to tenorite. It was observed that around pH 7.0 a complete precipitation of the
Cu(Il) occurred. Similar observation were also reported elsewhere (Davis et al., 2000; Tiwari

et al., 2006; Tiwari et al., 2007a; Tiwari and Lee, 2011)

3.3.6. Speciation Study of Lead(ll)

Figure 16 projected the speciation studies performed for Pb(ll). It was observed that
lead existed to its ionic form i.e., Pb*" up to the pH region ~5.8. However, beyond this pH,
lead was precipitated to Pb(OH),(s) and around pH 7.0, the ion was completely precipitated.
The data was already published elsewhere (Tiwari et al., 2006; Tiwari et al., 2007b; Tiwari

and Lee, 2011). Other studies showed that at higher pH values a substantive hydrolysis of

lead could take place to give Pb(OH), (Kovac“evic” et al., 2000).
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Figure 11: Speciation of Cr(VI): 20 mg/L as a function of pH.
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Figure 12: Speciation of As(l11): 2 mg/L as a function of pH.
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Figure 13: Speciation of As(V): 2 mg/L as a function of pH.
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Figure 14: Speciation of Cd(I1): 10 mg/L as a function of pH.
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Figure 15: Speciation of Cu(ll): 10 mg/L as a function of pH.
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Figure 16: Speciation of Pb(Il): 20 mg/L as a function of pH.
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3.4. REMOVAL BEHAVIOR OF MANGANESE COATED SAND
(MCS) AND IRON COATED SAND (ICS)

3.4.1. Effect of pH

The pH dependence data is an important parameter enabling the mechanism involved
at solid/solution interface. Moreover, it greatly affects the sorption capacity of sorbing
species onto the solid surface (Ho and McKay, 2003).As demonstrated earlier, the solution
pH affects, among others, the speciation of the metal ions in agueous solutions (Katsoyiannis
et al., 2002; Schmuhl et al., 2001). Similarly, the pH of an aqueous solution is a variable

which controls the adsorption process of metal ions at the surface of solids. This phenomenon

helps in the removal of toxic metal ions from the aqueous medium. The presence of H" and

OH ions greatly influence the adsorption of ions from the aqueous solutions. Generally low

pH favours the adsorption of anions due to protonated surface of the adsorbent which at the
higher pH leads to deprotonation of the adsorbent and favours the adsorption of the cations.
The adsorption of trace cations was very small in strongly acidic solutions, which
increases with the increase in pH (Tamura and Nagayama, 1984, Tamura et al., 1986,
Sanders 1987, Singh et al., 1992, Viraraghavan et al., 1990). Sometimes even a little increase
in the pH may cause an abrupt change in the amount adsorbed (Tewari et al., 1972; Music

et al., 1988). This could be due to the increase in the negative charge of the adsorbent surface

.- + . . .
and decrease of the competitions of H3O ions for ion exchange or hydrolysis of trace

cations. The strength of adsorption bonds is generally much greater for heavy metal cations.
Herczynska (1961a; 1961b; 1965) suggested the formation of two adsorption maxima for

trace ions, one in the neutral and the other in the alkaline pH regions for cations or one in
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the acidic region and the other in the neutral region for anions. The existence of the first
adsorption peak in the medium pH region is attributed to the primary exchange with already
adsorbed H* or OH" ions while the other peak is explained by ion exchange in the outer part
of the electrical double layer.

A number of studies were reported the effect of pH on the uptake of arsenic species
onto the zero valent iron (ZV1) systems where it was observed that the increase in pH had
decreased the uptake of arsenic species (Bang et al., 2005a; Bang et al., 2005b; Sun et al.,
2006; Su and Pulis, 2001a). In addition, the pH effect on the removal of arsenic species by

iron oxides and iron hydroxides was well established (Su and Pulis, 2001b; Meng et al.,

2000; Jia et al., 2006). It was reported that decrease in removal of As(V) by FeCl3 at acidic

pH values had observed by other researchers (Behrang et al., 2011; Baskan et al., 2009;
Wang et al., 2003).

Murray et al. (1968) observed the adsorption of alkali and alkaline earth metal cations
on magnetite in aqueous solution was strongly pH dependent at low sorptive concentrations.
However, at higher sorptive concentrations, it became independent of pH. Therefore keeping
in view the previous studies and information already gathered, it was considered that the pH

dependence studies would highly be useful to study the mechanism of adsorption.

3.4.1.1. Chromium(VI)

The pH dependence data for the removal behaviour of Cr(VI) by manganese coated
sand and iron coated sand were obtained and listed in Tables 15 and 16 and presented
graphically in Figures 17 and 18, respectively. It was noted that the per cent removal of
Cr(VI) by MCS was decreased from 84.74% to 72.11% with the increase in pH i.e., from
2.04 t0 10.10 (cf Figure 17). Consequently, the amount adsorbed decreases from 8.521 to

7.251 mg/g with the increase in pH from 2.04 to 10.10. The pH dependence data obtained by
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MCS could be explained with the help of surface properties of MCS as well the properties of
the adsorbing species present in the solution. Since MCS solid contained with manganese
dioxide layer on its surface and the pHpzc for manganese dioxide was reported to be 5.5 for
(Koulouris, 1995). However, the pHpzc obtained for MCS was 6.28. Hence, the surface
supposed to be positively charged below pH 6.2 and beyond that it became negatively

charged (cf equation 12).

= SHZJr — = SHO - = § ....(12)

PHpzc

The higher uptake of Cr(\V1) at very low pH may be explicable because of the anionic
species of Cr(V1) present (HCrO,, CrO4*, Cr,0,%; cf Figure 11) which preferred the
positively charged solid surface. However, with the increase in pH beyond 6.2 the MCS
surface became negatively charged which apparently caused for relative decrease in
adsorption of Cr(VI1) species. However, the decrease in adsorption at higher pH values was
because of competitiveness of the oxy-anions of chromium and OH" ions present in the bulk
solutions. In this region perhaps the repulsion of negatively charged surface to Cr(VI) anion
also reduced the adsorption of Cr(V1) at higher pH values. Similar pH dependent results were
also been reported for Cr(VI) on various sorbents (Pehlivan et al.,2008; Gode et al., 2008;
Bhattacharya et al., 2008).

On the other hand, the percentage removal of the Cr(VI) by ICS was more or less
unaffected with the increase in pH of the solution, i.e., 73.73% to 78.98% with the increase in
pH from 2.14 to 9.49. At the same time the amount adsorbed also remains more or less
constant within the range of 2.955 to 3.166 mg/g. The results obtained clearly demonstrated

the strong affinity of the sorbing species towards the sorbent. The similar data was also
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obtained for the sorption of Cs(l), Zn(1l) and Cd(Il) by sodium titanate (Mishra et al., 1997a;
Mishra et al., 2004).

It was reported by other workers that depending on the solution pH the adsorbent can
be utilized to adsorb cations or anions. The removal of Cr(\VI1) by ICS resulted in better than
99% consistently. The pH of the regenerant solution determined the kinetics and efficiency of

the regeneration process (Bailey et al., 1992).

3.4.1.2. Arsenic(l11)

The pH dependence studies for the removal of As(l11) onto the MCS and ICS surface
was carried out at 25°C with the initial sorptive concentration 2 mg/L. The results obtained
were listed in Tables 17 and 18 respectively for MCS and ICS. Similarly, Figures 19 and 20
show the graphical representation of MCS and ICS, respectively. The results showed that
increase in pH apparently caused for decrease in uptake of As(l11). Quantitatively, increase in
pH from 1.96 to 9.34 caused for decrease in per cent removal of As(lll) from 69.23% to
37.02%, respectively and a decrease in amount adsorbed from 0.288 to 0.154 mg/g whereas
the increase in pH from 1.61 to 7.37 caused for decrease in As(lll) uptake from 64.59% to
41.15%, respectively with the decrease in amount adsorbed from 0.270 to 0.172 mg/g by ICS
solid. The results obtained can be explained on the basis of the speciation studies of the metal
ions against the change in pH of the solution along with the surface properties of MCS and
ICS. The speciation studies revealed that at all pH range, As(I11) exists as negatively charged

complex ions. Thus the surface charge of MCS and ICS i.e., positive charge below pHpzc

favoured the uptake of these two ions due to electrostatic attraction at lower pH. Similarly,
electrostatic attraction was reported for the sorption of As(lll) by hybrid materials, or soil

samples etc. (Arai et al., 2001; Xu et al., 2009; Mandal et al., 2011). However the negative

charge surface beyond the pHpzc hindered the removal of As(lll) at higher pH due to
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Table 15: Effect of pH on the sorption of Cr(V1) onto the surface of MCS
(MCS dose = 2g/L).

pH Initial Final Amount | Amount %
Cr(VI) Cr(VI) adsorbed | adsorbed | Removal

conc.(mg/L) | conc.(mg/L) | (mg/L) (mg/g)
2.04 20.11 3.07 17.04 8.521 84.74
2.97 20.11 3.21 16.90 8.451 84.05
4.10 20.11 3.85 16.26 8.128 80.84
4.96 20.11 4.39 15.72 7.858 78.16
6.12 20.11 5.03 15.08 7.541 75.00
6.99 20.11 5.04 15.07 7.536 74.95
8.02 20.11 5.05 15.06 7.530 74.89
9.30 20.11 5.11 14.99 7.499 74.58
10.10 20.11 5.61 14.50 7.251 72.11
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Figure 17: Effect of pH on the sorption of Cr(VI) onto the surface of MCS
(Initial concentration of Cr(\V1): 20.11 mg/L).
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Table 16: Effect of pH on the sorption of Cr(V1) onto the surface of ICS
(ICS dose = 5g/L).

pH Initial Final Amount | Amount %
Cr(VI) Cr(VI) adsorbed | adsorbed | Removal
conc. mg/L | conc. mg/L mg/L (mg/g)

2.14 20.04 5.26 14.78 2.955 73.73
3.20 20.04 5.47 14.57 2.914 72.71
4.70 20.04 5.72 14.32 2.865 71.47
5.40 20.04 6.09 13.94 2.789 69.58
6.15 20.04 1.49 18.55 3.709 92.54
6.45 20.04 3.28 16.76 3.351 83.62
6.82 20.04 3.67 16.37 3.274 81.69
7.02 20.04 4.01 16.03 3.205 79.97
9.49 20.04 4.21 15.83 3.166 78.98
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Figure 18: Effect of pH on the sorption of Cr(VI) onto the surface of ICS
(Initial concentration of Cr(V1): 20.04mg/L).
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electrostatic repulsive force (Hsu et al., 2008). Thus a decrease in removal of As(Il) was

observed at higher pH values. Similarly the competition between the OH™ and the As(l11) ions

towards the solid surface has been cited in the case of organo modified sericite material (Li
et al., 2000). Besides, the uptake of A5033' species by iron coated sand was reported to be

due to the vander Waals attraction (Vaishya and Gupta, 2002).

3.4.1.3. Arsenic(V)

The pH dependence studies in the uptake of As(V) by MCS and ICS had been carried
out at 25°C with the sorptive concentrations 2.05 mg/L. The results obtained were listed in
Tables 19 and 20 respectively for MCS and ICS. Figures 21 and 22 correspond to the
graphical representation of them respectively. The results obtained had revealed that as the
pH increases, there is a decrease in uptake of these ions from 80.00% to 33.66% for MCS and
71.63 % to 50.00 % for ICS sorbents. Simultaneously, a decrease in the amount adsorbed by
these adsorbents had been observed from 0.328 to 0.138 mg/g in the case of MCS and 0.298
to 0.208 mg/g for ICS. It could be explicable from the speciation studies of the metal ions
with respect to the change in pH of the solution which showed that at all pH range, As(V)

exists as negative complex ions (Gupta and Chen, 1978). Thus the surface charge of MCS

and ICS possessing positive charge below pHpzc favours the uptake of As(V) ions at lower

pH and the negative charge surface beyond the pHpzc held up the removal of these ions due

to electrostatic repulsive force. Thus a distinct decrease in removal percent has been observed
at higher pH. However, similar studies on organo-sericite reveals that with the increase of
pH, the speciation studies (Chang et al., 2009) showed that in the intermediate region of pH
i.e., pH 5.0-6.5 both these anion species i.e., H,AsO, and HAsO,? contribute to total arsenic

species, which greatly facilitated in the attraction by the solid surface followed by the “ion-
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exchange’ or even the inner sphere complexation of the arsenic species with the silicate or
aluminate hydroxyl group lying at the apices of the interlayer space. The probable mechanism

was proposed as specific arsenic sorption and OH" release from the surface. However, beyond
pH 6.5 there was strong competition between the OH ions and the anion As(V) species which

greatly rendered in decrease of As(V) sorption by the surface (Li et al., 2000).
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Table 17: Effect of pH on the sorption of As(l11) onto the surface of MCS
(MCS dose = 5g/L).

pH Initial Final Amount | Amount %
As(111) As(111) adsorbed | adsorbed | Removal
conc.(mg/L) | conc.(mg/L) | (mg/L) (mg/g)
1.96 2.08 0.64 1.44 0.288 69.23
3.10 2.08 0.7 1.38 0.276 66.35
4.69 2.08 0.68 1.40 0.280 67.31
5.90 2.08 0.93 1.15 0.230 55.29
6.22 2.08 0.98 1.10 0.220 52.88
6.55 2.08 1.03 1.05 0.210 50.48
6.63 2.08 1.05 1.03 0.206 49.52
7.01 2.08 1.13 0.95 0.190 45.67
9.34 2.08 1.31 0.77 0.154 37.02
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Figure 19: Effect of pH on the sorption of As(I11) onto the surface of MCS
(Initial concentration of As(l11): 2.08 mg/L).
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Table 18: Effect of pH on the sorption of As(I11) onto the surface of ICS
(ICS dose = 5g/L).

pH Initial Final As(l11) | Amount | Amount %
As(111) conc.(mg/L) | adsorbed | adsorbed | Removal
conc.(mg/L) (mg/L) (mg/g)
1.61 2.09 0.74 1.35 0.270 64.59
2.65 2.09 0.77 1.32 0.264 63.16
3.52 2.09 0.59 1.50 0.300 71.77
4.06 2.09 0.55 1.54 0.308 73.68
4.75 2.09 0.79 1.30 0.260 62.20
4.82 2.09 0.77 1.32 0.264 63.16
5.89 2.09 0.90 1.19 0.238 56.94
5.97 2.09 1.09 1.00 0.200 47.85
7.37 2.09 1.23 0.86 0.172 41.15
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Figure 20: Effect of pH on the sorption of As(I11) onto the surface of ICS
(Initial concentration of As(I11): 2.09 mg/L).
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Table 19: Effect of pH on the sorption of As(V) onto the surface of MCS
(MCS dose = 5g/L).

pH Initial Final Amount | Amount %
As(V) As(V) adsorbed | adsorbed | Removal

conc.(mg/L) | conc.(mg/L) | (mg/L) (mg/g)
2.08 2.05 0.41 1.64 0.328 80.00
3.14 2.05 0.53 1.52 0.304 74.15
4.70 2.05 0.54 151 0.302 73.66
6.11 2.05 0.61 1.44 0.288 70.24
6.26 2.05 0.91 1.14 0.228 55.61
6.67 2.05 1.11 0.94 0.188 45.85
7.13 2.05 1.26 0.79 0.158 38.54
7.16 2.05 1.48 0.57 0.114 27.80
9.39 2.05 1.36 0.69 0.138 33.66
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Figure 21: Effect of pH on the sorption of As(V) onto the surface of MCS
(Initial concentration of As(V): 2.05 mg/L).
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Table 20: Effect of pH on the sorption of As(V) onto the surface of ICS
(ICS dose = 5g/L).

pH Initial Final Amount | Amount %
As(111) As(111) adsorbed | adsorbed | Removal
conc.(mg/L) | conc.(mg/L) | (mg/L) (mg/g)
1.86 2.08 0.59 1.49 0.298 71.63
2.61 2.08 0.51 1.57 0.314 75.48
3.74 2.08 0.69 1.39 0.278 66.83
4.40 2.08 0.72 1.36 0.272 65.38
5.02 2.08 0.74 1.34 0.268 64.42
5.84 2.08 0.79 1.29 0.258 62.02
6.51 2.08 0.85 1.23 0.246 59.13
6.43 2.08 0.91 1.17 0.234 56.25
7.35 2.08 1.04 1.04 0.208 50.00
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Figure 22: Effect of pH on the sorption of As(V) onto the surface of ICS
(Initial concentration of As(V): 2.08 mg/L).
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3.4.1.4. Cadmium(ll)

The pH dependence studies for cadmium(ll) with MCS were carried out with the
initial sorptive concentration of 10.01mg/L and at 25°C. Table 21 and Figure 23 show the

experimental results obtained which revealed that increasing the pH from 2.34 to 9.33 the
removal percentage of Cd(ll) was increased from 13.94 % to 99.26 %. Subsequently, the
amount adsorbed by MCS has increased from 0.619 to 4.963 mg/g. The result obtained could
be explicable with the help of speciation studies where cadmium mostly existed as cationic
form in the pH range 2.0 to 9.0 (cf Figure 14) hence a sharp increase in adsorption was
occurred after pH 5.5 since the surface apparently became negatively charged and the further
increase in pH beyond the pH 9.0 almost 100% Cd(Il) removal perhaps due to the mixed
effect of adsorption and formation of insoluble species of cadmium i.e., Cd(OH), (cf figure
14). Moreover, below the pH 5.5 the removal of Cd(I1) was greatly hindered since the surface
itself was positively charged. In general the specific surface reactions may be occurred as
follows (Pretorious and Peter, 2001; Han et al., 2006):

=MnOH + Cd?** —  =MnO-Cd* + H* .. (13)

=MnO™ + Cd* —  =MnO-Cd" .. (14)

2(=EMnOH) + Cd** —  (EMnO"),Cd* +2H" ... (15)

2(=MnO") + Cd* -  (=EMnO"),Cd* ...(16)

On the other hand, the pH dependence change in percent uptake of Cd(ll) by
ICS could be explained on the surface properties of ICS as well the nature of sorbing species
in solutions. It was noted that the nano — particles of iron oxide mostly covered the surface
of sand hence, the bulk sand properties was changed markedly in presence of impregnated
iron oxide. The removal behaviour of ICS upon the Cd(Il) ions was given in Table 22

and Figure 24. It was noted that the increase in pH from 2.34 — 9.33 caused for increase in
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Cd(11) removal from 2.87 % to 97.28 %. Moreover, a significant increase in amount

adsorbed has been observed from 0.054 to 1.842 mg/g within the observed pH range. This
could be attributed to the fact that beyond the pHpzc= 6.23, the surface of the ICS was

negatively charged (Koulouris, 1995). At the same time, speciation studies revealed that

cadmium mostly existed as cationic form in the pH range 2.0 to 9.0. Consequently, a sharp
increase in adsorption was occurred beyond pHpzc since the surface of ICS, in fact, became

negatively charged. Further increase in pH i.e., beyond 9.0 results in the increase in removal
to nearly 100% . This could be explicable from the speciation of Cd(Il) that reveals that it
existed as insoluble species of cadmium i.e., Cd(OH), (cf figure 14), thereby beyond the pH
9.0 may be because of the mixed effect of sorption along with the co-precipitation or even
coagulation of the metal ions (Hui et al.2005; Tiwari et al., 2007(a); Lee et al., 2009).
Besides, below the pH 6.28 the removal of Cd(ll) was greatly held up as the surface itself
was positively charged. Similar metal uptake mechanism was proposed for the sorption of
Cd(Il) onto the goethite coated sand (Lai et al., 2002), iron-oxide coated sand (Benjamin et
al., 1996) or metal oxide surfaces (Hayes and Leckie, 1987). Similar observations have been

made such that the increase in uptake of Cd(ll) below pHpzc had been attributed to the

chemical interaction with enough energy to overcome repulsive forces between the positively
charged goethite-coated sand surface and cadmium ions. As pH increases to the range 6.0 —
7.5, where Cd?*, Cd(OH)" and Cd(OH),° species are present in the solution, the goethite
surface starts to acquire a net negative charge, creating a situation electrostatically favourable
for higher adsorption of cadmium ions. Thus, at a solution pH>pHpzc, the goethite-coated
sand surface becomes negatively charged and the cadmium is present mainly as Cd?*,

Cd(OH)". In such cases, adsorption occurs by electrostatic attraction (Lai et al., 2002).
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Table 21: Effect of pH on the sorption of Cd(ll) onto the surface of MCS
(MCS dose = 2g/L).

pH Initial Final Cd(I1) [ Amount | Amount (%)
final Cd(In conc.(mg/L) | adsorbed | adsorbed | Removal

conc.(mg/L) (mg/L) (mg/g)
2.34 10.01 8.76 1.24 0.619 13.94
4.53 10.01 6.74 3.26 1.630 33.79
5.78 10.01 3.60 6.40 3.200 6464
6.02 10.01 3.08 6.92 3.461 69.76
6.60 10.01 3.18 6.82 3.411 68.78
6.90 10.01 2.35 7.65 3.823 76.88
6.99 10.01 2.34 7.65 3.826 76.93
7.02 10.01 2.62 7.38 3.692 74.31
7.13 10.01 1.47 8.53 4.264 85.54
9.33 10.01 0.08 9.93 4.963 99.26
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Figure 23: Effect of pH on the sorption of Cd(Il) onto the surface of MCS
(Initial concentration of Cd(11): 10.01mg/L).
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Table 22: Effect of pH on the sorption of Cd(Il) onto the surface of ICS

(ICS dose = 5g/L).

pH Initial Final Amount [ Amount (%)
Cd(In Cd(In adsorbed | adsorbed | Removal
conc.(mg/L) | conc.(mg/L) | (mg/L) (mg/g)
2.37 9.47 9.19 0.27 0.054 2.87
3.41 9.47 8.87 0.59 0.119 6.30
4.25 9.47 6.99 2.47 0.495 26.11
5.54 9.47 6.58 2.89 0.578 30.50
5.89 9.47 6.20 3.27 0.654 34.52
6.27 9.47 4.74 4.73 0.946 49.94
7.36 9.47 3.59 5.88 1.176 62.10
8.82 9.47 1.15 8.32 1.665 87.90
9.12 9.47 0.26 9.21 1.842 97.28
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Figure 24: Effect of pH on the sorption of Cd(Il) onto the surface of ICS

(Initial concentration of Cd(11): 9.47 mg/L).
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3.4.1.5. Copper(ll)

The effect of pH on the sorption of Cu(ll)was conducted with 10.14 mg/L sorptive
solution at constant temperature (25°C) with both MCS and ICS sorbent. The results obtained
in terms of percent adsorption were shown in Tables 23 and 24 along with the graphical
representation in Figures 25 and 26 for MCS and ICS samples respectively. These results
indicated that a sharp initial increase of removal attained a maximum of almost 100%removal
beyond pH 6.38 for MCS sample. More quantitatively, increasing the pH from 3.30to 6.87
the respective increase in Cu(ll) removal was occurred from 10.25% to almost 100%. At the
same time an increase in the amount adsorbed by MCS has been observed from 0.216 to
1.980 mg/g with the same pH range. Similarly, for ICS s ample, a sharp increase was
occurred from 1.87 % to 61.24% with the increase in pH from 1.76 to 6.15, beyond which the
removal percent was reached almost to 100% at the pH 8.18. Again, the amount adsorbed by
the ICS within this pH range had increased from 0.038 to 1.992 mg/g.

The increase of percent removal using MCS and ICS mainly depends largely upon the
mixed effect of sorbing species and the surface properties of solids. The earlier observation
showed that the manganese coated sand which has pHpzc value of 6.28 against the
manganese dioxide reported pHpzc value of 5.5 (Koulouris, 1995). Hence, it was expected
that the manganese fine particles are aggregated as manganese dioxide on the surface of sand.
Similarly, in iron coated sand, the surface of sand was likely to be aggregated with ferric
oxide. Hence, the surface properties of MCS and ICS were mostly dependent to the
manganese dioxide and ferric oxide, respectively.

The surface of MCS become negatively charged beyond the pH 6.28 and below this it
could possess the positive charge. Below pH 6.28, the dominant species of Cu(ll) was the

cationic species viz., Cu** etc. Hence, increasing the pH above 6.28, surface of MCS favoured
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greatly the positively charged cations, however, the pH below 6.28 hindered significantly
uptake of positively charged cations. Hence, based on these facts, it was assumed that
relatively low uptake was occurred at very low pH values i.e., around pH 3.0 (Lee et al.,
2010a). Moreover, relatively very high uptake of Cu(ll) occurred even at lower region of pH
i.e., in between 3.0 to 6.0 may be explained with the possible specific chemisorption of these
cations to the manganese coated surfaces Equations (17-21) (Han et al., 2006, Lee et al.,
2004, Aksu, 2002, Lee etal., 2010Db):

=MnOH + M** —  =Mn-O-M"+H* ... (17)

=Mn-O" + M?* —  =Mn-O-M* ... (18)

2(=Mn-OH) + M** > (=Mn-0),M* +2H" ... (19)

2zMn-0)+M* > (=Mn-0),M* ... (20)

=Mn-OH + M?* + H,0 —»  =Mn-O-M-OH + 2H" ...(21)
where M denoted to Cu. Hence, the reactions (17,19 and 21) were supposed to be
predominant below the pH 6.28. The chemisorption of these cations were further investigated
using the background electrolytes i.e., the effect of ionic strength using the NaNOj3 solutions.
Moreover, further increase in pH i.e., beyond pH 6.28, Cu(ll) ion exist as insoluble derivative
compound of tenorite. Therefore, there might be a mixed effect of adsorption and co-
precipitation of metal ions on the surface of solids. Hence, apparently, it caused for very high
uptake of metal ions in this pH region(Hui et al., 2005; Tiwari et al., 2007(a); Lee et al.,
2009). Han et al., (2006) made similar observations that the increase in adsorption with the
decrease in H* ion concentration (high pH) indicated that ion exchange was one of the major
adsorption process. Above pH 6.0, insoluble copper or lead hydroxide started precipitating
from the solution, making true sorption studies impossible. Therefore, at these pH values,

both adsorption and precipitation were the effective mechanisms involved in the removal

82



Results and Discussions

of Cu(ll) and Pb(ll) from aqueous solution. At higher pH values, Cu(ll) and Pb(ll) tend to
form different hydrolysis products.

On the other hand, the pHpzc for ICS was obtained as 6.23. Hence, the surface of ICS
was positively charged below this pH value and became negatively charged beyond pH 6.23.
At extreme low pH region i.e., pH between 2.0 to 4.0 both solid surface of ICS and sorbing
species were possessed with enhanced positive charge which ultimately caused for strong
electrostatic repulsion. Therefore, apparently it caused a significantly low uptake of the
metal cations. However, on further increase in pH beyond 4.0 there could be partial acidic
dissociation of solid ICS surface causing some electrostatic attraction of the metal cations
resulted in a gradual increase in metal uptake. However, the only electrostatic attraction could
not be attributed to explain the sorption of these cations since the surface carries net
negatively charged beyond pH 6.23 (pHpzc of ICS). Hence, in addition to partial electrostatic
attraction, the surface complexation of these metal cations through ion-exchange process
could also be postulated for enhanced uptake within the pH region 4.0 to 6.0 as suggested
with equations (22 & 23):

M?*  + =SH,* < =S-OM" +2HY  ...(22)

M(OH)" + =SH," < =S-OM(OH)° +2H" ...(23)

The retention of copper by ICS was attributed to the chemisorption of the Cu(ll) on to
the solid surface. The chemisorption process resulted by the inner-sphere bonding of the Cu
to the surface-OH group available with ferric oxides. Benjamin and Leckie (1981) postulated
the Cu adsorption onto iron oxide surfaces to be a combination of ion exchange and inner-
sphere complexation with edge —OH groups. The studies have been made by other workers

where similar observations were reported (Lai et al., 2001) and reported that Cu(ll) ions can
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Table 23: Effect of pH on the sorption of Cu(ll) onto the surface of MCS
(MCS dose = 5g/L).

pH Initial Final Amount | Amount %
Cu(ln) Cu(ll) conc. | absorbed | absorbed | Removal
conc.(mg/L) (mg/L) (mg/L) (mglg)

1.99 10.01 8.92 1.09 0.218 10.88
3.30 10.01 8.97 1.04 0.207 10.34
4.06 10.01 6.17 3.84 0.768 38.36
4.89 10.01 3.30 6.71 1.342 67.03
5.03 10.01 2.12 7.89 1.577 78.79
5.05 10.01 1.00 9.01 1.802 89.99
6.17 10.01 0.33 9.68 1.936 96.71
6.38 10.01 0.23 9.78 1.955 97.66
6.41 10.01 0.13 9.88 1.976 08.72
6.87 10.01 0.09 9.91 1.982 99.02
8.00 10.01 BDL - - -

9.00 10.01 BDL - - -

Note: BDL = below detection limit
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Figure 25: Effect of pH on the sorption of Cu(Il) onto the surface of MCS
(Initial concentration of Cu(ll): 10.01 mg/L).
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Table 24: Effect of pH on the sorption of Cu(ll) onto the surface of ICS
(ICS dose = 5g/L).

pH Initial Final Amount [ Amount %
Cu(ll) Cu(ln adsorbed | adsorbed | Removal
conc.(mg/L) | conc.(mg/L) | (mg/L) (mg/g)
1.76 10.14 9.95 0.19 0.038 1.87
2.74 10.14 9.73 0.41 0.082 4.04
3.53 10.14 9.12 1.02 0.204 10.06
4.48 10.14 7.34 2.80 0.560 27.61
6.15 10.14 3.93 6.21 1.242 61.24
6.44 10.14 1.86 8.28 1.656 81.65
6.62 10.14 0.87 9.27 1.854 91.42
7.09 10.14 0.61 9.53 1.906 93.98
8.18 10.14 0.18 9.96 1.992 98.26
100 *
R

80 | ¢
©
g 60 | 4
£
& @ Cu(l)

40 |
X

*
20
*
o ,I ’ 1 1 1 J
0 2 4 6 8 10
pH

Figure 26: Effect of pH on the sorption of Cu(ll) onto the surface of ICS
(Initial concentration of Cu(ll): 10.14 mg/L).
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firmly adsorb to the interface of water/ICS. The interface of water/ICS can provide sufficient
adsorption sites for metal ions and the adsorption of copper increases with increasing solution

pH or high surface loading of iron (Lai et al., 2000).

3.4.1.6. Lead(ll)

The removal behaviour of Pb(Il) as a function of pH by MCS and ICS was presented
in Tables 25 and 26 and graphically represented in Figures 27 and 28, respectively for MCS
and ICS. It was noted that quantitatively, increasing the pH from 2.39 to 6.48 the uptake of
Pb(I1) ions increased from 55.39 % to 99 % by MCS and the amount adsorbed by the
adsorbent has been obtained as 2.217 to 3.963 mg/g. On the other hand increasing the pH
from 2.09 to 5.84 the Pb(ll) was removed from 2.05 % to 62.82% by ICS and beyond this pH
i.e., 6.0 it was increased to Ca.95 % at pH 10. At the same time an increase in amount
adsorbed by ICS has been found to be 0.042 to 1.940 mg/g. The increase of percent removal
using MCS and ICS mainly depended upon the mixed effect of sorbing species and the

surface properties of solids.

The earlier observation showed that the manganese coated natural sand has pHpzc

value of 6.28 against the manganese dioxide reported pHpzc value of 5.5 (Koulouris, 1995).

Hence, it was expected that the manganese fine particles are aggregated as manganese
dioxide on the surface of sand. Hence, the surface properties of MCS were dependent on the
manganese dioxide. The surface of MCS becomes negatively charged beyond the pH 6.2 and
below this it could possess the positive charge (cf Eq. (12).

On the other hand, below pH 6.2, the dominant species of Pb (Il) were the cationic
species viz., Pb%* or insignificant Pb (OH) * etc. Hence, increasing the pH above 6.2, surface

of MCS favoured to attract the positively charged cations. However, the pH below 6.2

hindered the attraction of positively charged cations. Hence, based on these observations, it
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was assumed that relatively low uptake occurred at the lower pH values (Lee et al., 2010 b).
Additionally, relatively very high uptake of Pb(Il) occurred even at lower pH values may be
explained with the possible specific chemisorption of these cations to the manganese-
modified surfaces Eqgs. (17-21) (Han et al., 2006; Lee et al., 2010 b; Aksu, 2002; Lee et al.,
2004). Hence, the equations (17, 19 and 21) were supposed to be predominant below pH 6.2.
Moreover, the significant decrease in pH after adsorption as observed for these ions
particularly for the Pb(Il) (Table 25) indicated the occurrence of equations (17, 19 and 21).
The chemisorption of these cations were further investigated using the background

electrolytes i.e., the effect of ionic strength using the NaNO3 solutions.

Moreover, further increase in pH i.e., beyond pH 6.2, there might be a mixed effect of
adsorption and co-precipitation of metal ions on the surface of solids. Hence, apparently, it
caused for very high uptake of metal ions in this pH region.

The pH dependence data obtained for these metals ions using ICS was explained by
the surface properties of ICS as well the nature of sorbing species present in solution. The
nano-particles of iron oxide mostly covered the surface of sand hence, the bulk sand

properties was changed markedly in presence of impregnated iron oxide. Moreover, the

pHpzc of ICS sample was found to be 6.23 which, was very close to the reported pHpzc of

ferric hydroxide 6.28 (Koulouris, 1995). The other studies indicated the pHpzc of reclaimed
I0OCS was found to be 7.0 £ 0.4 (Hsu et al., 2008)and 6.5-8.5 (Cornell and Schwertmann,
1996) Similarly, Stenkamp and Benjamin (1994),found the pHpzc close to 7.5 for iron oxide-
coated sand. Hence, our values of pHpzc for ICS were slightly different from the previously

reported values. The surface of ICS was carried with positive charge below pH 6.23 and

became negatively charged beyond this (cf equation 12).
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On the other hand up to the pH 5.8 both Pb(Il) dominantly existed as positively
charged species of Pb®* (MINEQL studies). At extreme low pH region i.e., pH between 2 and
4 both solid surface of ICS and sorbing species were possessed with enhanced positive charge
which ultimately caused for strong electrostatic repulsion. Therefore, seemingly it caused for
significantly low uptake of these metal cations. However, the further increase in pH i.e.,
beyond 4.0 the partial acidic dissociation of solid ICS surface may perhaps cause for some
electrostatic attraction of these metal cations which showed a gradual increase in metal
uptake. The similar results were occurred for different metal cations uptake by the manganese
coated sand (Tiwari et al., 2007b; Lee et al., 2009; Lee et al., 2010b). However, the only

electrostatic attraction could not be explain the sorption of these metal cations since surface
carries a net negative charge beyond pH 6.23 (pHpzc of ICS) hence, in addition to partial

electrostatic attraction, the surface complexation through ion-exchange process was also
postulated for enhanced uptake of the metal cations Pb(l1)) within the pH region 4.0 —6.0 (Lai
et al ., 2002; Benjamin et al., 1996) and this was suggested with Egs. (22) and (23). Similar
ion exchange mechanism was suggested for the uptake of cadmium by goethite coated sand
(Lai et al., 2002), iron-oxide coated sand (Benjamin et al., 1996) or even metal oxide surfaces
(Hayes and Leckie, 1987). Further, increase in pH, i.e., beyond pH 6.0, there could be a
mixed effect of sorption with co-precipitation or even coagulation of the metal cations (Lee
et al., 2009; Hui et al., 2005; Tiwari et al., 2007a) which caused for almost 100% removal of
these studied metal cations. These results were in conformity to the speciation studies

conducted for these cations previously (cf Figure 16).
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Table 25: Effect of pH on the sorption of Pb(Il) onto the surface of MCS
(MCS dose = 5g/L).

pH Initial Final Amount [ Amount %
Pb(l1) Pb(l1) absorbed | absorbed | Removal

conc.(mg/L) | conc.(mg/L) | (mg/L) (mg/g)
2.39 20.02 8.93 11.08 2.217 55.39
3.01 20.02 8.98 11.03 2.207 55.12
4.12 20.02 2.62 17.39 3.479 86.90
4.85 20.02 0.34 19.67 3.935 98.30
5.03 20.02 0.32 19.69 3.939 98.40
5.14 20.02 0.13 19.88 3.977 99.35
5.37 20.02 0.19 19.82 3.965 99.05
5.35 20.02 0.21 19.81 3.961 98.95
5.76 20.02 0.19 19.82 3.965 99.05
6.48 20.02 0.20 19.82 3.963 99.00
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Figure 27: Effect of pH on the sorption of Pb(Il) onto the surface of MCS
(Initial concentration of Pb(I1): 20.02 mg/L).
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Table 26: Effect of pH on the sorption of Pb(Il) onto the surface of ICS
(ICS dose = 5g/L).

pH Initial Final Amount | Amount %
Pb(Il) Pb(Il) absorbed | absorbed | Removal
conc.(mg/L) | conc.(mg/L) | (mg/L) (mg/g)
2.09 10.22 10.01 0.21 0.042 2.05
2.99 10.22 9.01 1.21 0.242 11.84
4.03 10.22 6.62 3.60 0.720 35.23
4.65 10.22 4.83 5.39 1.078 52.74
5.84 10.22 3.80 6.42 1.284 62.82
6.43 10.22 1.16 9.06 1.812 88.65
6.62 10.22 1.17 9.05 1.810 88.55
6.97 10.22 1.22 9.00 1.800 88.06
7.62 10.22 0.52 9.70 1.940 94.91
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Figure 28: Effect of pH on the sorption of Pb(Il) onto the surface of ICS
(Initial concentration of Pb(Il): 10.22 mg/L)
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3.4.1.7. Summary

The experimental results revealed that the removal of Cr(VI), As(l11) and As(V) were
greatly hindered at higher pH values however, it greatly favoured at low pH values. However,
the very high uptake of Cr(V1) by ICS was almost unaffected with the change of pH. Perhaps
an electrostatic attraction is likely to be the main mechanistic pathway demonstrated in the
removal process since at low pH values i.e., below pH 6.28 for MCS and 6.23 for ICS, both
they carry net positive charge which may cause for electrostatic attraction of these anions.
However, the uptake of Cr(V) onto the surface of ICS was assumed to be associated with
some chemisorption via ion-exchange process since very strong affinity was observed
between adsorbate and solid surface. On the other hand, the cations viz., Cd(Il), Cu(ll) and
Pb(I1) were showed very high uptake at higher pH values whereas it was very low uptake at
low pH values i.e., around pH 3 — 4 which was gradually increased increasing the pH of the
solution. Therefore, it was assumed that in addition to the electrostatic attraction apparently a
chemisorptive uptake could take place via ion-exchange process or a complexation reaction
could place between these cations and solid surfaces. Hence, an inner sphere bonding of
metal cations could possibly take place with surface -OH group available with the MCS or
ICS. Further, at very high pH values i.e., around 8 — 10 , very high uptake of these cations
occurred which is because of the simultaneous process of adsorption and co-precipitation of
metal ions on to the surface of solids. Therefore, very high uptake of metal ions in this pH

region was observed.

91



Results and Discussions

3.4.2. Effect of Sorptive Concentrations

It was reported that the initial concentration of a metal ion provided an important
driving force to overcome all mass transfer resistances of the metal ions between aqueous and
solid phase (Malkoc, 2006). Several studies on the dependence of cation adsorption to the
sorptive concentration were carried out to understand the different molecular interactions
between the adsorbed species and the adsorbent surface. Mahoney and Langmuir (1991)
deduced that an increase in the outer layer surface charge cause a decrease in the adsorption
of strontium on kaolinite, illite and montmorillonite on increasing bulk ionic strength. It was
also reported that the adsorption of micro amounts of mercury on manganese dioxide
decreased with the increase in the electrolyte concentrations (Hassany and Chaudhary, 1985;
Tamura et al., 1986).

The distribution coefficient (Kp) for adsorption of cadmium and mercury ions on
lateritic soil was increased greatly with a decrease in the initial concentration of the metal ion
and followed the Freundlich adsorption isotherm (Del Debbio, 1991). The distribution
coefficient for the adsorption of cesium on manganese dioxide was increased with the
decrease in cesium concentration (Hassany and Chaudhary, 1984). Mikhail and Misak (1988)

reported that the distribution coefficients for adsorption of cesium and cobalt on manganese

dioxide remain same upto the sorptive concentration of Ca.5 x 10 "M for cesium and

-6 . . . .
Ca. 5 x 10 ~ mol/L for cobalt. However, further increase in the sorptive concentration

decreased the K values for these cations. The deviation from Freundlich isotherm at higher

. -2 . .
concentrations ( > 10 “mol/L) occurred owing to the approach of saturation on manganese

oxide surface by the adsorbate species. Increasing the initial sorptive concentration in case of

manganese, arsenic, mercury, chromium, cadmium, copper and lead enhanced the amount
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adsorbed by the solid surface of adsorbent (Lee et al., 2010(a); Kim and Chung, 2002; Tiwari
et al., 1999; Lee et al., 2010(b), Tiwari et al., 2011). However, the percent removal of these
ions with respect to the MCS and ICS was normally decreased as the sorptive concentration
was increased. On the other hand the increase in percent adsorption with decreasing the
sorptive concentration was perhaps explicable on the basis that at higher dilution relatively
smaller number of adsorptive species was available for deposition on the equal number of
adsorptive surface sites (Mishra et al., 1996). Keeping in view the study was extended by
varying the sorptive concentration for constant solid dose and the sorption of these metal
cations/anions onto the surface of MCS and ICS was obtained and discussed. These studies

were also enabled to learn the concentration barrier effect in the sorption process.

3.4.2.1. Chromium(VI)
The effect of sorptive concentration on the removal behaviour of MCS for Chromium
Cr(VI) was obtained varying the sorptive concentration from 5.00 to 100.00 mg/L at pH 3.0

and at 25°C temperature with the constant solid dose of MCS i.e., 5g/L. The results obtained

were shown in Table 27 and Figure 29. It is clearly indicated that increasing the concentration
from 5.00 to 100.00 mg/L of Cr(V1) caused for an increase in percent removal of Cr(VI) from
38.20% to 69.50 %. The amount adsorbed by MCS with the increase in sorptive
concentrations also increase from 0.382 to 13.900 mg/g. The result was explained such that at
pH 3.0, the surface of MCS carried a net positive charge. The speciation studies of Cr(VI)
were revealed that at this pH, Cr(V1) mostly exists as the soluble anionic species of CrO,?,
HCrO4™ or Cr,07%. Hence, the positively charged surface of MCS would greatly attract
these anionic species of Cr(VI) and therefore the removal of these ions would likely to be

increased with the increase in sorptive concentrations. Similar observations were reported by
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some authors (Mishra et al., 2004; Tiwari et al., 2007(a); Pehlivan et al., 2008; Gode et al.,

2008).

Table 27: Effect of sorptive concentration on the sorption of Cr(V1) onto the
surface of MCS. (MCS dose = 5g/L; pH=3.0).

Initial Final Amount Amount %
Cr(VI) conc. | Cr(VI)conc. | adsorbed adsorbed Removal
(mg/L) (mg/L) (mg/L) (ma/g)
5.00 3.09 1.91 0.382 38.20
10.00 4.79 521 1.042 52.10
20.00 11.05 8.95 1.790 44.75
30.00 16.19 13.81 2.762 46.03
40.00 20.00 20.00 4.000 50.00
50.00 30.00 20.00 4.000 40.00
70.00 36.00 34.00 6.800 48.57
100.00 30.50 69.50 13.900 69.50
80
70 .
60
T oo | ¢ .
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Figure 29: Effect of sorptive concentration on the sorption of Cr(VI)
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onto the surface of MCS.

Table 28: Effect of sorptive concentration on the sorption of Cr(V1) onto the
surface of ICS. (ICS dose =5g/L; pH = 3.0).

Initial Final Amount Amount %
Cr(VIlconc. | Cr(VI)conc. | adsorbed adsorbed | Removal
mg/L mg/L mg/L mg/g
5.00 3.27 1.74 0.347 34.70
50.00 48.27 1.74 0.347 34.70
80.00 64.88 15.12 3.025 18.90
90.00 69.89 20.10 4.021 22.34
100.00 76.22 23.78 4.755 23.77
40 -
35 1 & 'S ¢ Cr(VI1)
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f_B 25 -
o 207 *
(2
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Figure 30: Effect of sorptive concentration on the sorption of Cr(VI)
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onto the surface of ICS.

Similarly, the effect of sorptive concentration on the removal behaviour of ICS for
Cr(VI) was obtained by varying concentrations from 5.00 to 100.00 mg/L at 25°C and at pH

3.0 with the ICS dose of 5g/L. The results obtained were shown in Table 28 and the
graphically represented in Figure 30. The results indicated an apparent decrease in percent
removal from Ca.35 t020. In other words increasing the dilutions enhanced the percent
uptake of Cr(VI) from aqueous solutions. However, a significant increase in the amount
adsorbed with the increase in sorptive concentrations has been observed from 0.347 to 4.755
mg/g. The decrease in percent uptake could be explained on the basis of the fact that more
and more active sites were available for a similar number of sorbing ions at higher dilutions

(Hassany and Chaudhary, 1986; Ma et al., 1992).

3.4.2.2. Arsenic(l11)

The concentration dependence studies for Arsenic As(l11) for manganese coated sand
and iron coated sand were carried out at 25°C at pH=3.0 for MCS and at pH = 6.0 for ICS.

The data obtained were shown in Tables 29 and 30 respectively for MCS and ICS. Similarly,
the data represented graphically in the Figures 31 and 32 respectively, for MCS and ICS. The
figures clearly indicated that increasing the concentration from 1.00 to 25.00 mg/L of As(l11)
caused for a decrease for percent removal respectively from 62.75 %to 4.03 % for MCS. At
the same time, the amount adsorbed by MCS has been observed with apparently negligible
increase from 0.124 to 0.180 mg/g as compared to the extent of increase in sorptive
concentration.

Similarly, an increase in sorptive concentration from 1.05 to 10.19 mg/L apparently
caused for a decrease of percent removal of As(lll) from 68.57 to 27.97 % by ICS with a
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small increase in amount adsorbed from 0.144 to 0.570 mg/g. The possible reason for the

decrease in percent removal of As(IIl) at higher concentrations was because of the fact that

Table 29: Effect of sorptive concentration on the sorption of As(l11) onto the surface of
MCS. (MCS dose =5g/L; pH = 3.0).

Initial Final Amount Amount %
As(111) conc. | As(I11) conc. | adsorbed adsorbed Removal
(mg/L) (mg/L) (mg/L) (ma/g)
1.03 0.38 0.62 0.124 62.75
4.01 3.02 0.98 0.196 25.43
6.95 5.84 1.16 0.232 16.69
10.01 8.91 1.09 0.218 11.87
12.03 11.03 0.97 0.194 8.39
15.02 14.15 0.85 0.170 5.48
19.98 19.10 0.90 0.180 5.07
25.02 24.07 0.93 0.186 4.03
80
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Figure 31: Effect of sorptive concentration of on the sorption of
As(I11) onto the surface of MCS.

Table 30: Effect of sorptive concentration on the sorption of As(l11) onto the surface of ICS.
(ICS dose = 5¢/L; pH ~ 6.0).

Initial Final Amount Amount %
As(I11) As(I11) adsorbed adsorbed | Removal
conc.(mg/L) | conc.(mg/L) (mg/L) (mg/g)
1.05 0.33 0.72 0.144 68.57
2.10 1.15 0.95 0.190 45.24
5.09 3.26 1.83 0.366 35.95
10.19 7.34 2.85 0.570 27.97
100
w0 | * As(llN)
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Figure 32: Effect of sorptive concentration on the sorption of As(l11)

98



Results and Discussions

onto the surface of ICS.

more active sites were available for relatively smaller number of sorbing species. However, at
higher concentration of the sorptive ions, reasonably, lesser number of active sites was

available for larger number of sorbing ions (Tiwari et al., 2007a; Tiwari et al., 2011a).

3.4.2.3. Arsenic(V)
The removal behaviour of MCS and ICS for As(V) were studied varying the sorptive
concentration from 1.00 to 25.00 mg/L for MCS and 1.10 to 10.46 mg/L for ICS at pH ~ 6.0

at 25°C respectively. The results obtained were shown in Tables 31 and 32 which were

represented graphically in Figures 33 and 34 respectively for MCS and ICS. A decrease in
percent uptake was observed from 70.48 to 3.22% for MCS and 74.55 to 29.06 for ICS with
the increase in sorptive concentration respectively, from 1.00 to 25.00 mg/L (for MCS) and
1.10 to 10.46 mg/L (for ICS). However, the amount adsorbed by the adsorbent increases from
0.138 to 0.316 mg/L in the case of MCS and 0.164 to 0.618 mg/L for ICS. This could be
explicable with the fact that at low arsenic concentrations more and more active sites were
available for relatively smaller number of sorbing species. However, at higher sorptive
concentration comparably lesser number of active site was available for very large number of

sorbing ions (Tiwari et al., 2007a; Tiwari et al., 2011a).
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Table 31: Effect of sorptive concentration on the sorption of As(V) onto
the surface of MCS. (MCS dose = 5g/L; pH ~6.0).

Initial Final Amount Amount %
As(V) As(V) conc. | adsorbed adsorbed Removal
conc. mg/L (mg/L) (mg/L) (mg/g)

1.00 0.31 0.69 0.138 69.00
4.01 2.58 1.43 0.286 35.66
6.99 5.67 1.32 0.264 18.88
10.01 8.57 1.44 0.288 14.39
12.01 10.55 1.46 0.292 12.16
14.99 14.04 0.95 0.190 6.34
20.00 19.21 0.79 0.158 3.95
25.01 23.42 1.59 0.318 6.36
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Figure 33: Effect of sorptive concentration on the sorption of As(V)

onto the surface of MCS.

Table 32: Effect of sorptive concentration on the sorption of As(V) onto

the surface of ICS. (ICS dose = 5¢/L; pH ~6.0).

Initial Final Amount Amount %
As(V) As(V) adsorbed adsorbed | Removal
conc.(mg/L) | conc.(mg/L) (mg/L) (mg/g)
1.10 0.28 0.82 0.164 74.55
2.26 1.32 0.94 0.188 41.59
3.54 2.43 1.11 0.222 31.35
10.46 7.42 3.04 0.608 29.06
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Figure 34: Effect of sorptive concentration on the sorption of As(V)

onto the surface of ICS.

3.4.2.4. Cadmium(ll)

The concentration dependence studies for Cd(Il) ions with MCS were carried out at
25°C and pH 6.0 with MCS dose 5g/L. The results obtained were shown in Tables 33 and 34
along with the graphical representation in Figures 35 and 36 respectively for MCS and ICS.
It was clearly observed that increasing the concentration from 0.82 to 21.23 mg/L of Cd(ll)
caused for decrease in percent removed of Cd(ll) from 88.30% to 65.75 % by MCS.However,
an increase in amount removed had been observed from 0.145 to 2.792 mg/g with the same

increase in sorptive concentrations. Similarly, for the similar increase in Cd(ll) concentration

i.e., from 1.00 to 20.00 mg/L (at 25°C; pH 4.5 and ICS dose of 5g/L), was caused for an
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apparent decrease of percent of Cd(I1) removal respectively from 52.81to 12.16 % by ICS (cf
Table 34 and Figure 36). At the same time, an increase in amount adsorbed by the ICS with
respect to the increase in sorptive concentrations had been obtained from 0.088 to 0.482
mg/g. These results can be explained such that at pH 6.0, the surface of MCS is likely to be
negative charge. The gradual decrease in removal percent with the increase in sorptive
concentrations could be explained with the fact that the gradual saturation of the active sites
occurred on the adsorbent surface such that more active sites are available at higher dilution

or lesser number of sorbing ions (Mishra and Singh, 1987a).

Table 33: Effect of sorptive concentration on the sorption of Cd(Il) onto
the surface of MCS. (MCS dose = 5g/L; pH~ 6.0).

Initial Final Amount Amount %
cd(mn Cd(n adsorbed adsorbed Removal
conc.(mg/L) | conc.(mg/L) (mg/L) (mg/g)

0.82 0.09 0.73 0.145 88.30
3.25 0.45 2.80 0.560 86.16
6.20 1.46 4.75 0.949 76.48
9.22 2.70 6.52 1.304 70.69
10.20 3.87 6.33 1.266 62.05
14.72 5.72 8.99 1.799 61.15
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Figure 35: Effect of sorptive concentration on sorption of Cd(Il) onto the
surface of MCS.

Table 34: Effect of sorptive concentration on the sorption of Cd(Il) onto
the surface of ICS. (ICS dose =5g/L; pH =4.5).

Initial Final Amount Amount (%)
Cd(l1) conc. | Cd(Il) conc. | adsorbed | Adsorbed Removal
(mg/L) (mg/L) (mg/L) (mg/g)
1.00 0.56 0.44 0.088 52.81
5.00 2.67 2.34 0.467 4454
10.00 6.79 3.20 0.640 27.39
20.00 17.59 2.41 0.482 12.16
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Figure 36: Effect of sorptive concentration on sorption of Cd(l1)

onto the surface of ICS.

3.4.2.5. Copper(ll)

The concentration dependence data in the removal of Cu(ll) by MCS was obtained,
increasing the Cu(ll) concentration from 1 to 20 mg/L for Cu(ll) and keeping the constant
solution pH 4.0 and temperature 25 °C. Results obtained were presented in Table 35 and
graphically represented as a function of percent removal in Figure 37. The results clearly
indicated that increasing the concentration from 1.00 to 20.00 mg/L caused to a decrease in
percent removed of Cu(ll) from 81.65% to 54.04 %. Similarly, the concentration dependence

data for ICS was obtained and given in Table 36 and graphically represented in Figure 38. It
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was observed that increasing the Cu(ll) concentration from 1.02 mg/L to 20.2 mg/L resulted
in a decrease of percent uptake from 91.18 to 27.92. However, as we increase the
concentration of Cu(ll) ions in aqueous solutions from 1.00 mg/L to 20.00 mg/L, the amount
adsorbed by the adsorbent i.e. MCS increases to a significant amount from 0.151 to 2.498
mg/g for MCS. Similarly, ICS shows an increase in the amount adsorbed from 0.186 to 1.128
mg/g as sorptive concentration increases from 1.02 mg/L to 20.2 mg/L.This decrease in
percent uptake of metal cations was explicable on the basis that less number of active sites
was available at the solid surface at higher concentration of sorbing ions (Kim et al., 2002;

Tiwari et al., 1999; Mishra et al., 1996).

Table 35: Effect of sorptive concentration on the sorption of Cu(ll) onto
the surface of MCS. (MCS dose =5g/L; pH =4.0).

Initial Final Amount Amount %
Cu(ln Cu(ll) adsorbed | adsorbed | Removal
conc.(mg/L) | conc. (mg/L) (mg/L) (mg/g)

1.00 0.24 0.76 0.151 81.65
3.00 0.92 2.08 0.417 69.60
5.00 1.47 3.53 0.706 62.35
8.00 2.86 5.14 1.029 58.90
10.00 3.25 6.75 1.351 58.96
12.00 431 7.69 1.539 58.11
15.00 6.48 8.52 1.705 54.66
20.00 7.51 12.49 2.498 54.05
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Figure 37: Effect of sorptive concentration of on the sorption of Cu(ll)
onto the surface of MCS.

Table 36: Effect of sorptive concentration on the sorption of Cu(ll) onto
the surface of ICS. (ICS dose =5¢g/L; pH =4.5).

Initial Final Amount Amount %
Cu(ll) Cu(ln adsorbed adsorbed Removal
conc. (mg/L) | conc. (mg/L) (mg/L) (mg/g)
1.02 0.09 0.93 0.186 91.18
2.15 0.47 1.68 0.336 78.14
5.10 2.01 3.09 0.618 60.59
10.08 4.67 5.41 1.082 53.67
15.14 8.43 6.71 1.342 44.32
20.20 14.56 5.64 1.128 27.92
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Figure 38: Effect of sorptive concentration on the sorption of Cu(ll)

onto the surface of ICS.

3.4.2.6. Lead(ll)

The concentration dependence data for Pb(ll) with MCS was obtained keeping the
solution pH 4.0 and temperature 25°C as constant. Results obtained were presented in
Table 37 and graphically represented as a function of percent removed in Figure 39. The
results obtained clearly indicated that the increase in sorptive concentration from the 1.00 to
40.00 mg/L, corresponds to a decrease in the removal percent of Pb(Il) from 99.00 to
75.02%, respectively. Similarly, the effect of sorptive concentration in the removal of Pb(ll)

by ICS was also studied at 25°C at pH 4.5, which were shown in Table 38 and graphically

represented in Figure 40. The percent removal of Pb(Il) was decreased from 95.45 to 20.03%
with the increase of Pb(ll) concentrations from 1.10 mg/L to 50.23 mg/L. Nevertheless, an

increase in the amount adsorbed by the sorbents with the increase in sorptive concentrations
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had been obtained from 0.138 to 4.30 mg/g for MCS and for ICS, an increase from 0.21 to
2.012 mg/g had been shown with the change in observed sorptive concentrations.This
decrease in percent uptake of Pb(Il)at higher concentrations was explained because of
increase in active sites for a smaller number of sorbing ions at higher dilutions which
consequently enhances the relative increase in the sorption of the metal ions at higher dilution
i.e., lower concentration. Similar observations had been reported in the removal of Ba(ll) by
hydrous manganese oxide (Mishra and Tiwary, 1993), removal of cadmium ions from
aqueous solutions by hydrous ceric oxide (Mishra and Singh, 1995), removal of Zn(ll) ions
using rice husk (Mishra et al., (1997a), a radiotracer study for biosorptive behaviour of
mango and neem bark for Hg(ll), Cr(lIl) and Cd(Il) (Tiwari et al., 1999) and removal of

copper(Il) ion by kaolin in aqueous solutions (Kim et al., 2002).

Table 37: Effect of sorptive concentration on the sorption of Pb(Il) onto
the surface of MCS. (MCS dose =5g/L; pH =4.0).

Initial Final Amount Amount %
Pb(11) conc. Pb(l1) conc. adsorbed | adsorbed Removal

(mg/L) (mg/L) (mg/L) (mg/g)

1.00 0.31 0.69 0.138 99.00

5.00 3.11 1.89 0.378 89.80
10.00 5.69 431 0.862 96.80
15.00 8.19 6.81 1.362 84.13
20.00 10.28 9.72 1.944 79.75
25.00 12.95 12.05 2.410 80.96
30.00 15.36 14.64 2.928 80.13
40.00 18.50 21.50 4.300 75.02
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Figure 39: Effect of concentration of on the sorption of Pb(ll)

onto the surface of MCS.

Table 38: Effect of sorptive concentration on the sorption of Pb(Il) onto
the surface of ICS. (ICS dose =5 g/L, pH ~4.5).

Initial Final Amount Amount %
Pb(l1) Pb(l1) adsorbed adsorbed Removal
conc.(mg/L) | conc.(mg/L) (mg/L) (mg/g)

1.10 0.05 1.05 0.21 95.45
5.09 0.56 4.53 0.906 89.00
10.15 3.14 7.01 1.402 69.06
20.18 11.38 8.80 1.760 43.61
30.11 18.43 11.68 2.336 38.79
50.23 40.17 10.06 2.012 20.03
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Figure 40: Effect of sorptive concentration on the sorption of Pb(ll)

onto the surface of ICS

3.4.2.7. Summary

The concentration dependence data obtained for these systems showed that increasing
the sorptive concentration enabled to increase in amount removed; however, the increase in
dilution favoured the percent uptake of metal removal by these two solids i.e., MCS and ICS
employed. This increase in percent uptake by increasing the sorptive dilution was explained
because of the fact that more and more active sites were available for a lesser number of
sorbing ions at higher dilutions, which consequently enhanced the relative increase in the

sorption of these metal ions at higher dilutions.

3.4.3. Equilibrium Modelling
The concentration dependence data was further utilized to model it towards the known

Freundlich adsorption isotherm (Equation (2). The Freundlich model assumed with the
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assumption that the sorption occurs on an energetically heterogeneous surface on which the

sorbed molecules interact laterally. Tables 39, 40, 41, 42, 43 and 44 show the values of the

bulk concentrations (C¢) and the amount adsorbed in mg/g (ag) of Cr(VI1), As(lll), As(V),

Cd(ll), Cu(ll) and Pb(ll), ions and the corresponding values of Log Ce and Log ag of these

ions for MCS. Similarly, the values obtained for the Cr(\V1), As(lll), As(V), Cd(Il), Cu(ll)

and Pb(1l) for ICS were included in the Tables 45, 46, 47, 48, 49 and 50, respectively. The
Figures 41, 42, 43, 44, 45 and 46 represented the plots drawn between Log C. vs Log a. for

the metal ions Cr(VI), As(lll), As(V), Cd(ll), Cu(ll) and Pb(Il) using MCS. Moreover, the
similar plots for these ions Cr(VI), As(lll), As(V), Cd(Il), Cu(ll) and Pb(ll) for ICS were
returned in the Figures 47, 48, 49, 50, 51 and 52 respectively. Reasonably a good straight line
was obtained while fitting the data for linear line (cf. Figures 41-52). Further, using the fitting

equation, the Freundlich constants i.e., 1/n and K¢ along with R? values were evaluated for

these metal ions studied. The Freundlich constants along with R* values for the two solids
i.e., MCS and ICS were again returned in Tables 51 and 52, respectively.

The closure scrutiny of the Freundlich constants and the R? values (cf tables 51 and
52), it was observed that the data is fitted well for the linearized Freundlich model since
reasonably a high R? values obtained for these systems. Further, the fractional values of 1/n
(0<1/n<l) obtained for all the systems (except Cr(VI) onto MCS) referred to the
heterogeneous nature of the solid surface along with the exponential distribution of energy of
the adsorption sites (Benes and Majer, 1980; Mishra et al., 1998). In the case of Cr(\V1) onto
the MCS the 1/n value was close to the 1.0 hence, it was assumed that the surface likely to
behave as homogeneous in nature. However, the only Freundlich model hardly could infer it

to draw a final conclusion. Further, relatively higher value sorption capacity (Ks) obtained for
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these systems were inferred a strong attraction and affinity of the solid surfaces towards these
cations/anions. Comparatively, the Pb(Il) the capacity is maximum for Pb(Il) onto these two
solids. MCS showed reasonably high capacity for As(lll) or As(V). In general, comparing
these two solids, MCS possessed higher removal capacity than ICS at least for the studied
ions. Moreover, the applicability of Freundlich adsorption isotherm again points it towards
the chemisorptive type of sorption taking place at the solid/solution interface. The similar
results were obtained for the sorption of other cations using different sorbents (Tiwari et al.,

1999; Agarwal et al., 2006; Mesquita et al., 2002).

Table 39: Table for Freundlich adsorption isotherm for the sorption of Cr(VI1) on MCS

Initial Final Amount Amount

Cr(Vl) | Cr(VIl) | adsorbed Adsorbed Log C Lod a
(mg/lL) | (mg/L) | (mg/L) | (mglg)ae g Le g G
Ce

5.00 3.09 1.91 0.382 0.6989 -0.4179
10.00 4,78 5.21 1.042 1.0000 0.0179
20.00 11.05 8.95 1.790 1.3010 0.2529
30.00 16.19 13.81 2.762 1.4771 0.4412
40.00 20.00 20.00 4.000 1.6020 0.6020
50.00 30.00 20.00 4.000 1.6989 0.6021
70.00 36.00 34.00 6.800 1.8451 0.8325
100.00 30.50 69.50 13.900 2.0000 1.1430

113



Results and Discussions

14 -

1.2 -

0.8 -

0.6 -

0.4

0.2

Log ae (mg/g)

y=1.102x - 1.166 .
R? = 0.981

-0.2

-0.4

-0.6

0.5

Log Ce (mg/L)

Figure 41: Freundlich adsorption isotherm for the sorption of Cr(\VI)on MCS.

Table 40: Table for Freundlich adsorption isotherm for the sorption of As(l11) on MCS.

Initial Final Amount

As(111) As(111) Amount | a4sorhed

conc. conc.(mg/L) adso;bLed (mglg) | LogCe | Logae

(mgiL) ce | Mg,
1.00 0.38 0.62 1.24 -0.4202 0.0934
12.00 11.03 0.97 1.94 1.0426 0.2878
15.00 14.15 0.85 1.70 1.1508 0.2305
20.00 19.10 0.90 1.80 1.2810 0.2553
25.00 24.07 0.93 1.86 1.3815 0.2695
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Figure 42: Freundlich adsorption isotherm for the sorption of As(l11) on MCS.

Table 41: Table for Freundlich adsorption isotherm for the sorption of As(V) on MCS.

Initial Final Amount Amount

A A et | oo g, | Loga,
(mg/L) (mg/L) C.

1.00 0.31 0.69 1.38 -0.5086 | 0.1399
4.00 2.58 1.42 2.84 0.4116 | 0.4533
7.00 5.67 1.33 2.66 0.7536 | 0.4249
10.00 8.57 1.43 2.86 0.9330 | 0.4564
12.00 10.55 1.45 2.9 1.0233 | 0.4624
25.00 23.42 1.58 3.16 1.3696 | 0.4997
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Figure 43: Freundlich adsorption isotherm for the sorption of As(V) on MCS.

Table 42: Table for Freundlich adsorption isotherm for the sorption of Cd(1l) on MCS.

Initial Final Cd(Il) | Amount | Amount
Cd(In conc. (mg/L) | adsorbed | adsorbed | log C. log a.

conc.(mg/L) Ce (mg/L) | (mg/g) a.
0.82 0.09 0.73 0.146 -0.0875 | -0.8368
3.24 0.45 2.79 0.558 0.5101 | -0.2536
6.18 1.46 4.73 0.945 0.7912 | -0.0244
9.18 2.69 6.50 1.300 0.9630 | 0.1137
10.17 3.85 6.32 1.260 1.0073 | 0.1015
14.66 5.70 8.96 1.790 1.1662 | 0.2533
21.15 7.25 1.39 2.780 1.3252 | 0.4440
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Figure 44: Freundlich adsorption isotherm for the sorption of Cd(Il) on MCS.

Table 43: Table for Freundlich adsorption isotherm for the sorption of Cu(ll) on MCS.

Initial Final Amount | Amount

con((::.u(glglL) con((::.u(glglL) a?r;(;l;bsd a?rsr:)g;r/tg)](;d Log Ce | Loga.
Ce de

1.32 0.24 1.08 0.216 -0.6143 | -0.6651
3.02 0.92 2.10 0.419 -0.0376 | -0.3769
3.90 1.47 2.43 0.487 0.1673 | -0.3127
6.94 2.86 4.09 0.818 0.4558 | -0.0875
7.91 3.27 4.67 0.933 0.5115 | -0.0301
10.28 4.30 5.97 1.195 0.6342 | 0.0774
14.28 6.48 7.81 1.562 0.8113 | 0.1936
16.35 7.51 8.84 1.767 0.8757 | 0.2472
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Figure 45 : Freundlich adsorption isotherm for the sorption of Cu(ll) on MCS

Table 44: Table for Freundlich adsorption isotherm for the sorption of Pb(ll) on MCS.

Initial Final Amount | Amount
Pb(l1) Pb(l1) adsorbed | adsorbed | Log C. | Log a.

conc.(mg/L) conc.c(:mg/ L)| (mg/L) | (mg/g) ae

e

1.00 0.01 0.99 0.198 -2.0000 | -0.0467
5.00 0.51 4.49 0.898 |-0.2924 | 0.2869
10.00 0.32 9.68 1.936 -0.4949 | 0.4021
15.00 2.38 12.62 2.524 0.3766 | 0.5038
20.00 4.05 15.95 3.190 0.6075 | 0.6072
25.00 4.76 20.24 4.048 0.6776 | 0.6819
30.00 5.96 24.04 4.808 0.7752 | 0.7783
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Figure 46: Freundlich adsorption isotherm for the sorption of Pb (I1) on MCS.

Table 45: Table for Freundlich adsorption isotherm for the sorption of Cr(V1) on ICS.

Initial CFri(n\?ll) Amount Amount
Cr(VI) / adsorbed dsorbed Log Ce | Log ac

conc.(mg/L) conc.(mg/L) (mg/L) adsorbe
5.00 3.265 1.735 0.347 0.514 | -0.460
80.00 64.877 15.123 3.025 1.812 | 0.481
90.00 69.897 20.103 4.021 1.844 | 0.604
100.00 76.224 23.776 4.755 1.882 | 0.677
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Figure 47: Freundlich adsorption isotherm for the sorption of Cr(VI) on ICS.

Table 46: Table for Freundlich adsorption isotherm for the sorption of As(l11) on ICS.

Initial Final Amount Amount
As(I11) As(111) adsorbed adsorbed Log Ce Log a,
conc. conc. (mg/L) (mg/g)
(mg/L) | (mg/L) Ce g 2
1.05 0.33 0.72 0.144 -0.96297 | -0.84164
2.10 1.15 0.95 0.190 0.121396 | -0.72125
5.09 3.26 1.83 0.366 1.026435 | -0.43652
10.19 7.34 2.85 0.570 1.731392 | -0.24413
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Figure 48: Freundlich adsorption isotherm for the sorption of As(I11) on ICS.

Table 47: Table for Freundlich adsorption isotherm for the sorption of As(V) on ICS.

Initial Final
As(I11) As(I11)
(fﬁg‘,‘i) (m‘;‘}ﬂ‘;'ce (mg/L) | (mglg) a.

Amount Amount
adsorbed | adsorbed | LogCe | Loga.

1.10 0.28 0.82 0.164 -0.5528 | -0.7851
2.26 1.32 0.94 0.188 0.1205 | -0.7258
5.00 3.46 1.54 0.308 0.5390 | -0.5114
10.46 7.42 3.04 0.608 0.870 -0.2161
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Figure 49: Freundlich adsorption isotherm for the sorption of As(V) on ICS.

Table 48: Table for Freundlich adsorption isotherm for the sorption of Cd(ll) on ICS.

Initial Cd(Il) | Final Cd(I1) | Amount [ Amount | LogC. | Log ae
conc. (mg/L) | conc.(mg/L) | adsorbed | adsorbed
Ce (mg/L) | (mg/g) a.

1.00 0.558 0.442 0.0884 | -0.2533 | -1.0535

5.00 2.663 2.337 0.4674 0.4253 | -0.3303

10.00 6.799 3.201 0.6402 0.8324 | -0.1937

20.00 17.592 4.088 0.4816 1.2453 | -0.3173
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Figure 50: Freundlich adsorption isotherm for the sorption of Cd(Il) on ICS.

Table 49: Table for Freundlich adsorption isotherm for the sorption of Cu(ll) on ICS.

Initial Final Amount | Amount
Cu(ll) Cu(ll) adsorbed | adsorbed Log C, Log a.
(mg/L) | (mg/L)Ce | (mg/L) | (Mmg/g) ae
1.02 0.09 0.93 0.186 -1.0458 | -0.7305
2.15 0.47 1.68 0.336 -0.3279 | -0.4737
5.10 2.01 3.09 0.618 0.3032 -0.2090
10.08 4.67 5.41 1.082 0.6693 0.0342
15.14 8.43 6.71 1.342 0.9258 0.1277
20.20 14.56 5.64 1.128 1.1631 0.0523
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Figure 51: Freundlich adsorption isotherm for the sorption of Cu(ll) on ICS.

Table 50: Table for Freundlich adsorption isotherm for the sorption of Pb(Il) on ICS.

Initial Final Amount | Amount
Pb(ll) Pb(Il) adsorbed | adsorbed | Log Ce Log a.
(mg/L) | (mg/L)Ce | (mg/L) | (Mg/g) ae
1.10 0.05 1.05 0.210 -1.3010 | -0.6780
5.09 0.56 4.53 0.906 -0.2520 | -0.0430
10.15 3.14 7.01 1.402 0.4969 0.1467
20.18 11.38 8.80 1.760 1.0561 0.2455
30.11 18.43 11.68 2.336 1.2655 0.3685
50.23 40.17 10.06 2.012 1.6039 0.3036
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Figure 52: Freundlich adsorption isotherm for the sorption of Pb(ll) on ICS.

Table 51: Freundlich constants obtained for the Cr(\V1), Cd(Il), Cu(ll), Pb(ll),
As(I11) and As(V) adsorption onto the surface of MCS.

Sample 1/n K¢ (mg/g) R?
Cr(VI) 1.04 0.022 0.981
As(l1l) 0.098 1.377 0.886
As(V) 0.187 1.909 0.855
cd(n 0.876 0.182 0.994
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cu(l 0.623 0.460 0.980

Pb(I1) 0.275 2.992 0.941

Table52: Freundlich constants obtained for the Cr(\V1), Cd(I1), Cu(ll), Pb(ll),
As(I11) and As(V) adsorption onto the surface of ICS.

Sample 1/n Kt (mg/g) R2
Cr(V1) 0.789 0.135 0.987
As(111) 0.454 0.214 0.956
As(V) 0.380 0.223 0.821
Cd(lr) 0.519 0.171 0.718
Cu(In) 0.401 0.486 0.961
Pb(11) 0.340 0.785 0.911

3.4.3.1. Summary

All these systems studied showed reasonably a good applicability of linearized
Freundlich adsorption isotherm model which indicated that these polluting ions sorbed onto
the surface of MCS or ICS mainly by the chemisorption process. This conclusion was again
tried to reaffirm with the ionic strength studies presented in the next sections. Moreover,
MCS showed relatively higher removal capacity than the ICS. Further, both these solids
showed maximum removal capacity for lead. The fractional values of Freundlich constants

1/n obtained for all these systems studied (except Cr(VI) onto MCS) showed to the
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heterogeneous nature of the solid surface along with the exponential distribution of energy of

the adsorption sites

3.4.4. Effect of ionic strength

The change of ionic strength is one of the important parameter which determines the
nature of binding of the sorptive ions onto the surface of solids. The ionic strength
dependence data by soil minerals is usually used to distinguish between non-specific and
specific adsorption (Hayes et al., (1988).The specific adsorption is unaffected by the change
in ionic strength, whereas the non — specific adsorption is likely to be influenced by the
change in ionic strength because of the competitive adsorption with counteractions. It was
observed that a characteristic pH usually observed above which the adsorption of phosphate
by goethite and soils increased with the increase in ionic strength and below which a reverse-
engineering trend was observed (Barrow et al., 1980; Bolan et al., 1986). Outer sphere
complexes involved with only electrostatic interaction and were strongly affected by the ionic
strength of the aqueous phase, whereas inner sphere complexes involved much stronger
covalent or ionic binding and were only weakly affected by the ionic strengths (Sparks
1995; Tiwari et al., 2007b). A model was developed by Bowden et al., (1980) to describe the
adsorption of phosphate, selenite and citrate on goethite. This model was applied to explain
the effects of ionic strength and pH on the adsorption of phosphate on goethite and soil
(Barrow et al., 1980; Bolan et al., 1986). According to this model, the effect of ionic strength
on the adsorption was operated through its effect on electrostatic potential in the plane of
adsorption, rather than through its effect on surface charge (Barrow et al., 1980). However
such complex model applications were generally not subject to direct experimental
confirmation due to several employed fitting parameters which cannot be analytically

measured (McBride 1997). Hence, keeping in view the present studies were extended to
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obtain the ionic strength dependence data in order to observe the sorption behaviour of

studied metal ions onto the surface of MCS or ICS.

3.4.4.1. Arsenic(l11)
The studies on the effect of ionic strength in the removal process of As(l11) by MCS
and ICS were shown in Tables 53 and 54 and graphically represented in Figures 53 and 54,

respectively. It was clearly observed that a change in ionic strength of background electrolyte

NaNO3from 0.0001 mol/L to 0.1 mol/L (1000 times increase) resulting in an insignificant

decrease in the removal percent of As(lll). Quantitatively, increasing the background
electrolyte concentration from 0.0001 to 0.1 mol/L NaNO3 caused for the respective decrease

of percent uptake of As(l11) was found to be from 49.5 to 56.0% (total decrease by 6.5%) by
MCS and from 39.65to 33.75 % (total decrease by 5.9%) by ICS. The results clearly depicted
that the uptake of the metal ions by these sorbents were hardly affected by the concentration
of the background electrolyte. Hence, these results clearly emphasize that the sorbing ion
(As(I11) was firmly bound by the strong forces and forming an inner sphere complexes onto
the surface of MCS and ICS. It was explained that the ionic strength of the aqueous phase

strongly affected the outer sphere complexes which involves only electrostatic interaction

Table 53: lonic strength dependence data for As(l11) adsorption
onto the surface of MCS (pH~5.0).

lonic strength Initial Final Amount o
(NaNO3) As(111) conc. | As(l11) conc. | adsorbed Rem(())val
(mol/L) (mg/L) (mg/L) (mg/L)
0.0001 2.04 1.01 1.03 50.49
0.0005 2.04 0.97 1.07 52.45
0.0010 2.04 1.03 1.01 49.51
0.0050 2.04 0.88 1.16 56.86

128



Results and Discussions

0.0100 2.04 0.87 1.17 57.35
0.0500 2.04 0.98 1.06 51.96
0.1000 2.04 0.89 1.15 56.37
100
@ As(ll)
80
S
2 60 R o o o °
[J] ' ¢
x4
oS
20
0
0.0001 0.001 0.01 0.1
NaNO; Concentration (mol/L)

Figure 53: lonic strength dependence for As(l11) adsorption on MCS.

Table 54: lonic strength dependence data for As(I11) adsorption
onto the surface of ICS (pH ~5).

lonic Initial Final Amount %
strength As(I11) As(111) adsorbed Removal
(NaNO3) | conc. (mg/L) | conc. (mg/L) (mg/L)

0.001 9.76 6.24 3.52 39.65
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Figure 54: lonic strength dependence for As(I1) on ICS.

whereas inner sphere complexes involve stronger covalent or ionic binding and were weakly

affected by the ionic strength (Sparks 1995, Tiwari et al., 2007a).

3.4.4.2. Arsenic(V)

The effect of ionic strength in the removal behaviour of MCS and ICS for As(V) was

carried out wherein the background electrolyte i.e., NaNO3 was increased from 0.001 to 1
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mol/L and keeping the initial sorptive concentration for these ions at 10 mg/L each and
temperature 25°C and pH~5.0. The results obtained were presented in table 55 and 56 along
with the graphical representation in figures55 and 56 respectively for MCS and ICS. It can be
seen that the increase in ionic strength i.e., from 0.001 to 1 mol/L of NaNOj3 caused for
decrease in percent removal of As(V) from 57.5 % to 60.0 % (total decrease by 2.5%; for
MCS) and 45.07 % to 31.89 % (total decrease by 13.18%;for ICS), respectively. The results
show that the 1000 times increase in ionic strength cause an eligible decrease in percent
removal of the metal ions. These results clearly inferred that the sorbing ions were firmly
bound by the strong forces and forming the inner sphere complexes onto the surface of MCS
and ICS. It was reported that outer sphere complexes involve only electrostatic interaction
and are strongly affected by ionic strength of the aqueous phase while inner sphere
complexes involve stronger covalent or ionic binding and are weakly affected by the ionic
strength (Sparks, 1995). The similar results also obtained for the removal of Cu(Il) and Pb(ll)

by sericite (Tiwari et al., 2007a); Ni(ll) and Cd(Il) by rice straw (El-Sayed et al., 2010).

Table 55: lonic strength dependence data for As(V) adsorption
onto the surface of MCS (pH ~ 5).

lonic Initial Final Amount %
strength As(V) As(V) conc. adsorbed Removal
NaNO; conc. (mg/L) (mg/L)
(mol/L) | (mg/L)

0.0001 1.98 0.85 1.13 57.07
0.0005 1.98 0.97 1.01 51.01
0.0010 1.98 0.79 1.19 60.10
0.0050 1.98 0.84 1.14 57.58
0.0100 1.98 0.77 1.21 61.11
0.0500 1.98 0.81 1.17 59.09
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Figure 55: lonic strength dependence for As(V) adsorption on MCS.

Table 56: lonic strength dependence data for As(V) adsorption
onto the surface of ICS (pH ~ 5.0)

lonic Initial Final Amount %
strength | As(V) conc. | As(V) conc. adsorbed Removal
(NaNO3) (mg/L) (mg/L) (mg/L)

0.001 10.04 5.49 4.55 45.29

0.010 10.04 6.02 4.02 40.09

0.100 10.04 6.13 3.91 38.92
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Figure 56: lonic strength dependence for As(V) on ICS.

3.4.4.3. Cadmium(ll)

The ionic strength dependence study was carried out by increasing the background
electrolyte from 0.001 to 1.0mol/L NaNO3 and the removal of Cd(Il) ions by MCS and ICS
was studied keeping the initial sorptive concentration of ~9 mg/L at constant temperature
25°C with constant pH~6.0 (for MCS) and 5.0 (for ICS). The results obtained were shown in
Table 57 and 58 which then represented graphically in Figures57 and 58 for MCS and ICS,
respectively. It was clearly demonstrated that the increase in ionic strength i.e., from 0.001 to

1.0mol/L of NaNOj caused for decrease in percent removal from 42.8% to 6.9 % (total
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decrease by 35.9%; for MCS) and from 45.83 % — 11.69 % (decrease by 34.14%; for ICS),
respectively. These results clearly indicated that the increase in ionic strength caused for
some decrease in the removal percent. Hence, the sorption of Cd(Il) by these solids is
associated with some electrostatic attraction partly with chemisorption. The electrostatic
adsorption took place by sorbing ion onto the solid surface virtually forming an outer sphere
complex, which is affected by ionic strength of the aqueous phase. Similar observations had
been reported for ionic strength dependence in sorption of Cd(ll) by manganese coated
activated carbon (MCAC) where a mixture of inner-sphere and outer-sphere complexation
took place in the sorption of Cd(ll) by MCAC (Tiwari and Lee, 2011b). A significantly
decrease in cadmium sorption on wheat barn with the increase in ionic strength has been

reported by Nouri et al., (2007).

Table 57: lonic strength dependence data for Cd(11) adsorption
onto the surface of MCS (pH ~6.0)

lonic strength Initial Final Amount %
(NaNO3) Cd(n Cd(n adsorbed | Removal
(mol/L) conc.(mg/L) | conc.(mg/L) (mg/L)
0.001 9.47 5.42 4.053 42.80
0.005 9.42 5.55 3.870 41.10
0.010 9.27 6.77 2.495 26.92
0.050 9.01 7.38 1.635 18.15
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Figure 57: lonic strength dependence for Cd(I1) adsorption on MCS.

Table 58: lonic strength dependence data for Cd(l1) adsorption
onto the surface of ICS (pH~5.0)

lonic Initial Final Amount %
strength | Cd(ll) conc. Cd(In adsorbed Removal
(NaNO3) (mg/L) conc. (mg/L) (mg/L)
(mol/L)
0.001 9.56 5.17 4.38 45.83
0.005 9.87 5.47 4.39 44.55
0.010 10.03 6.79 3.23 32.27
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Figure 58: lonic strength dependence for Cd(I1) adsorption on ICS.

3.4.4.4. Copper(Il)

Similarly, the ionic strength dependence data was collected for the sorption of Cu(ll)
by MCS and ICS varying the background electrolyte concentration from 0.0001 to 0.10
mol/L NaNOg3. The initial Cu(ll) concentration was kept constant as 10.00 mg/L and at
temperature 25°C and pH 4.0. The results obtained from these experiments were given in
Tables 59 and 60 for MCS and ICS, respectively. The graphical representations of the result

obtained were shown in Figures 59 and 60, for MCS and ICS, respectively. The result clearly
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revealed that the increase in the ionic strength from 0.0001 to 0.1 mol/L NaNOg3 caused for
decrease in Cu(ll) removal from 50.36 to 34.97% (for MCS; decrease by 15.39) and from
53.5% to 43.51 % (for ICS; decrease by 9.99%), respectively. Results showed that 1000
times increase in background electrolyte concentration caused insignificantly the uptake of
Cu(1l) by MCS or ICS which inferred that sorbing ions were forming strong bonds and form
the inner sphere complexes with the surface of solids along with the ion exchange process
(Benjamin and Leckie, 1981; Tiwari et al., 2011b). Likewise, sorption of Cu(ll) onto the

GMZ betonite was affected by ionic strength only at less than pH 6.5 (Li et al., 2009).

3.4.4.5. Lead(l)

lonic strength dependence data collected for the sorption of Pb(ll) onto the surface of
MCS and ICS was carried out varying the background electrolyte concentration from 0.0001
to 0.1 mol/L NaNOs. The initial Pb(Il) concentration was kept constant as 10 mg/L,
temperature 25°C and pH ~4.0. Further, the results obtained were shown in Tables 61 and 62
and also represented graphically in Figures 61 and 62, respectively MCS and ICS. The results
clearly revealed that the increase in the ionic strength from 0.0001 to 0.1 mol/L caused only
for decrease in Pb(Il) uptake from 87.94 to 69.81 % (for MCS; total decrease by 18.13%) and
from 65.7 % to 22.6 % (for ICS; decrease by 43.1%), respectively. These results clearly
indicated that the 1000 times increase in background electrolyte concentration caused for
substantial decrease in percent removal of Pb(ll) as observed for the solids MCS and ICS.
The results supported the mechanism suggested previously (vide reactions 17 — 21) or even
the applicability of the Freundlich sorption isotherm. Similar observations have been made by
Tiwari et al., (2007b) and El-Sayed et al., (2010). It may be emphasized that Pb(Il) was
sorbed partly by electrostatic attraction along with the ion exchange process. Eren and

Gumus, (2011) reported that the uptake of Pb(Il) by Iron oxide coated sepiolite was

137



Results and Discussions

significantly affected with a decrease while increasing the background electrolyte

concentrations which were in line with the present experimental observations.

Table 59: lonic strength dependence data for Cu(ll) adsorption
onto the surface of MCS (pH =4.0)

lonic Initial Final Amount %
strength Cu(ll) Cu(ll) adsorbed | Removal
(NaNO3) | conc.(mg/L) | conc.(mg/L) (mg/L)
(mol/L)
0.0001 10.01 4.96 5.04 50.36
0.0005 10.04 5.72 4.31 42.96
0.0010 9.98 5.85 4.12 41.34
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Figure 59: lonic strength dependence for Cu(lIl) adsorption on MCS.

Table 60: lonic strength dependence data for Cu(ll) adsorption
onto the surface of ICS (pH ~ 5.0)

lonic strength Initial Final Amount %
(NaNO3) Cu(lt) conc. Cu(lr) adsorbed | Removal
(mol/L) (mg/L) conc.(mg/L) (mg/L)
0.001 9.885 4.65 5.35 52.96
0.010 10.08 5.04 4.96 50.03
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Figure 60: lonic strength dependence for Cu(ll) adsorption on ICS.

Table 61: lonic strength dependence data for Pb(Il) adsorption
onto the surface of MCS (pH = 4.0).

lonic Initial Final Amount %
strength Pb(ll) Pb(Il) adsorbed Removal
(NaNO3) conc. (mg/L) conc.(mg/L) (mg/L)
(mol/L)
0.0001 19.89 2.39 17.49 87.94
0.0005 20.02 2.99 17.02 85.03
0.0010 20.13 3.75 16.37 81.37
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Figure 61: lonic strength dependence for Pb(I1) adsorption on MCS.

Table 62: lonic strength dependence data for Pb(Il) adsorption
onto the surface of ICS(pH ~ 4.0).

lonic Initial Final Amount %
strength Pb(ll) Pb(Il) adsorbed Removal
(NaNO3) conc.(mg/L) | conc.(mg/L) (mg/L)
(mol/L)

0.001 9.16 3.43 5.73 62.55

0.010 10.33 5.69 4.64 44.92
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Figure 62: lonic strength dependence for Pb(Il) adsorption on ICS.

3.4.4.6. Summary

The sorption of these metal anions/cations i.e., As(lll), As(V), Cd(ll), Cu(ll) and
Pb(Il) onto the surface of MCS and ICS was studied by increasing 1000 times the
background electrolyte concentration using the NaNOj3 solution. The results obtained showed
that As(I11), As(V) and Cu(ll) was insignificantly affected with this 1000 times increase in
background electrolyte concentration indicated that these ions were sorbed specifically and

forming strong chemical bonds onto the surface of solids MCS and ICS. Hence, the sorption
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process of these ions mainly governed by the ‘chemisorption’. However, the sorption of
Cd(1l) and Pb(ll) was decreased upto some significant extent by the MCS and ICS indicated
that the sorption process not proceeded only with chemisorption but also involved with the

electrostatic attraction and partly forming outer sphere complexes onto the surface.

3.4.5. Column experiments

The applicability of fluidized bed reactor (FBR) technique was extensively employed
as an alternative method for removal of various water toxins including heavy metal toxic ions
(Harns et al., 1992; Aktor 1994; Nielson et al., 1997; Scholler et al., 1987; Wilms et al.,
1992). The process of crystallizing CaCO3 in an FBR was applied in softening of drinking
water (Harns et al., 1992). The FBR technique was tested at coal-fired power station with
wastewater from a flue gas desulphurisation unit in the removal of heavy metals from waste
water (Nielson et al., 1997). The adsorptive granules of either FeOOH (ferric oxo-hydroxide)
or manganese dioxide were utilized for coating the carrier surface. Furthermore, the removal
of heavy metals using FBR by means of crystallization of carbonates was utilized to reduce
the disposal of hydroxide sludge and to reduce the cost of metals involved (Scholler et al.,
1987; Scholler et al., 1991; Wilms et al., 1992). Therefore, the applicability of the manganese
coated sand (MCS) and iron coated sand (ICS) were assessed under the dynamic conditions
for the removal of As(lll), As(V), Cd(ll), Cu(ll) and Pb(ll)from aqueous solution using the
column studies. The breakthrough curves obtained were further analysed using Thomas

equation (Thomas 1944).

3.4.5.1. Arsenic(l11)
The removal of Arsenic As(l11) by MCS and ICS were studied using specified column

parameters. The column parameters for MCS was maintained as the influent flow rate: 1.0
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mL/min, As(ll1): 10 mg/L; MCS: 1.0 g and sand 4 g; pH~4.5, whereas in case of ICS the
column was packed with 0.5g IC +2 g of sand; influent flow rate: 1.2 mL/L; As(111):10
mg/L; pH~4.0. The breakthrough curves obtained were shown in Figure 63 and 64

respectively for MCS and ICS.

These figures clearly demonstrated that a gradual increase of C./C, was obtained with
the increase in throughput volume and a complete breakthrough occurred with the throughput
volume of 0.6 and 0.4 L respectively for MCS and ICS. The high value of breakthrough
volume indicated that MCS or ICS could possess higher removal capacity for the As(Il)
under the dynamics conditions and showed the potential and promising materials for the
removal of As(lll). The observations made by Singh et al., (2012) and Yan and
Viraraghavan, (2011) using biosorbents revealed that our system is in line with these
observations. The observations made by Mandal et al.,(2011) have shown that the removal
percent was gone upto 98% with low concentration of arsenic(lll) in water samples. The
arsenic removal using zero valent iron reveals that the removal of arsenic goes even below
the detectable level (<lppb) after 18 months of continuous monitoring (Nikolaidis et al.,

2003).

3.4.5.2. Arsenic(V)

The removal of Arsenic As(V) by MCS and ICS were studied using column
experiments. The column conditions were maintained as the influent flow rate: 1.0 mL/min,
As(I11): 10 mg/L; MCS: 1.0 g and sand 4 g; pH~4.5 for MCS, whereas in case of ICS the
column was packed with 0.5g ICS+ 2 g of sand; influent flow rate: 1.2 mL/L; As(I11):10
mg/L; pH~4.0. The breakthrough curves obtained were shown in Figure 65 and 66

respectively for MCS and ICS. These figures clearly demonstrated that a gradual increase of
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Ce/Cy, was obtained with the increase in throughput volume and a complete
breakthrough occurred with the throughput volume of 0.7 and 0.4 L respectively for MCS
and ICS. Relatively, the high value of breakthrough volume indicated that MCS or ICS could
possess higher removal capacity for the As(lll) under the dynamics conditions and showed
the potential and promising materials for the removal of As(l11). Xu et al., (2002) observed a

similar high value of breakthrough in the removal of As(V) using aluminium-loaded Shirasu-

zeolite (Al-SZP,).
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Figure 63: Breakthrough curve for As(l11) using MCS packed column.
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Figure 64: Breakthrough curve for As(I11) using ICS packed column.
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Table 65: Breakthrough curve for As(V) using MCS packed column.
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Figures 66: Breakthrough curve for As(V) using ICS packed column.
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3.4.5.3. Cadmium(ll)

The cadmium(ll) removal under the dynamic conditions in the column experiments
was performed using MCS and ICS solids. The column conditions were maintained as the
influent flow rate: 1.0 mL/min, Cd(I1): 10 mg/L; MCS: 1.0 g and sand 4 g; pH~4.5 for MCS,
whereas in case of ICS the column was packed with 0.5g ICS+ 2 g of sand; influent flow rate:
1.2 mL/L; Cd(I1):10 mg/L; pH~4.0. The breakthrough curves obtained were shown in Figure
67 and 68 respectively for MCS and ICS. These figures clearly demonstrated that a
breakthrough starts at 0.12 and 0.18 L, respectively for MCS and ICS. Further, a gradual
increase of C¢/Cy was obtained and almost complete breakthrough was occurred at the
throughput volume of 0.85 and 0.64 L respectively for MCS and ICS packed columns. These
results indicated that MCS or ICS could possess higher removal capacity for the Cd(Il) under
the dynamics conditions and showed the potential and promising materials for the removal of
Cd(ll). Similarly, removal of Cd(ll) from the waste of electroplating industry at pH~4.5

using Spirogyra biomass packed column (Singh et al.,2012).
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Figure 67: Breakthrough curve for Cd(ll) using MCS packed column.
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Figure 68: Breakthrough curve for Cd(ll) usingICS packed column.
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3.4.5.4. Copper(ll)

The removal of copper(ll) was investigated under the dynamic conditions in the
column experiments using the MCS or ICS packed columns. The column conditions were
maintained as the influent flow rate: 1.25 mL/min, Cu(ll): 10 mg/L; MCS: 0.5 g and sand 2 g;
pH~4.5 for MCS, whereas in case of ICS the column was packed with 0.5g ICS+ 2 g of sand;
influent flow rate: 1.2 mL/L; Cu(l1):10 mg/L; pH~4.0. The breakthrough curves obtained
were shown in Figure 69 and 70 respectively for MCS and ICS. These figures clearly
demonstrated that a breakthrough started at 0.025 and 0.176 L, respectively for MCS and
ICS. Further, a gradual increase of C./C, was obtained and almost complete breakthrough
was occurred at the throughput volume of 0.145 and 0.437 L respectively for MCS and ICS
packed columns. These results indicated that MCS or ICS could possess fair affinity towards
the Cu(ll) even under dynamic conditions. The similar observations were observed by Singh
et al., (2012) showed that at pH~ 4.5 a significant removal of metals ions occurred using the
biosorbents. However, a significant decrease in the removal was observed pH below 4.0

(Mehta and Gaur, 2005; Singh et al., 2007; Kumar and Gaur, 2011).
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Figure 69: Breakthrough curve for Cu(ll) using MCS packed column.
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Figure 70: Breakthrough curve for Cu(ll) using ICS packed column.
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3.4.5.5. Lead Pb(1l)

The removal of lead(ll) was studied under the dynamic conditions in the column
experiments using the MCS or ICS packed column.The column conditions were maintained
as the influent flow rate: 1.25 mL/min, Pb(ll): 10 mg/L; MCS: 0.5 g and sand 2 g; pH~4.5 for
MCS, whereas in case of ICS the column was packed with 0.5g ICS+ 2 g of sand; influent
flow rate: 1.2 mL/L; Pb(I1):10 mg/L; pH~4.0. The breakthrough curves obtained were shown
in Figure 71 and 72 respectively for MCS and ICS. These figures clearly demonstrated that a
breakthrough started at 0.137 and 0.428 L, respectively for MCS and ICS. Further, a gradual
increase of C./Co, was obtained and almost complete breakthrough was occurred at the
throughput volume of 0.225 and 0.806 L respectively for MCS and ICS packed columns.
These results indicated that MCS or ICS could possess high affinity towards the Pb(ll) even

under dynamic conditions which showed potential of these solids towards the Pb(I1) removal.
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Figure 71:

Breakthrough curve for Pb(l1) using MCS packed column.

1.200

1.000

0.800 -

0.600 -

Ce/CO

0.400

0.200

0.000

0.0

Pb(11)-1CS

¢ Measured Values

——(Calculated Values

0.2 0.4 0.6 0.8 1.0

Throughput volume (L)

Figure 72

: Breakthrough curve for Pb(l1) using ICS packed column.
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3.4.6. Thomas Simulation

The breakthrough data obtained for the studied systems i.e., As(lll), As(V), Cd(ll),
Cu(ll) and Pb(II) using MCS and ICS solids were further utilized to the non-linear fitting of
Thomas equation (11). The least square fitting was conducted, independently for these
systems, as to estimate the two unknown parameters i.e., o and Ky which referred
respectively to maximum amount of metal ions to be loaded under the specified column
conditions and Thomas rate constant. Further, the fitting curves were shown as calculated
values in the figures shown above. These curves showed that reasonably a good fitting was
obtained for these systems, since the least square sums obtained in the range of 107 to 107
Similar results were also reported previously for the biosorbents or manganese coated sands
etc. (Tiwari et al., 2011; Singh et al., 2012; Yan and Viraraghavan, 2011). The estimated
values of the Thomas constants i.e., the o and Kt were obtained and returned in Tables 63
and 64 respectively for MCS and ICS solids. The solids showed fairly strong affinity towards
these metal ions since relatively high removal capacity was obtained for these metal ions. It
was observed that MCS and ICS showed almost identical removal capacity at least for the
As(111), As(V) and Cd(Il). However, ICS possessed very high loading capacity for the Cu(ll)
and Pb(1l). This may be because of the influent pH used for MCS, which was low comparing
to influent pH employed for ICS. Moreover, the batch data inferred that decreasing the pH
caused for significant decrease in the removal of these cations. In general the loading
capacity observed for MCS was found to be Cd(I)>As(V)>As(IID>Pb(11)>Cu(ll).
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Table 63: Thomas constants for the removal of As(I11), As(V), Cd(I1), Cu(ll)
and Pb(Il) by MCS

Metal ions (m%3g) (L/min;(n:g)xm'3
As(111) 3.37 1.25
As(V) 4.38 1.23
(1)) 6.29 1.09
Cu(ln 0.19 1.42
Pb(Il) 0.89 5.67

Table 64: Thomas constants for the removal of As(I11), As(V), Cd(ll), Cu(ll)
and Pb(Il) by ICS

do K

Metal ions (mg/g) (L/min/mg)x10°
As(I1l) 3.96 2.46
As(V) 4.29 2.93
cd(in 7.13 2.14
cu(ll) 5.81 2.03
Pb(ll) 11.3 1.83
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Similarly, the trend obtained for ICS was found to be Pb(11) > Cd(Il) > Cu(ll) > As(V)
>As(I11). Previous studies showed that the biomass Spirogyra-packed column possessed the
removal capacity of 18.87 and 29.50 mg/g respectively for the Cu(ll) and Pb(ll) at relatively
low flow rate of 0.6 mL/min (Singh et al., 2012). On the other hand the biomass
Macrophthalmusrouxii showed the removal capacity of 4.06 (at the flow rate 2.28 mL/min)
and 1.25 mg/g (at the flow rate 2.60 mL/min), respectively for the Pb(I1) and Cd(ll) (Yan and
Viraraghavan, 2011). In fact, very low value of Thomas rate constant i.e., in the order of 10°
(L/min/mg) is an indicative of efficient and higher affinity of these solids towards the

employed pollutants.

3.4.6.1. Summary

The removal capacity of MCS and ICS were investigated under the dynamic
conditions as to assess the practical removal capacity of these solids for the metal ions
studied. It was revealed that a high value of throughput volume required for the complete
breakthrough for these cations/or anions hence could be a potential and promising solids for
such applications. Moreover, the breakthrough data was fitted well to the Thomas equation.
The column loading capacity was estimated by the least square fitting non-linear Thomas
equation. Very high loading capacity obtained for these metal ions studied using MCS or ICS
inferred that these two materials are found to be efficient and perhaps alternative materials,
which could show promising and efficient for the treatment of waste/effluent waters

contaminated with these pollutants.

156



REMOVAL BEHAVIOUR OF IRON COATED SAND (ICS)
AND MANGANESE COATED SAND (MCS) FOR HEAVY
METAL TOXIC IONS FROM AQUEOUS SOLUTIONS

/L.

Conclusions




Conclusions

CONCLUSIONS

The natural sand was fully exploited in order to obtain the manganese coated and iron
coated sand materials. The impregnation of manganese and iron was carried out by using the
cleaned and activated surface of sand in the laboratory. It was observed that manganese and
iron oxides were aggregated onto the surface of sand forming very ordered small sized or
even nano-sized particles which were evenly distributed onto the surface of sand. The size of
these particles was estimated to be 200-300 nm. The materials were morphologically
characterized by the SEM/EDX and XRD analyses. The characteristic diffraction peaks of
silica were observed with XRD data. Moreover, the low content of iron or manganese onto
the sand surface was perhaps caused for distinct diffraction peaks. However, the EDX
analytical data showed the presence of manganese and iron onto MCS and ICS samples.
Further, the stability of these impregnated solids was assessed towards the stability tests at
wide range of pH (pH 2 to 10) studies and it was observed that the coating is fairly stable
within the pH region 2.5 to 10.0. The amount of manganese or iron coated onto the surface of
sand was obtained by the standard US EPA method 3050B and it was found to be 1446
mg/Kg for manganese onto MCS; whereas 5700 mg/Kg for iron onto ICS sample. The BET
specific surface area analysis showed that MCS and ICS possessed with significantly higher
surface area comparing to the bare sand samples. The observed specific surface area was
found to be 8.51, 11.03, 11.12 m%/g respectively for sand, MCS and ICS samples. The acid
and base titrations studies were carried out in order to obtain the pHzpc (point of zero charge)
and it was found to be 6.28 and 6.23 respectively for MCS and ICS.

The MINEQL geochemical computer simulation program were conducted using the

known thermodynamic data to observe the speciation of the metal ions studied i.e., Cr(VI),
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As(I11), As(V), Cd(I1), Cu(ll) and Pb(ll). The speciation results were further introduced,
deducing the mechanism involved at solid/solution interface in the adsorption studies.

Further, these solids i.e., MCS and ICS were assessed for the low level removal of
several heavy metal toxic ions viz., Cr(VI), As(Ill), As(V), Cd(ll), Cu(ll) and Pb(Il) from
aqueous solutions under batch reactor operations. The column reactor operation was
however, conducted for the metal ions As(Ill), As(V), Cd(ll), Cu(ll) and Pb(ll) using the
MCS or ICS packed columns. The batch experiments were performed for various parametric
studies viz., effect of sorptive pH, concentration and ionic strength. The sorptive dependence
equilibrium data was further modelled to the Feundlich adsorption isotherm and the
Freundlich constants were evaluated for these systems.

Batch studies implied that manganese coated sand and iron coated sand was found to
be suitable materials for the low level removal of Cr(\VI), Cd(Il), Cu(lIl),Pb(1l), As(Il) and
As(V) ions from aqueous solutions. The pH dependence data, which enabled to deduce the
mechanism involved at solid/solution interface, was shown that the uptake of these pollutant
ions greatly dependent to the solution pH.The results showed that the lower pH range
favoured the uptake of anions i.e., Cr(VI1), As(I1l) and As(V) by these solids. However, the
high uptake of Cr(VI) onto ICS was almost unaffected with pH. On the other hand, the uptake
of cations viz., Cd(ll), Cu(ll) and Pb(Il) were favoured at higher pH regions. Moreover, the
pHpzc of these two solids (MCS and ICS) was greatly affected the uptake of these cations.
Above the pHzpc a greater extent of these cations were removed. Therefore, it was assumed
that in addition to the electrostatic attraction, apparently a chemisorptive uptake could take
place via ‘ion-exchange’ process or a complexation reaction could place between these
cations and solid surfaces. Hence, an inner sphere bonding of metal cations could possibly
take place with surface -OH group available with the MCS or ICS. Further, at very high pH

values i.e., around 8-10, very high uptake of these cations occurred which could perhaps the

157



Conclusions

simultaneous occurrence of adsorption and co-precipitation of metal ions on to the surface of
solids.

The concentration dependence data obtained varying the sorptive concentration at
constant pH and temperature. The results obtained in general showed that with the increase in
concentration, the amount uptake of these ions i.e., Cr(VI), As(l11), As(V), Cd(ll), Cu(ll) and
Pb(I1) was apparently increased using MCS or ICS samples. However, the similar increase in
sorptive concentration caused for a gradual decrease in percent uptake of these ions. Further,
the equilibrium state concentration dependence data was employed to model it for the
linearized the Freundlich adsorption isotherm equation. It was found that these systems
follow well the Feundlich adsorption isotherm since a good fitting of data was obtained for
the systems studied. The applicability of Freundlich equation pointed it again for the
chemisorptive type adsorption of metal ions onto the surface of solids. Moreover, the sorbed
ions were perhaps interacting laterally. Moreover, MCS showed relatively higher removal
capacity than the ICS. Further, both these solids showed maximum removal capacity for
Pb(I1). The fractional values of Freundlich constants ‘1/n’ obtained for all these systems
studied (except Cr(VI) onto MCS) showed to the heterogeneous nature of the solid surface
along with the exponential distribution of energy of the adsorption sites.

The sorption of these metal anions/cations i.e., As(lll), As(V), Cd(ll), Cu(ll) and
Pb(Il) onto the surface of MCS and ICS was studied by increasing 1000 times the
background electrolyte concentration using the NaNO3 solution. The results obtained showed
that As(I11), As(V) and Cu(ll) was insignificantly affected with this 1000 times increase in
background electrolyte concentration indicated that these ions were sorbed specifically and
forming strong chemical bonds onto the surface of solids MCS and ICS. Hence, the sorption
process of these ions mainly governed by the ‘chemisorption’. However, the sorption of

Cd(I1) and Pb(11) was decreased up to some significant extent by the MCS and ICS indicated
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that the sorption process not proceeded only with chemisorption but also involved with the
electrostatic attraction and partly forming an outer sphere complexes onto the surface of
solids.

The column experiments carried out for As(I11), As(V), Cd(l1), Cu(ll) and Pb(lI) with
MCS and ICS solids. Hence, the dynamic experiments under experiments enabled to obtain
the breakthrough. The breakthrough curves therefore, showed a significant breakthrough
volume required for these metal ions indicated a strong affinity of these solids for the
removal of these cations/anions. Moreover, the breakthrough data was fitted well to the
Thomas equation. The column loading capacity was estimated by the least square fitting of
non-linear Thomas equation. Very high loading capacity obtained for these metal ions studied
using MCS or ICS inferred that these two materials are found to be efficient and perhaps
alternative materials in the effective treatment of waste/effluent waters contaminated with
these pollutants.

From the present investigations carried out, it can be concluded that the manganese
coated sand (MCS) and iron coated sand (ICS) were proved to be the effective materials for
purification of waste waters contaminated with these heavy metal toxic ions even up to low

level concentrations.
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Removal Behavior of Surface Modified Sand for Cd(II) and Cr(VI) from Aqueous

Solutions

Seung-Mok Lee,” Won-Gee Kim,” C. Laldawngliana,” and Diwakar Tiwari**

Department of Environmental Engineering, Kwandong University, Gangnung 210-701, Korea, and Department of Chemistry,

Mizoram University, Tanhril Campus, Aizawl 796009, India

Sand which is a good filter medium and widely used in wastewater treatments possesses a very insignificant
sorption capacity for several heavy metal toxic ions. However, surface-modified sand as impregnated with
manganese is supposed to possess fair removal capacity at least for the low level removal of several heavy
metal toxic ions from aqueous solutions since manganese is likely to be aggregated onto the sand surface
as manganese dioxide which is a good adsorbing material. The present investigation intends to exploit the
use of sand obtained from the river Tlawng, Sairang site, Aizawl, Mizoram, India. The sand sample was
impregnated with Mn(II) by a wet method. Further, the surface morphology of this manganese-impregnated
sand (MIS) was obtained using scanning electron microscopy, which showed that the manganese oxide
occupied the surface of the sand and clustered on it. The particle size of coated manganese oxide was found
to be in the nanoscale range. Moreover, the specific surface area of the sand was also increased with this
impregnation. Further, the removal efficiency of MIS was assessed for two important heavy metal toxic
ions, that is, Cr(VI) and Cd(II). The study was carried out for the pH and concentration dependence of
sorptive solutions. Results obtained for the concentration dependence were further analyzed by the Freundlich

and Langmuir adsorption isotherms.

Introduction

The contamination of surface or ground waters by toxic heavy
metals is one of environmental and public concern because of
the fact that these ions are virtually nonbiodegradable and tend
to accumulate in living organisms, causing various biological
disorders.' Although several heavy metals are reported to be
essential trace ions, enhanced intake causes several adverse
effects toward humans. Further, the increased level of indus-
trialization and urbanization is one of the major sources of
contamination of water bodies. The removal of toxic heavy
metal ions from wastewaters has received increased attention
recently for global awareness of the underlying detriment of
heavy metals in the environment. Applications of traditional
treatment techniques have enormous cost and continuous input
of chemicals, which becomes impracticable and also causes
further environmental damage.> Chemical precipitation has been
traditionally employed to remove toxic heavy metal ions from
aqueous solutions. However, metal removal via coagulation or
flocculation is, in many cases, insufficient to meet strict
regulatory requirements.> Hence, interest lies toward more
effective, economic, and eco-friendly techniques to be developed
for the fine-tuning of effluent and wastewater treatment.*> In
this regard inorganic ion-exchangers play a predominant role
for the removal or speciation of several cationic and anionic
species from wastewaters, and if the adsorbent is chosen so
carefully and the solution chemistry adjusted accordingly, it can
provide an effective waste treatment technique even over a wide
range of solution pH.®~'°

* Corresponding author. E-mail: diw_tiwari @yahoo.com. Tel/fax: +91-389-
2330860.

" Kwandong University.

* Mizoram University.

10.1021/j¢901094h

Heavy metals such as cadmium (Cd) and chromium (Cr) often
are present in industrial wastewaters, are known to be hazardous
to the aquatic ecosystem, and pose serious health hazards toward
human beings. Cadmium is one of the dangerous pollutants,
originating from metal plating, metallurgical alloying, mining,
ceramics, and other industrial operations.!' Cadmium toxicity
may be observed by a variety of syndromes and effects including
renal dysfunction, hypertension, hepatic injury, lung damage,
and tetragenic effects.'? Similarly, Cr(VI) is poisonous to most
living organisms and has many applications including in-wood
preservation.'* Humans are exposed to excessive amounts of
Cr(VID) through food, drinking water, and inhaling air that
contains chromium. The average daily intake from air, water,
and food is estimated to be (0.01 to 0.03) ug, 2.0 ug-L™!, and
60.0 ug, respectively.'* Cr(VI) is known to be toxic to both
plants and animals, as a strong oxidizing agent and potential
carcinogen.'> Cr(VI) is considered by the TARC (International,
Agency for Research on Cancer) as a powerful carcinogenic
agent that modifies the DNA transcription process, causing
important chromosomic aberrations.'® Therefore, the presence
of Cr(VI) in water causes several environmental problems, and
as mentioned by Muir,"” the NIOSH (National Institute for
Occupational Safety and Health) recommends that the levels
of Cr(VI) in water should be reduced to 0.1 mg-L™.

Sand is widely used as a filter medium for the treatment of
wastewaters, and it was found that during the treatment,
manganese and iron, if present in wastewater, are to be deposited
on the surface of the sand in the form of their oxides. Moreover,
either naturally or laboratory coated sand with manganese has
been found to be fairly effective for the removal of several toxic
heavy metal ions due to its high exchange capacity and
selectivity toward these toxic ions.'®'® Moreover, it may also
provide removal efficiency even down to the trace level. Hence,
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keeping this in view, the present study is conducted as to
impregnate sand with Mn(II) and to characterize the impregnated
sand. The suitability and selectivity of this manganese-
impregnated sand (MIS) is then assessed for the low level
removal of two important toxic heavy metal ions, namely, Cd(II)
and Cr(VI), from aqueous solutions.

Experimental Section

Preparation of Manganese-Impregnated Sand (MIS) Samples.
Manganese-coated sand was prepared by taking 120 g of sand
((30 to 60) BS in size) obtained from the local river Tlawng at
the Sairang site, Aizawl, Mizoram, India and 100 mL of 0.05
M manganese chloride solution at pH = 9.0 in a beaker. The
mixture was constantly stirred at (60 to 70) °C until the volume
was reduced to about 10 mL. The solution was then kept in a
drying oven at (90 to 100) °C for the complete evaporation of
water. The sample was then kept at 160 °C for about 3 h for
complete drying and better coating stability of the manganese.
It was cooled to room temperature and again washed with
distilled water several times. Finally the MIS sample was dried
in a drying oven at 70 °C overnight. This dried MIS sample
was used for the present investigation.

Batch Experiments. The pHpc is defined as the pH value
where the net surface charge is zero. Hence, to evaluate the
pHpzc, the usual acid and base titrations were carried out by
taking 5 g of a MIS sample in 500 mL of distilled water and
titrated against the 0.1 mol-L~! HNO; or NaOH solutions, and
the corresponding pH was recorded using a pH meter. The
titration data were further utilized to evaluate the pHpzc. The
pHpzc for MIS was found to be 6.28.

Batch experiments were carried out to study the effect of pH
on Cr(VI) and Cd(II) sorption by taking potassium dichromate
solutions and cadmium nitrate solutions of (20 and 10) mg-L ™"
concentrations, respectively, at different pH values of 2 to 10.
The pH of the sorptive solutions was adjusted by adding drops
of concentrated HNO3/NaOH solutions. To 100 mL of each of
these sorptive solutions, 0.5 g of the MIS sample was added.
The solutions were constantly shaken for about 24 h in a rotary
shaker at (25 4 1) °C. The solutions were filtered with a 0.45
um syringe filter, and the filtrates were then subjected to
UV —visible spectrophotometry (Thermo Electron Corporation,
England; model: UV1) analysis for Cr(VI) determination and
AAS (Varian Spectra AA-300) for total cadmium determinations.

Similarly, the concentration dependence study was carried
out varying the sorptive concentrations from (5 to 100) mg-L ™"
(for Cr(VI)) and (1 to 20) mg-L™! (for Cd(Il)), keeping the
solution pH constant (3.0 for Cr(VI) and 6.0 for Cd(Il)). The
100 mL sorptive solutions were equilibrated with 0.5 g of MIS
at (25 = 1) °C for 24 h in a rotary shaker. The solutions were
filtered with a 0.45 um syringe filter, and the filtrates were then
analyzed to measure the bulk sorptive concentrations.

Results and Discussion

Characterization of MIS. The effective coating of manganese
onto the surface of sand was determined by using the US EPA
method 3050B and was found to be 1446 mg-kg™'. Further,
scanning electron microscopy (SEM) images (using FE-SEM
model: SU-70, Hitachi, Japan) showed that the bare sand
possessed a very compact and disordered surface structure with
few pores on its surface (see Figure 1). Moreover, it contained
several aggregated particles of silica. On the other hand MIS
samples showed distinct micropores on its surface and a higher
specific surface area, owing to the aggregation of manganese
likely in the form of manganese dioxide on the sand surface.

Figure 1. SEM images of (a) bare sand and (b) MIS.

Table 1. Physical Parameters Obtained with the
Brunauer—Emmett—Teller (BET) Analyzer

BET surface area pore volume pore size
m?.g! cm?eg! nm
sand 8.51 3.54-1073 1.96
MIS 9.21 2.02:1073 2.14

They were very orderly clusters onto the sand surface, and the
particle size of manganese seems to be of the order of
nanometers.

Further, the physical properties of bare sand and MIS were
obtained with a surface area and porosimetry system (model
ASAP 2020, Micromeritics, USA) and are returned in Table 1.
The MIS apparently possessed a relatively higher specific
surface area.

Speciation Study of Cr(VI) and Cd(II). The speciation of
Cr(VI) (20 mg-L™") and Cd(I) (10 mg-L™") were obtained
using the MINEQL geochemical simulation program keeping
the ionic strength (0.01 mol-L™") and temperature (25 °C)
constant as a function of solution pH. The equilibrium constants
used are given in Table 2. The outcome of the results are shown
in Figures 2 parts a and b respectively for Cr(VI) and Cd(I).
Figure 2a clearly indicates that Cr(VI) exists as the soluble
anionic species of CrO,*>~, HCrO,~, or Cr,0,*~ throughout the
pH region, that is, 2 to 10. However, up to a pH of about 5.5,
the major species of Cr(VI) is HCrO,4 ™, and beyond pH 5.5 the
predominant species is the CrO,4*~. On the other hand the Cd(II)
speciation showed (cf Figure 2b) that even up to pH 9.0
cadmium exists predominantly as the Cd>* soluble cationic
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Figure 2. Speciation of (a) Cr(VI): 20 mg-L and (b) Cd (II): 10 mg-L™!
as a function of pH.

Table 2. Various Equilibrium Constants Used for the Speciation of
Cr(VI) and Cd(II) in Aqueous Solutions at 25 °C and 0.01 mol-L™!
KNOj; Ionic Strength

equilibrium log K
2CI'O42_ + 2H" < Cr2072_ + H,O 14.560
CrO,>~ + H' < HCrO4~ 6.510
CrO,2~ + 2H' < H,CrO, (aq) 6.419
Cd*" + 3H,0 <= Cd(OH);~ + 3H" —32.505
Cd*" + 4H,0 < Cd(OH),>~ + 4H" —47.288
Cd*" + H,0 <= Cd(OH)* + H* —10.097
Cd*" + 2H,0 < Cd(OH), (aq) + 2H* —20.294
2Cd*" + H,0 < Cdy(OH)** + H* —9.397

species. Beyond pH 9.0 cadmium turns into the insoluble
Cd(OH), species. In between, a maximum of about 12 % of
the Cd(OH)" species occurred at pH 9.4.

Removal Behavior of MIS for Cr(VI) and Cd(II). Effect
of pH. The pH dependence data for the removal behavior of
Cr(VI) and Cd(II) by MIS are obtained and presented graphically
in Figure 3. Figure 3 clearly demonstrates the percent removal
of these two ions as a function of pH. It is to be noted that in
increasing the pH from 2.0 to 11.0 the removal percentage of
Cd(I) increased from 14 % to 99 %, respectively, whereas the
percent removal of Cr(VI) for a similar increase in pH, that is,
from 2 to 10, decreased from 85 % to 72 %. The pH dependence
data obtained by MIS may be explained with the help of the
surface properties of MIS as well as the properties of the
adsorbing species present in solution. Since MIS is likely to
possess a manganese dioxide layer on its surface, the pHpyc for
manganese dioxide® is reported to be 5.5 against the experi-
mentally obtained value of 6.28. The different values of pHpzc
may be because of the mineralogical species of manganese
oxide; also possibly this value is due to the combination of the
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Figure 3. Effect of pH on the sorption of Cr(VI) and Cd(II) onto the surface
of MIS [initial concentration of Cr(VI): 20 mg-L~" and Cd(II): 10 mg-L"'].

bare sand surface and the manganese-coated surface. Hence,
the surface is supposed to be positively charged below pH 6.2,
and beyond that it becomes negatively charged (see eq 1).

=SH," < =SH’(pH,,) < =S~ (1)

The higher uptake of Cr(VI) at very low pH may be explained
because of the anionic species of Cr(VI) present (HCrO,,
CrO4>~, Cr,04%7; see Figure 2a), which preferred the positively
charged solid surface. However, the decrease in adsorption at
higher pH values may be due to the competitiveness of the
oxyanions of chromium and OH™ ions in the bulk solutions. In
this region perhaps the repulsion of negatively charged surface
to Cr(VI) anion also reduced the adsorption of Cr(VI) at higher
pH. Moreover, the processes of oxo group protonation and
Cr(VI) reduction are lowered because both of these reactions
require protons.>'-*> Similar pH dependent results have also been
reported for Cr(VI) on various sorbents previously.*~%

On the other hand, cadmium mostly exists in the cationic
form in the pH range 2 to 9.0; hence, a sharp increase in
adsorption occurred after pH 5.5, since the surface apparently
becomes negatively charged and a further increase in pH beyond
pH 9.0 leads to almost 100 % Cd(II) removal perhaps due to
the mixed effect of adsorption and formation of insoluble species
of cadmium, that is, Cd(OH), (see Figure 2b). Moreover, below
the pH 5.5 the removal of Cd(I) was greatly hindered, since
the surface itself possesses a positive charge and the cadmium
occurs in its cationic form, that is, Cd*" in this pH region. In
general the specific surface reactions may occur as follows.'®2°

=MnOH + Cd** — =MnO Cd** + H* )
=MnO~ + Cd*" — =MnO~Cd*" 3)
2(=MnOH) + Cd*" — (=Mn0O"),Cd*" + 2H" (4)
2(=Mn0O") + Cd*" — (=Mn0O"),Cd*" (5)

Further, it is interesting to note that at neutral pH conditions,
that is, usual water pH, the employed solid MIS caused the
removal of almost 80 % of these two pollutants, present in the
aqueous solutions (see Figure 3). Hence, the material showed
potential applicability to effectively decontaminate water pol-
luted with Cr(VI) or Cd(II) at neutral pH conditions.

Effect of Sorptive Concentration. Tt has been mentioned that
the initial concentration of a metal ion provides an important
driving force to overcome all mass transfer resistances of the
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Figure 4. Effect of concentration on the sorption of (a) Cr(VI) pH: 3.0 and
(b) Cd(I) pH: 6.0 onto the surface of MIS.

metal ion between aqueous and solid phases.>” The effect of
sorptive concentration on the removal behavior of MIS for
Cr(VI) and Cd(II) was obtained by varying the sorptive
concentration from (9.63+107> to 2.00+1072) mol-L~! for Cr(VI)
at pH 3.0 and (7.30+107° to 1.89+10™*) mol-L"" for Cd(II) at
pH 6.0. The results obtained are shown in Figure 4 parts a and
b respectively for Cr(VI) and Cd(Il). It is to be noted that
increasing the initial concentration apparently caused an increase
in uptake of these two metal cations by the MIS. Further, by
quantitatively increasing the concentration of Cr(VI) from
(9.63-107° to 2.00:107%) mol-L™!, the amount of Cr(VI)
removed was increased from (8.44+1075 to 1.88+1072) mol-g~".
Similarly, the Cd(II) was increased from (8.54:1077 to
6.47+-1075) mol+g~"! for an increase in initial sorptive concentra-
tion from (7.30-107° to 1.89-10™%) mol-L~'. Similar observa-
tions are reported by several authors along with our report as
Weul2,23,28,29

The concentration dependence data obtained at equilibrium
between solid and solution interfaces were further utilized to
build the adsorption isotherms, and it was found that these were
fitted well by the Freundlich adsorption isotherm (eq 6), rather
than the Langmuir isotherm. A reasonably good linearity was
obtained while plotting the values of log a. versus log C. (see
Figure 5.).

loga, = %log C, + log K; (6)

where a. and C, are the amount adsorbed (mol-g™!) and bulk
sorptive concentration (mol+L™!) at equilibrium, respectively,
and K; and 1/n are the Freundlich constants referring to
adsorption capacity and adsorption intensity or surface hetero-
geneity, respectively.®® Further, in the case of 1/n = 1, the
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Figure 5. Freundlich adsorption isotherm for the sorption of (a) Cr(VI)
and (b) Cd(I).

partition between the two phases is independent of the concen-
tration, and the case of 1/n < 1 (the most common) corresponds
to a normal L-type Freundlich isotherm,*' while 1/n > 1 is
indicative of a cooperative sorption, which involves strong
interactions between the molecules of the adsorbate.*®** These
constants, that is, Ky and 1/n, are estimated respectively by
intercepts and slopes of the straight lines obtained while plotting
log a. versus log C. (Figure 5a,b). The Freundlich constants
along with the coefficient of determination (R?) values obtained
for these two systems are given in Table 3. The estimated
adsorption capacities (i.e., Ky) for Cr(VI) and Cd(II) toward the
MIS were found to be (0.326 and 0.111) mol-g~!, respectively.
These results suggest that MIS possesses a relatively higher
removal capacity for Cr(VI) compared to Cd(II). Further, the
values obtained for the 1/n are less than one for Cd(Il), whereas
it is more than one for Cr(VI). As indicated previously, that is,
1/n > 1, the Cr(VI) may have strong interactions within the
sorbate molecules accompanied with cooperative sorption.
Similar results are also reported for the Cr(VI) removal using
the green alga Ulva lactuca and its activated carbon.>* On the
other hand Cd(II) possesses 1/n < 1, which indicates that the
MIS solid contains a heterogeneous nature and also points it
toward the exponential distribution of adsorption sites.*® On the
other hand, the nonapplicability of the Langmuir adsorption
isotherm is indicative of chemisorption, or perhaps an ion-
exchange type uptake process took place at the surface.
Moreover, the multilayer coverage along with the lateral
interaction of sorbed ions could take place at the solid surface.

Further, the sorption capacity of MIS for these two pollutants,
that is, Cr(VI) and Cd(II), obtained using the Freundlich fitting
method are compared to the sorption capacities of different
materials employed for these two pollutants in Table 4. Table
4 clearly demonstrates that MIS possesses very comparable
sorption capacities for these two pollutants and, hence, is likely
to be a possible alternative material for the treatment of waste
waters contaminated with these pollutants.



Table 3. Freundlich Constants Obtained for the Cr(VI) and Cd(IT)
Sorption onto the Surface of MIS

Cr(VI) cd(In
1/n K; (mol-g™") R? 1/n K; (mol-g™ ") R’
1.076 0.326 0.973 0.879 0.111 0.994

Table 4. Adsorption Capacities Obtained for Cr(VI) and Cd(II)
Using Different Materials

sorption capacity sorption capacity

of Cr(VI) of Cd(II)
sorbents mg-g ! mg-g! refs

Afsin-Elbistan fly ash 0.2306¢ 36
Seyitomer fly ash 0.0925¢ 36
food waste (areca) 1.086” 37
MnO, loaded D301 resin 77.88¢ 38
palygorskite clay 58.5¢ 39
maghemite nanoparticles 1.9° 40
bauxite 0.5¢ 41
Escherichia coli biofilm 1.5¢ 1.1¢ 42

supported on kaolin
aniline formaldehyde 0.89" 43

condensate coated

silica gel
moss (Hylocomium 32.5¢ 44

splendens)
MIS 6.27° 0.99” present

study

“ Langmuir. “ Freundlich. ¢ Kinetic.

Conclusions

Manganese-coated sand (MIS) was prepared by the wet
coating method, and SEM images of MIS showed that the
manganese oxide occupied the surface and pores of the sand
and clustered on it. The particle and pore size of coated
manganese oxide was found to be in the nanoscale range. The
amount of manganese coated was found to be 1446 mg-kg™'.
Further, the MIS sample was exploited for the low level removal
of Cr(VI) and Cd(II) from aqueous solutions. Results obtained
showed that the lower pH values favored the uptake of Cr(VI),
whereas the moderate-to-higher pH region favored Cd(II)
removal. Moreover, relatively high uptake of these two pollut-
ants at neutral pH conditions enhances the applicability of MIS
to decontaminate water contaminated with Cr(VI) or Cd(II) at
this pH. Similarly, the concentration dependence data fitted well
the Freundlich adsorption isotherm rather than the Langmuir
isotherm. The sorption capacity was obtained to be (0.326 and
0.111) mol-g™!, respectively, for Cr(VI) and Cd(II) ions. This
work was partly supported by a Korea Science and Engineering
Foundation (KOSEF) grant funded by the Korean Government
(MEST) (No. 2009-0078010).
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ABSTRACT

The present communication aims towards the possible exploitation of modified natural sand materi-
als in the remediation of the heavy metal toxic ions contaminated aquatic environment. The surface of
the sand was modified as depositing the nano-particles of manganese (i.e., manganese-modified natural
sand: MMNS) and the mineral phase of manganese was perhaps depicted to be pyrolusite as indicated
by the XRD analytical data. The d-spacings of quartz was significantly enhanced with the manganese
modification indicated the manganese caused an apparent increase in basal spacing of sand structure.
SEM images and the EDX analysis showed that manganese nano-particles are evenly distributed onto the
surface of sand. The BET surface area of the MMNS was increased significantly. The amount of manganese
aggregated was found to be 1002.6 mg/Kg of sand and the stability tests suggested that the nano-particles
aggregated onto the sand surface are fairly stable within the pH region 3-10. Further, the removal behav-
ior of this MMNS was employed for the attenuation of two important heavy metal toxic ions i.e., Pb(II)
and Cu(Il) in aqueous medium. The uptake of these two metal ions followed the Freundlich adsorption
isotherm. The removal capacity of MMNS estimated with the Freundlich approximation was found to
be 0.4596 mg/g for Cu(Il) and 2.996 mg/g for Pb(Il). Further, the 1000 times increase in ionic strength
caused for relatively insignificant change in uptake of these two ions onto the solid surface points it a
predominant strong chemical binding involved at the solid/solution interface. The column experiments
and the breakthrough curves suggested that material possessed significantly high removal capacity i.e.,

0.190 and 0.895 mg/g, respectively, for Cu(Il) and Pb(Il) even under the dynamic conditions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The increasing scarcity of freshwater and its supplies led to
the utilization of reclaimed water i.e., the treated wastewaters,
in a variety of reuse applications. The planned potable reuse, a
process by which reclaimed water is eventually incorporated into
drinking water supplies, is one of the sources for diverse water
portfolios. The reclaimed water is, however, contained with unreg-
ulated contaminants of emerging concern (CECs), which include
pharmaceuticals, household chemicals, personal care products,
disinfection by products, insecticides, and suspended endocrine
disruptors along with the heavy metals toxic ions [1-4]. Although,
many of these contaminants are present at very low levels; how-
ever, the toxicity and fate of these CECs makes a greater concern in
the aquatic environment.

Similarly, increased use of toxic metals in various industrial
processes caused an increased industrial effluent/wastewaters con-

* Corresponding author. Tel.: +82 33 649 7535; fax: +82 33 642 7635.
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taminated with these non-degradable toxic ions, which is entering
into our aquatic environment. The extended persistence of these
pollutants in the biological systems and tendency to accumulate
within the bio-system as they move up with the food chain, repre-
sentimportant environmental and occupational hazards [5]. Hence,
proper and effective attenuation/speciation of these, environmen-
tally important, contaminants from the industrial effluents is one
of the safe guards to protect the aquatic environment [6-8]. In this
regard, the naturally occurring manganese oxides tend to atten-
uate the trace metals in the soil, sediments and rocks through
their seemingly dominant sorptive capacities towards these ions
because of its specific properties viz., high surface area, microp-
ores available on its surface, possessed with —OH functional groups
capable of forming strong chemical bond with several sorbing metal
ions, including phosphate and arsenic etc. [9]. Hence, because of
its unique properties manganese dioxide widely employed for the
removal/speciation of several heavy/radio toxic ions from aque-
ous solutions [10-18]. However, the oxide of manganese is in the
form of fine powders or is generated in situ in aqueous medium as
hydroxide floc or gel. Under these conditions, solid/liquid separa-
tion is fairly difficult and the metal oxide alone is not suitable to be
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used as filter medium since it possess significantly low hydraulic
conductivity [19]. Therefore, keeping in view the modifications
of the solid substrate materials viz., sand or minerals are being
exploited as coated with the manganese to obtain the materials like
manganese-coated sand or manganese-coated minerals. The selec-
tion of sand because of it showed an excellent natural filter medium
which could be possessed with cost effectiveness. Moreover, the
stability and easy use may further enhance its exploitation for the
purpose. Manganese coated sand or manganese coated minerals
showed reasonably good sorption efficiency towards the variety of
pollutants. Additionally, it provides a good filter medium for better
performance of the materials towards its possible use in the waste
water treatment plants [19-21]. It has also been observed that in
natural medium the flux of Fe(Il) and Mn(Il) ions from the raw
water facilities caused the formation of iron oxide coatings on the
sand grains. The coatings formed normally have manganese oxides
embedded within the substrate. These iron and manganese oxides
(e.g., Fe;03, FeOOH, MnO,) in the sand mineral coating enhance
adsorption of in-coming Fe(Il) and Mn(II) ions. Certain oxides in
the mineral coating, especially MnO, catalyses the oxidation of
adsorbed Mn(Il) in the presence of dissolved oxygen and favorable
pH [22]. Consequently, the new adsorption sites are generated thus
preventing saturation of adsorption capacity. The presence of high
amount of these catalytic oxides on the sand grains is therefore
paramount for the rapid start-up of manganese and other pollu-
tants removal from the sand filters. The similar mechanism was
proposed earlier for the batch reactor speciation of manganese from
aqueous solutions using the manganese-coated sand and calcined
starfish [23-25]. The removal efficiency of manganese-coated sand
for Mn(II) was enhanced significantly by the addition of very small
dose of sodium hypochlorite i.e., 3 ppm [23,24].

The report previously showed that manganese as in the mixed
form of +3 and +4 state occurred with amorphous in nature
onto the sand surface [19]. In a line reports indicated that man-
ganese is mostly accumulated as in amorphous form on the
carbon nano-tubes [26]. However, the manganese-coated sand was
obtained using the KMnOy4 for the impregnation showed that man-
ganese aggregated with multi crystallites of the pyrolusite (MnO),
v-Mn;03 and Mn(OH)4 onto the sand surface [27]. Manganese-
oxide-coated zeolite was prepared using the KMnO4 precursor and
was further employed for the removal of uranium(VI), Cu(Il) and
Pb(II) under the column experimentation [28,29]. The fixed-bed
column experiments were then employed to assess the applica-
bility of the manganese-coated zeolite for the removal of lead
and copper from aqueous solutions [30]. Further, the same group
obtained the manganese-coated sand and employed this for the
low-level removal of Cu(Il) and Pb(II) under the single and binary
removal of these pollutants from the aqueous solutions. How-
ever, the mineralogical study of the solid was not discussed [31].
Similarly, pyrolusite (3-MnO; or 3-MnO,) was reported with the
precursor Mn(Il) as manganese nitrate was used for the prepa-
ration of MCS [20,32]. Alumina was chosen as the supporting
material for the preparation of manganese-coated alumina using
the manganese(Il) chloride solution and the XRD results showed
the manganese is coated as MnO,. The material is further found to
be useful in the defluoridation of drinking water [33]. The natural
bentonite was impregnated with manganese(Il) chloride in highly
alkaline medium. Based on the XRD, IR and acid base titrations,
it was concluded that manganese accumulated onto the surface
of bentonite as manganese(IV) dioxide and possessed with very
enhanced removal capacity for the Pb(Il) from aqueous solutions
[34]. In a line the study previously conducted showed the use
the manganese-coated sand in the removal of some heavy metal
cations/anions viz., Cd(II) and Cr(VI) from aqueous solutions [35]. It
was assumed that the manganese was associated as manganese(IV)
dioxide onto the sand surface. The material showed a significant

sorption capacity of manganese-coated sand towards these two
heavy metal toxic ions. In a line the present communication aims to
obtain indigenously the nano-sized manganese particles onto the
natural sand surfaces with its mineralogical composition. Further,
the material is to be assessed for its applicability in the removal of
two important heavy metal toxic ions viz., Cu(Il) and Pb(II) from
aqueous solution under the batch reactor as well the fixed-bed
column reactor.

2. Materials and methods
2.1. Materials

Natural sand was obtained from the local river Tlawng at the
Sairang site, Aizawl, Mizoram, India. It was washed with water,
0.2 mol/L HNO3 and then again with distilled water. It was then
sieved to obtain the 30-60 BS Mesh size using the simple sieve.
Manganese nitrate as Mn(NOs),.6H,0; 97% Extra Pure, Junsei
Chemical, Japan was used. The other chemicals viz., copper sul-
fate (CuSO4.5H,0; GR Reagent, Duksan Pure Chemicals Co. Ltd.,
Korea and lead (Pb(NO3),; GR Reagent, Shinyo Pure Chemicals Co.
Ltd., Japan) are obtained and used without any further purification.
HNO3 and NaOH are used of AR grade and the water was used as
de-ionized distilled water (18 M£2-cm) using the Millipore water
purification system (Milli-Q+).

2.2. Methodology

2.2.1. Nano-particle deposition onto sand

The sand surface was activated with taking the sand samples
in the 0.1 mol/L HNO3 solution overnight and hence washed with
plenty of water and dried at 90°C in a drying oven and stored in a
stoppered bottle. 100 mL manganese nitratei.e., 0.05 mol/L solution
was taken in the flask and the pH of this solution was adjusted to
9.0 and then cleaned and dried 120 g sand was taken in this flask.
This was rotated in the rotary evaporator with the slow speed of
30rpm in the water bath at 70°C and 90% of the water was very
slowly removed applying the vacuum in the rotary evaporator. The
sample was then taken into beaker and abruptly dried at 90°C in
the drying oven. Further, it was kept at 160 °C for about 8 h for the
thermal stabilization of aggregated small-sized particles onto the
sand surface. The MMNS sample was cooled at room temperature
and washed with distilled water several times and again dried at
90°C and stored in the stoppered polyethylene bottles.

2.2.2. Characterization of solid sample

The solid MMNS sample was characterized by using the SEM
(Scanning Electron Microscope) machine (FE-SEM-Model: SU-70,
Hitachi, Japan) equipped with energy dispersive X-ray Spec-
troscopy EDX system. XRD data was collected using the X-ray
diffraction machine i.e., PANalytical, Netherland (vide model-
X’Pert PRO MPD). The data was collected with the scan rate of
0.034 of 26 illumination and the applied voltage was 45kV with
the observed current 35 mA and using the CuKa radiation having
wavelength 1.5418 A.

2.2.3. Stability of solids

The manganese particles aggregated onto the sand surface were
assessed for its stability against the pH effect by varying the solu-
tion pH from 2 to 11. To this effect, 0.5 g of solid was equilibrated in
100 mL of distilled water at different initial pH values and then kept
in an automatic shaker at 25°C for 24 h. The solutions were then
filtered using the 0.45 pm syringe filter and the filtrates were sub-
jected for its total manganese content using the Atomic Absorption
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Table 1
Various equilibrium constants used for the speciation of Cu(Il and Pb(Il) in aqueous
solutions at 25°C.

Equilibrium log K
2Cu?* +2 Hy0 < Cuy(OH),%* +2H* -10.594
Cu?*+3 Hy0 <> Cu(OH)3~ —26.879
Cu?* +4H;0 « Cu(OH)42~ +4H* —39.980
Cu?* +Hy0 <> Cu(OH)* +H* —7.4970
Cu?*+2 Hy0 <> Cu(OH), (aq.)+2H* -16.497
Pb%* + 2H,0 < Pb(OH), (aq)+2H* —17.094
Pb%* +H,0 <> Pb(OH)* + H* —7.597
4Pb?* +4 Hy0 <> Pbg(OH)4* +4H* —19.988
2Pb%" +H,0 < Pby(OH);* +H* —-6.397
Pb?* +3 H,0 <> Pb(OH);~ +3H* —28.091
Pb%* +4H,0 < Pb(OH)4%~ +4H* —39.699
3Pb?* +4H,0 <> Pb3(OH)4%* +4H* —23.888

Spectrometer (AAS; Fast Sequential Atomic Absorption Spectrom-
eter Model AA240FS, Varian).

2.2.4. pHpyc determination of solid

The pHpzc (point of zero charge) of manganese-modified natural
sand was defined as the pH value at which the surface carries net
zero charge. Hence, to evaluate the pHzpc, the acid and base titra-
tions were carried out by taking 5 g of the solid sample in 500 mL of
distilled water and titrated against the 0.1 mol/L of HNO3; or NaOH
solutions, and the corresponding pH was recorded using a pH meter
(HANNA pH 213, Microprocessor pH meter, USA). The titration data
were further utilized to evaluate the pHpyc.

2.2.5. Speciation studies

Speciation of copper(ll) and lead(Il) were conducted sepa-
rately using the MINEQL+ (Version 4.5) a geochemical computer
simulation program. The input parameters were taken as initial
concentration of Cu(Il):20 mg/L; Pb(Il): 40 mg/L; at constant tem-
perature: 25 °C. Further, the thermodynamic equilibrium constants
used were given in Table 1.

2.2.6. Batch reactor experiments

The stock solution i.e., 1000 ppm of Cu(II) and Pb(Il) was pre-
pared by dissolving the appropriate amounts of their salts in the
distilled water and the desired concentration for the batch/column
reactor experiments were obtained by successive dilution. The
10 mg/L of Cu(Il)/or 20 mg/L of Pb(II) solution (100 mL) was taken
into the polyethylene bottle and the pH was adjusted by the addi-
tion of drops of conc. HNO3/NaOH solutions. 0.5g of solid i.e.,
MMNS was then added. The bottles are kept in the automatic shaker
(KUKJE, Shaking Incubator, Korea model 36-SIN-125) for 24 h at
25+ 1°Cinorder to complete the sorption process and an apparent
equilibrium may likely to be attained between the solid/solution
interfaces. The samples were taken out from the shaker and fil-
tered using a 0.45 pm syringe filter and the pH was again checked
and reported as the final pH. The filtrates were then subjected for
its bulk sorptive concentration measurements using the AAS. Fur-
ther, the percentage removal of the target metal ion was calculated
using Eq. (1):

%Removal =

€ —Ce 100, (1)
Co
where Cy and C,, respectively, were the initial and bulk sorptive
concentrations.

The kinetics of the sorption of Cu(Il) and Pb(Il) by the MMNS
were carried out by obtaining the percent removal of these two
cations as a function of time. The initial sorptive concentration i.e.,
10 mg/L for Cu(II) and 20 mg/L for Pb(II) and the solution pH 4.0 was
kept constant.

Further, the sorptive dependence data were collected taking
the sorptive concentration from 1 to 20 mg/L (for Cu(Il)) and from
1 to 40mg/L (for Pb(II)) at the constant pH 4.0 and temperature
25°C. Results obtained were then reported in terms of sorptive
concentration and respective amount of Cu(Il)/or Pb(II) removed.
This concentration dependence data was then employed for the
adsorption isotherm modeling using the Freundlich and Langmuir
Adsorption isotherms Eqs. (2) and (3), respectively:

Log qe = Log K + % x Log Ce (2)
Ce 1 1

G Le(l), 3
Ge  bgm ¢ qm (3)

where ‘Ce’ is the equilibrium concentration of Cu(Il)/or Pb(Il) in
the solution (mg/L), ‘qe’ is the amount of Cu(II)/or Pb(II) adsorbed
at equilibrium (mg/g). The constants ‘K¢’ and n were known as
the Freundlich constants and were representing, respectively, the
adsorption capacity (mg/g) and adsorption intensity. On the other
hand, the constants ‘b’ and ‘q,” were known as the Langmuir con-
stants and referred, respectively, to the adsorption equilibrium
constant (L/mg) and maximum adsorption capacity (mg/g) of solid.

Similarly, the ionic dependence study was conducted varying
the background concentration of sorptive solution using the differ-
ent concentrations i.e., from 0.001 to 0.1 mol/L of NaNOj3 solution.
The sorptive pH (4.0) and temperature (25°C) was kept constant
throughout the experiments. The results were reported as percent
removal as a function of the ionic strength.

2.2.7. Column experiments

The column experiments were performed using a glass column
(1 cm inner diameter) packed with 2 g of solid MMNS sample (kept
in the middle of column) and below and above to the MMNS, it
was filled with the glass beads. Sorptive solution of Cu(II)/or Pb(II):
10 mg/L (prepared with back ground 0.01 mol/L NaNOs solution)
and at constant pH 4.0 was pumped upward from the bottom of
the column using Acuflow Series I, High-pressure liquid chromato-
graph, at a constant flow rate of 1.25 mL/min. Effluent samples were
then collected using Spectra/Chrom CF-1 fraction collector. Fur-
thermore, these collected samples were filtered using a 0.45 pum
syringe filter and the total bulk sorptive concentrations were mea-
sured using AAS.

Further, the breakthrough data obtained were simulated for its
removal capacity using the Thomas Eq. (4) [36]:

Ce 1
Co ~ 1+ eKrlaom—CoV))/Q" (4)

where C, is the Cu(II)/or Pb(II) concentration in the effluent (mg/L);
Cp is the Cu(Il)/or Pb(II) concentration in the feed (mg/L); Kt the
Thomas rate constant (L/min/mg); qg is the maximum amount of
the Cu(II)/or Pb(Il) can be loaded (mg/g) under the specified column
conditions; m the mass of adsorbent loaded (g); V the throughput
volume (L); and Q is the flow rate (L/min). A non-linear regression
of the breakthrough data was performed for the least square fitting
of two unknown parameters i.e., Kt and qq.

3. Results and discussion
3.1. Surface morphology and mineralogical analysis of solid

The SEM images of sand and MMNS were obtained and shown
in Fig. 1a and b, respectively, for the sand and MMNS. The SEM
images clearly indicated that the bare sand possessed with very
compact and disordered surface structure. It hardly has the meso-
or micropores onto its surface. However, the surface structure of
manganese-modified natural sand is completely different as the
manganese is aggregated very orderly onto the surface of sand
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Fig. 1. SEM images of (a) sand and (b) manganese-modified natural sand.
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Fig. 2. EDX analytical data for (a) sand and (b) manganese-modified natural sand.

and the average size of these particles was estimated to be Ca.
200-300 nm. At places the particles were partially clustered. Fur-
ther, the EDX analysis was performed and the results obtained
were shown in Fig. 2a and b, respectively, for the sand and MMNS.
Sand showed distinct peaks for the silica, iron, aluminum, mag-
nesium etc. along with very weak peak of manganese (Ca. 0.25%).
But the MMNS showed relatively distinct peak for the manganese
i.e., Ca. 4.54% (weight percent). These results again confirmed the
low-level aggregation of the manganese onto the surface of sand.
Earlier, it was noted that significantly high manganese content was
aggregated onto the sand surface making dense clustering onto the
substrate [19] as was prepared by the different preparative route.
Moreover, total manganese coated onto the sand was reported to
be relatively much higher.

Further, the XRD data obtained for the sand and MMNS were
shown in Fig. 3. The figure clearly possessed the distinct peaks
at the 20 value of 21.04, 26.76, 36.64, 39.58, 42.62, 50.24, 55.44,
60.04, 68.42, 81.57 etc. because of the reflections due to silica in
both the samples. The d-spacings along with the relative intensi-
ties obtained for these reflections were then reported in Table 2.
The data published by the Joint Committee on Powder Diffraction
standards (JCPDS) were used to identify the crystalline phases of
silica (SiO3) in sand. Further, it was noted that the introduction of
manganese caused for an apparent shift of the d-values, as men-
tioned in Table 2. This indicated that interlayer of sand structure
was propped up significantly. Moreover, possibly due to the very
low content of manganese onto the surface of sand, could not pro-
vide very sharp reflections of the mineral phases of manganese.

These results were in accordance to the previous reports in which
the pyrolusite was coated onto the clay surface using very low
loading of pyrolusite. The pyrolusite was not detected by the XRD
analysis because of the reasons that there may be inhibition of
oxide crystallization or that the oxide nucleated as nanometer par-
ticles which were not detected by XRD [21]. This observation is
also in accordance to the poorly crystalline lepidocrocite-coated
montmorillonite [37]. However, the other reports indicated that
it mainly contained with the pyrolusite (6-MnO;) [32]. Moreover,
Hu et al. reported that the manganese was aggregated onto sand
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Fig. 3. XRD pattern of sand and manganese-modified natural sand.
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Table 2

The d-spacing and relative intensities for sand and manganese-modified natural sand using the XRD data.

Sand MIS Difference with d-spacing
20 d-spacing 1[Iy 20 d-spacing 1/Ip

21.0441 42215 34.59 20.9141 42474 16.02 0.0259
26.7641 3.3308 100 26.7121 3.3372 100 0.0064
36.6441 2.4523 14.61 36.5920 2.4557 7.88 0.0034
39.5821 2.2768 10.29 39.5301 2.2797 8.99 0.0029
42.6241 2.1211 8.88 42.4941 2.1273 4.09 0.0062
50.2421 1.8159 11.35 50.1641 1.8185 14.58 0.0026
55.4421 1.6573 4.90 55.3641 1.6594 2.38 0.0021
60.0441 1.5408 9.34 59.9921 1.5420 5.94 0.0012
68.4161 13712 8.84 68.3381 1.3726 5.61 0.0014
81.5721 1.1801 4.16 81.4941 1.1810 2.31 0.0009

as randomly stacked pyrolusite (MnO;), y-Mn;03 and Mn(OH),
[27].

3.2. Stability of solids

The stability test data showed that the manganese strongly
occupied the surface within the pH region 3-11 since no signifi-
cant amount of manganese occurred in the bulk solution. Whereas,
it was slightly unstable at pH 2 since Ca. 24 mg/L of total manganese
was desorbed from the solid surface. These results suggested that
manganese occupied the surface of sand firmly and likely to have
some strong chemical binding with the substrate. Moreover, the
solid is useful to employ it in water purification purposes over the
wide pH range.

Further, the manganese content aggregated onto the surface of
sand was also obtained by using the United States Environmental
Protection Agency (US EPA) standard method 3050B. The amount of
manganese aggregated effectively was found to be 1002.6 mg/Kg of
sand. The low dose of manganese used (i.e.,0.05 mol/L) for the mod-
ification of activated sand samples likely to cause for less amount
of manganese aggregated onto the sand surface and the other stud-
ies showed that very fine particles, orderly arranged onto the sand
surface.

The pHzpc of the MMNS solid was obtained by the usual
acid/base titrations and it was found to be 6.28. This value is some-
what higher than the pHzpc of the manganese dioxide as reported
to be 5.5 [38]. This may be because of the mixed effect of sand and
manganese content possibly in the form of manganese dioxide.

The specific surface area of the solids is obtained using
a Brunauer-Emmett-Teller (BET) specific surface area analyzer
(Mountech, Japan model MacSorb HM model-1200 Series). The BET

100 —\ a
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$ 60 Cu2+
g —— Cu(OH)+
w
e 40 | ——Tenorite

——Total Cu
i lk
0 , ‘
2 4 6 8 10 12
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multipoint surface area of the sand and manganese-modified nat-
ural sand was found to be, respectively, 8.51 and 11.03 m?/g. This
clearly showed that the manganese-modified natural solid pos-
sessed with significantly higher specific surface area compared to
the bare sand sample.

3.3. Speciation of Cu(Il) and Pb(Il)

The speciation data obtained by the MINEQL+ geochemical pro-
gram is returned in Fig. 4 for the Cu(Il) and Pb(II). These results
are important to elucidate the mechanism involved at solid solu-
tion interface. Moreover, it intends to describe, under the specified
conditions, the sorptive ions are distributed in aqueous solutions
with what specific species at the varied pH region i.e., pH 2-11.
Fig. 4 clearly showed that both copper and lead exist to their ionic
forms i.e., Cu?* and Pb2* up to the pH region ~5.8. But beyond that
both started precipitating as the Cu(ll) converted to tenorite and
lead precipitated to Pb(OH),(s) and around pH 7.0 these two were
completely precipitated. The batch and column experiments con-
ducted further, much lower sorptive concentrations (i.e., for Cu(II)
10mg/L and Pb(II) 20 mg/L) and at pH 4.0 so that both the sorptive
species existed to their ionic form and a plausible explanation was
made based on these species.

3.4. Batch experiments

3.4.1. Effect of pH

The effect of pH on the sorption of Cu(Il) (10 mg/L) and Pb(II)
(20 mg/L) was conducted at constant temperature (25°C) and the
results in terms of percent adsorption were shown in Fig. 5. These
results indicated that a sharp initial increase of removal attained
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Fig. 4. Percentage distribution of various species of (a) Cu(Il) and (b) Pb(II) as a function of pH.
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Fig. 5. Effect of pH on the removal of Cu(II) and Pb(II) by the MMNS. Initial [Cu(II)]:
10mg/L and [Pb(II)]: 20 mg/L.

a maximum of almost 100% removal beyond pH 6.38 (for Cu(II))
and 4.85 (for Pb(Il)). More quantitatively, increasing the pH from
3.30 to 9.00 the respective increase in Cu(ll) removal was from
10.25% to 100.00%. Similarly, the Pb(II) removal was increased from
55.39% to 99.00% for the corresponding increase in pH i.e., from
2.39 to 6.48. The increase of percent removal using MMNS mainly
depends upon the mixed effect of sorbing species and the sur-
face properties of solids. The earlier observation showed that the
manganese-modified natural sand has pHpgzc value of 6.28 against
the manganese dioxide reported pHpzc value of 5.5 [38]. Hence,
it was expected that the manganese fine particles are aggregated
as manganese dioxide on the surface of sand. Hence, the surface
properties of MMNS were dependent on the manganese dioxide.
The surface of MMNS becomes negatively charged beyond the pH
6.2 and below this it could possess the positive charge (Eq. (5)):

=SH," &= SHO(pszc) <=5 (5)

On the other hand, below pH 6.2, the dominant species of Cu(Il)
and Pb(II) were the cationic species viz., Cu?* and Pb%* or insignif-
icant Pb(OH)* etc. Hence, increasing the pH above 6.2, surface of
MMNS favored to attract the positively charged cations; however,
the pH below 6.2 hindered the attraction of positively charged
cations. Hence, based on these observations, it was assumed that
relatively low uptake occurred at the lower pH values [35]. Addi-
tionally, relatively very high uptake of Cu(Il) and Pb(II) occurred
even at lower pH values may be explained with the possible specific
chemisorption of these cations to the manganese-modified surfaces
Eqgs. (6)-(10)[19,35,39,40]:

= MnOH + M?* - = Mn-O-M* + H* (6)
= Mn-0~ + M** - = Mn-0-M" (7)
2(= Mn-OH) + M?* - (= Mn-0~),M?* 4+ 2H* (8)
2(= Mn-07) + M?** - (= Mn-0~),M?* (9)
= Mn-OH + M?* +H,0 — = Mn-0-M-OH + 2H* (10

)
where M denoted to Cu or Pb. Hence, the reactions (6, 8 and 10)
were supposed to be predominant below pH 6.2. Moreover, the sig-
nificant decrease in pH after adsorption as observed for these ions
particularly for the Pb(Il) (data not shown) indicated the occur-
rence of reactions (6,8 and 10). The chemisorption of these cations
were further investigated using the background electrolytesi.e., the
effect of ionic strength using the NaNO3 solutions.

Moreover, further increase in pHi.e., beyond pH 6.2, there might
be a mixed effect of adsorption and co-precipitation of metal ions
on the surface of solids. Hence, apparently, it caused for very high
uptake of metal ions in this pH region.

100 ——Cu(ll)
—m—Pb(ll)
80
g 60 -
o
s 1
s 40 \\w
= o
3 e
20
0 0.02 0.04 0.06 0.08 0.1

lonic Strength {mol/L}

Fig. 6. Variation of percent removal of Cu(Il) and Pb(II) by the MMNS as a function
of jonic strength. Initial [Cu(II)]: 10 mg/L and [Pb(II)]: 20 mg/L; pH: 4.0.

The percent uptake of Cu(II) and Pb(II) as a function of time were
obtained and it was found that the uptake of these two ions sat-
urated within 10 min of contact. Quantitatively, Ca. 42% of Cu(Il)
and Ca. 73% of Pb(II) were removed at pH 4.0. No further change in
uptake of these two cations was obtained even after 24 h of contact.
This clearly demonstrated that sorption of Cu(Il) and Pb(II) on the
MMNS solids occurred in a single step and was not accompanied
by any complexity.

3.4.2. Effect of ionic strength

Further, the change of ionic strength is one of the important
parameter determining the nature of binding of the sorptive of
ions onto the surface of solids. The ionic strength dependence
data by soil minerals is usually used to distinguish between non-
specific and specific adsorption. Outer sphere complexes involved
only electrostatic interaction and are strongly affected by the
ionic strength of the aqueous phase, whereas inner sphere com-
plexes involved much stronger covalent or ionic binding and are
only weakly affected by the ionic strengths [41,42]. Hence, the
background electrolyte i.e., NaNO3 was increased from 0.0001 to
0.1 mol/L and hence the removal of Cu(II) and Pb(II) was monitored
keeping the initial sorptive concentration 10 mg/L (for Cu(Il)) and
20 mg/L (for Pb(Il)), temperature 25°C and pH 4.0 was kept con-
stant. The results obtained were presented graphically in Fig. 6.
The figure clearly demonstrated that the increase in ionic strength
i.e.,, from 0.0001 to 0.1 mol/L of NaNO3 caused for decrease in
percent removal, respectively, from 50.36 to 34.97% (for Cu(II))
and 87.94-69.81% (for Pb(Il)). This indicated that the 1000 times
increase in ionic strength caused only for the decrease in percent
removal of 15.39% (for Cu(Il)) and 18.13% (for Pb(II)). These results
clearly inferred that the sorbing ions are predominantly bound by
the strong forces and form the inner sphere complexes onto the
surface of MMNS. These results again supported the mechanism
suggested previously (vide reactions 6-10) or the applicability of
the Freundlich sorption isotherm. The similar results also obtained
for the removal of Cu(II) and Pb(II) by sericite [42]; Ni(II) and Cd(II)
by rice straw [43] etc.

3.4.3. Effect of Cu(Il) and Pb(1l) concentration

It was reported that the initial concentration of a metal ion
provides an important driving force to overcome all mass transfer
resistances of the metal ion between aqueous and solid phase [44].
The concentration dependence data was obtained increasing the
Cu(II) concentration from 1 to 20 mg/L for Cu(Il) and 1 to 40 mg/L
for Pb(Il) keeping the solution pH 4.0 and temperature 25°C as
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Fig. 7. Amount of Cu(Il) and Pb(II) removed by the MMNS as a function of sorptive
concentration. pH: 4.0.

constant. Results obtained were presented as a function of amount
removed in Fig. 7. The figure clearly indicated that increasing the
concentration from 1 to 20 mg/L of Cu(Il) caused to increase an
amount removed, respectively, from 0.151 to 2.498 mg/g. Similarly,
for the Pb(II) ions the increase in sorptive concentration from the
1 to 40 mg/L increased the removal content, respectively, from the
0.138 to 4.3 mg/g. However, on the other hand the percent sorption
was decreased, respectively, from 81.65 to 54.04% (for Cu(II)) and
99.00-75.02% (for Pb(II)) for the respective increase in concentra-
tioni.e., 1-20 mg/L for Cu(II) and 1-40 mg/L for Pb(II). This decrease
in percent uptake of metal cations may be explicable on the basis
that less number of active sites are available at the solid surface at
higher concentration of sorbing ions [45,46].

3.4.4. Equilibrium modeling

The concentration dependence study was further utilized to
model it towards the known Freundlich adsorption isotherm (Eq.
(2)). The Freundlich model assumed with the assumption that
the sorption occurs on an energetically heterogeneous surface
on which the sorbed molecules interact laterally. The plots were
drawn between Log C. vs. Log g. and reasonably a good straight
line was obtained having the R? value of 0.980 for Cu(Il) and 0.941
for Pb(Il) (cf. Fig. 8a and b). Further, using the fitting equation,
the Freundlich constants 1/n and Kr were evaluated. The 1/n
values for the Cu(Il) and Pb(II) were found to be 0.623 and 0.276,
respectively. The fractional values of 1/n (0<1/n<1) obtained

Cu(ll)

0.4 a

0.2
r  y=0.6231x-0.3376
R*=0.9803

Log q. (mg/g)

1 06 02 02 06 1
Log C. (mg/g)

Table 3
Thomas constants for the removal of Cu(Il) and Pb(Il) by the manganese-modified
natural sand.

Cu(In) Pb(II)
qm (Mg/g) Kr (L/min/mg) qm (mg/g) Kr (L/min/mg)
0.1904 142 x 1072 0.8946 5.67 x 103

referred to the heterogeneous nature of the solid surface along
with the exponential distribution of sorption sites [47,48]. On the
other hand, Kr which estimates the maximum removal capacity
of the solid was found to be 0.4596 mg/g for Cu(Il) and 2.996 mg/g
for the Pb(Il). Relatively fair uptake capacity was obtained for
these two solids. Comparing these two cations MMNS showed
better capacity for the lead ions than copper ions. The applicability
of Freundlich adsorption isotherm again points it towards the
chemisorptive type of sorption taking place at the solid/solution
interface. The similar results were obtained for the sorption of
other cations using different sorbents [46,49,50].

Further, the applicability of Langmuir adsorption isotherm was
tested to deduce the mechanism of sorption process, based on the
assumptions that the monolayer coverage of sorbing species took
place along with non-lateral interaction within the sorbed ions. The
plots were drawn between the Ce vs. Ce/qe but the linear least square
fitting was unacceptably very high as the R? value was found to be
0.776 for Cu(Il) and 0.841 for Pb(II). Hence, further the estimation
of Langmuir constants was not estimated.

3.5. Column experiments

The applicability of the manganese-modified natural sand was
assessed under the dynamic conditions for the removal of Cu(II)
and Pb(II) from aqueous solution using the column experiments.
The column parameters were maintained as mentioned before and
the breakthrough curves obtained were presented graphically in
Fig. 9. Fig. 9 clearly demonstrated that the breakthrough started at
the throughput volume of 0.037 L for Cu(Il) and 0.137 L for Pb(II).
Further, the complete breakthrough occurred at the throughput
volume 0f 0.145 L for Cu(II) and 0.225 L for Pb(II). These results again
supported the fact that MMNS possessed better affinity towards the
Pb(Il) removal. The breakthrough data is further used for the non-
linear fitting to the Thomas equation (Eq. (4)) for the two unknown
parameters i.e., g, and K7. Reasonably a good fitting was observed
and the calculated line was shown in Fig. 9. Further, the Thomas
constants were evaluated and returned in Table 3. The removal
capacity of manganese-modified natural sand was found to be

1. Pb(l1)
0.8 | y =0.2758x + 0.4766 ¢ b

L R?=0.9413
06

Log q.(mg/g)

_0‘2 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1 J
25 -2 15 -1 05 0 05 1 15

Log C. (mg/g)

Fig. 8. The Freundlich adsorption isotherm for (a) Cu(Il) and (b) Pb(II).
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Fig. 9. Breakthrough curves for the removal of Cu(Il) and Pb(II) by MMNS fitted for
the Thomas model.

higher for Pb(II) than Cu(II). However, the value was significantly
lower than the capacity evaluated using the Freundlich model. This
difference may be explicable on the basis that the insufficient time
of contact provided for the sorption of these metal cations onto the
surface of solid under the dynamic conditions [42,51].

4. Conclusions

The manganese-modified natural sand was obtained in the lab-
oratory. The nano-particles of manganese were evenly distributed
onto the surface of sand which was characterized by the SEM and
XRD analyses. Further, the EDX analysis of the MMNS solid showed
relatively distinct peak of Mn. Moreover, the XRD data inferred
that introduction of manganese caused an apparent shift of the
d-values which indicated the interlayer spacings of sand propped
up significantly. The BET data suggested that significantly higher
specific surface area, possessed by the manganese-modified nat-
ural sand. The material was efficient for the low-level removal of
Cu(II) and Pb(II) ions from aqueous solutions. The removal of these
two ions was favored with increasing the sorptive pH and con-
centration, however, slightly decreased with increasing solution
ionic strength. The concentration dependence data followed the
Freundlich adsorption isotherm rather the Langmuir isotherm. The
maximum sorption capacity obtained by the Freundlich adsorption
isotherm was found to be 0.4596 mg/g for Cu(ll) and 2.996 mg/g
for Pb(II). The mechanism involved at solid/solution interface was
predominantly the ‘chemisorptive’ type. The column data was fit-
ted well for the Thomas equation hence, the maximum removal
capacity of this solid under the dynamic conditions was found to
be 0.1904 mg/g for Cu(Il) and 0.8946 mg/g for Pb(Il). The material
comparatively showed better removal capacity for Pb(II) than Cu(II)
from aqueous solutions.
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The aim of this investigation was to obtain iron-oxide nano-particles-immobilized sand (INS) by simple
impregnation process. For the purpose, locally available sand was used with prior acid activation. The INS
sample was characterized by XRD and SEM/EDX analytical methods. Further, the solid was employed for
its possible implication in the removal of several toxic heavy metal ions viz., Cu(II), Cd(Il) and Pb(II) from
aqueous solutions under the static and dynamic experimental conditions. Batch experiments were car-
ried out analyzing various physico-chemical parametric studies viz., effect of solution pH, ionic strength
and sorptive concentration. The equilibrium state data obtained by concentration dependence study was
utilized to obtain the Langmuir and Freundlich adsorption modeling. INS sample was also employed to
assess the suitability of material in the removal of these heavy metal toxic ions under the dynamic con-
ditions i.e., in column studies. The breakthrough data obtained by column studies were then utilized to
model it with Thomas equation and hence, estimated the loading capacity of Cu(Il)/or Cd(II)/or Pb(II)
under the specified column conditions. Results obtained showed that INS is found to be one of promising
and effective solid material and could be used in several wastewater treatment strategies in particular the
treatment wastewaters contaminated with these heavy metal toxic ions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Copper, cadmium and lead were common pollutants often to oc-
cur in our aquatic environment. Copper was one of essential trace

The contamination of surface and ground waters by heavy me-
tal toxic ions became serious environmental issues because of the
fact that these ions were virtually non-biodegradable and tends to
accumulate in living being and cause for various biological
disorders. Although, several heavy metals were found to be essen-
tial at trace level however, enhanced uptake caused for several
toxic effects. Moreover, the heavy metals can form compounds
within the bio-system which tends to be potentially carcinogenic
and mutagenic even at very low levels [1,2].
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E-mail address: diw_tiwari@yahoo.com (D. Tiwari).
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element for humans and living organism which catalyzed the heme
synthesis and iron absorption. An excess intake of copper, however,
caused for stomach and intestinal distress, liver and kidney damage,
anemia, etc. [3]. Cadmium was a non-essential metal ion caused sev-
eral biological disorders viz., diarrhea, nausea, muscle cramp and
damage of bone marrow. Moreover, it was considered as carcino-
genic and responsible to stones formation in kidney [4,5]. Similarly,
lead was also intended as non-essential heavy metal toxic ion and
reported biological effects towards living being were anemia,
encephalopathy, hepatitis and nephritic syndrome [6,7]. Severe tox-
icity of lead was associated with sterility, abortion, stillbirths and
neo-natal death [8]. Therefore, because of several toxic effects of
these heavy metal toxic ions, the US EPA recommended permissible
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limit in drinking water to be significantly low i.e., 1.3 mg/L for Cu(II),
0.005 mg/L for Cd(II) and 0.015 mg/L for Pb(II).

Various methods including ion-exchange, sorption, precipita-
tion, coagulation/flocculation, membrane filtration, electrolysis,
etc. were demonstrated to the treatment of aqueous wastes con-
taminated with these non-degradable pollutants [9-15]. Among
these the sorption method based on suitable and selective materials
gaining momentum for these studies because of several reasons
including significantly high efficiency, low level removal of target
ions, cost effectiveness, selectivity, etc.[10,14-16]. The natural sand
which was provided a natural filter media employed primarily for
filtration of water however, the removal capacity of sand material
was found to be insignificant for various heavy metal toxic ions
[17-20]. However, a suitable surface modification of sand perhaps
showed enhanced suitability even for several heavy metal toxic
ions. Impregnation of sand with manganese or iron could enable it
suitable for the removal of heavy metal toxic ions from aqueous
solutions [17-25]. The reclaimed iron oxide coated sand as obtained
by the fluidized and air aerated bed reactor, which was designed to
remove ferrous ions, produced by the reduction reaction occurred
with nitrate and Fe(0) [26-28], were further used for the arsenic re-
moval from aqueous solutions [29,30]. Similarly, the natural iron-
oxide coated sand was employed in the effective adsorptive removal
of Ni(II) and Cu(Il) ions from aqueous solutions [31]. The silica was
coated with iron by simple sol-gel method and was further em-
ployed in the removal of Cd(Il) ions. The uptake process was re-
ported to be spontaneous and greatly affected with solution pH
[32]. The previous studies indicated the possible use of manganese
nitrate in order to obtain the manganese impregnated natural sand
and this was obtained by the low dose addition of manganese ni-
trate solution. Moreover, the active surface of sand was capable en-
ough to aggregate the nano-sized particles of manganese oxide onto
the sand surface. This solid was further employed for the low level
removal of various heavy metal cations including, Mn?*, Cu?*, Pb%*
and Cd?* or anion viz., Cr(VI), etc. The solid showed enhanced affin-
ity towards the removal/speciation of these toxic ions from aqueous
solutions [17,18,23,33,34]. Hence keeping in view the present study
is an extension of our several previous studies in which the manga-
nese-modified sand was employed. This is an attempt to modify the
natural sand with low dose of iron as to obtain the iron oxide nano-
particles-immobilized sand and further it was employed to the re-
moval of several heavy metal toxic ions viz., Cu(ll), Cd(Il) and
Pb(II) from aqueous solutions. The batch and column studies were
performed to simulate the experimental data in the treatment of
wastes contaminated with these heavy metal toxic ions.

2. Materials and methods
2.1. Materials

Natural sand was collected from local river the Tlawng at the
Sairang site, Aizawl, India. Cupric sulfate was obtained from DSP,
Korea. Similarly, the cadmium nitrate was obtained from Duksan
Pure Chemicals, Korea. Lead nitrate and iron(IIl) nitrate were ob-
tained respectively from Junsei Chemicals Co. Ltd., Japan and Kanto
Chemical Co. Ltd., Japan. The 1000 ppm standard solutions of cop-
per, lead and cadmium were obtained from Wako Pure Chemicals,
Japan. The nitric acid and sodium hydroxide were used of AR grade.
The deionized water was further purified (18 MQ-cm) using Milli-
pore water purification system (Milli-Q+).

2.2. Methodology
2.2.1. Iron oxide-nanoparticles-immobilized sand preparation

Sand was washed thoroughly with purified water and kept
in 0.2 mol/L HNOs solution overnight followed by washed with

purified water and dried at 90 °C in a drying oven. Iron oxide-nano-
particles-immobilized sand (INS) was prepared by taking 120 g of
dried sand (30-60 BSS in size) with 100 ml of 0.05 iron nitrate
solutions at pH = 9.0 in a rotary flask and kept at 70 °C at the rotary
evaporator speed of 30 rpm in a water bath. Almost 90% of the
water was very slowly removed applying vacuum in the rotary
evaporator. This sample was taken into a beaker and abruptly dried
at 90 °C in a drying oven. The sample was heated at 160 °C for Ca.
8 h which could enable it for complete drying and perhaps better
coating stability of iron onto the sand surface. The small-sized par-
ticles of iron oxide were aggregated onto the sand surface. It was
then cooled to room temperature and again washed with purified
water for several times. It was dried again in a drying oven at 90 °C
overnight and stored in a stoppered polyethylene bottle. This dried
INS sample was used for the present investigation. Moreover, the
amount of iron impregnated onto the sand surface was analyzed
with the standard US EPA method as mentioned elsewhere [23].

2.2.2. Characterization of INS sample

The INS sample was characterized by the XRD data which was
collected by using an X-ray diffraction (machine PAnalytical,
Netherland vide model X'Pert PRO MPD). The data was collected
with the scan rate of 0.034 of 20 illumination and the applied volt-
age was maintained at 45 kV and the observed current was 35 mA.
Moreover, the CuKo radiation possessed with wavelength of
1.5418 A. Similarly, the morphology of the solid was discussed by
taking its SEM (Scanning Electron Microscope) images using the
SEM machine (FE-SEM, Model: SU-70, Hitachi, Japan) equipped
with energy dispersive X-ray Spectroscopy EDX system.

2.2.3. pHpzc determination of INS

The pHpzc (point of zero charge) of INS was defined as the pH va-
lue at which the surface carries no net charge. The pHpzc was ob-
tained by the acid and base titrations. Five grams of INS was
taken in 500 mL of purified water and titrated with standard
0.10 mol/L of HNO3 or NaOH solutions, and the corresponding pH
values were recorded using a pH meter (Dual pH meter Istek, Korea,
Model 740P). The pH data obtained against the standard addition of
acid/or base was then utilized to evaluate the pHpzc of the INS.

2.2.4. Speciation studies

The speciation studies were performed separately for Cu(Il),
Cd(II) and Pb(Il) using the MINEQL+(Version 4.5) a geochemical
computer simulation program. The input parameters were taken
as initial concentration of Cu(ll)/or Cd(IlI)/or Pb(Il): 10 mg/L;
Temperature: 25 °C.

2.2.5. Batch reactor experiments

Stock solutions of Cu(Il), Cd(II) and Pb(II) 1000 mg/L were pre-
pared by dissolving appropriate amount of respective metal salts
in purified water. Further, the required concentration of these me-
tal ions was obtained by successive dilutions. However, the blank
check was always performed analyzing the diluted solution with
AAS (Atomic Absorption Spectrometer; Fast Sequential Atomic
Absorption Spectrometer Model AA240FS, Varian). The pH depen-
dence data was obtained by taking 100 mL 10 mg/L of Cu(Il)/or
Cd(II)/or Pb(Il) solutions into different polyethylene bottles and
its pH was adjusted from pH 2 to 10 by small addition of conc.
HNO5/NaOH solutions. 0.5 g of solid INS was added to each bottle
and these bottles were kept in an automatic shaker for 24 h at
25+ 1 °Cin order to complete the sorption process. These samples
were taken out from the shaker and filtered using 0.45 pm syringe
filter. The solution pH was again checked and reported throughout
as final pH. The filtrates were taken for its bulk sorptive concentra-
tion measurements using AAS. Further, the percentage removal of
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these metal ions was calculated using the following the known
equation as given elsewhere [23].

Similarly, concentration dependence data were obtained by tak-
ing the sorptive solution having varied concentration from 1 mg/L
to 20 mg/L for Cu(Il) and Cd(Il) whereas it was taken from 1 to
50 mg/L for Pb(II). The solution pH was kept constant as the final
pH recorded as 4.5 and adsorption process was conducted at con-
stant temperature 25 °C. Moreover, the sorption procedures were
followed as described before. Further, the concentration depen-
dence data were presented graphically in terms of percent removal
against the initial sorptive concentration.

The equilibrium state concentration dependence data was then
employed for the adsorption isotherm modeling using the known
Freundlich and Langmuir linear adsorption isotherm Eqs. (1) and
(2) respectively:

Logq, = LogKr +% x LogC, (1)
C. 1 <1 >

—= +Ce| — 2
4 bdn \dn @

where ‘C,’ was the equilibrium bulk concentration of Cu(Il)/or
Cd(11)/or Pb(II) in solution (mg/L), ‘q.’ was the amount of Cu(Il)/or
Cd(I)/or Pb(Il) adsorbed at equilibrium (mg/g). The constants ‘K¢
and ‘1/n’ were implied to the Freundlich constants and were repre-
sented, respectively, to adsorption capacity (mg/g) and adsorption
intensity. On the other hand, the constants ‘b’ and ‘q,,,’ were referred
to Langmuir constants respectively represented to adsorption equi-
librium constant (L/mg) and maximum adsorption capacity (mg/g),
respectively.

The ionic strength dependence data was obtained varied the
background electrolyte concentration of sorptive solution from
0.001 to 1.0 mol/L using NaNOs solution. The sorptive pH (~4.0)
and temperature (25+1°C) was kept constant throughout the
experiments. Results were presented as percent removal as a func-
tion of ionic strength.

2.2.6. Column studies

Column data was obtained by using a glass column (1 cm inner
diameter) annexed with a peristaltic pump and fraction collector.
The glass column was packed with 0.5 g of INS solid (kept in the
middle of column) and below and above to the INS 2 g of bare sand
was packed followed by the glass beads to pack completely the col-
umn. Cu(Il)/or Cd(II)/or Pb(Il) 10 mg/L solution (pH 4.0) was
pumped upward from bottom of the column using a peristaltic
pump at a constant flow rate of 1.2 mL/min. Effluent samples were
then collected using Spectra/Chrom CF-1 fraction collector. The
samples collected were filtered using 0.45 pm syringe filter and
subjected for bulk sorptive concentrations using AAS.

Moreover, the column/breakthrough data obtained was further
simulated for its removal capacity estimation using the Thomas Eq.
(3) [35]:

Ce 1
Co 1+ erlaom—Cov)/a (3)

where C, was the Cu(Il)/or Cd(II)/or Pb(II) concentration in the efflu-
ent (mg/L); Co was the Cu(Il)/or Cd(II)/or Pb(Il) concentration in the
feed (mg/L); Kr the Thomas rate constant (L/min/mg); qo was the
maximum amount of the Cu(Il)/or Cd(Il)/or Pb(II) could be loaded
(mg/g) under the specified column conditions; m was the mass of
adsorbent loaded (g); V the throughput volume (L); and Q the flow
rate of pumped sorptive solution (L/min). A non-linear regression
analysis of the breakthrough data was conducted using the least
square fitting method implying for two unknown parameters i.e.,
Ky and qo.

3. Results and discussions
3.1. Characterization of INS Sample

The solids INS and sand were analyzed using the X-ray diffrac-
tion data. The diffraction data obtained was represented in Fig. 1.
INS or sand samples showed very characteristics and distinct dif-
fraction reflections occurred at the 20 values of 20.88, 26.68,
36.58, 39.50, 50.18, 59.96, 67.73, 68.30, etc. These reflections were
because of the presence of silica as compared with the standards
mentioned by Joint Committee on Powder Diffraction Standards
(JCPDSs). Moreover, the relative intensities with the d-values were
obtained and returned in Table 1. The difference in d-value was
insignificant for these two solids inferred that iron oxide was
hardly to prop-up the silicate layer hence, mostly it was aggregated
onto the surface or within the accessible pores of the sand. Further,
there were no additional sharp reflections occurred by the INS indi-
cated that no mineral phase of iron was present onto the sand sur-
face. This was because of the fact that very low content of iron
aggregated onto the surface of sand [19,23]. Earlier studies were
also mentioned that an amorphous iron oxide was coated onto
sand which was converted to goethite and hematite at 150 °C
and hematite above 300 °C [36]. Similarly, y-Fe,03 was occurred
at 400 °C while iron was coated onto alumina [37]. Similarly, mix-
ture of hematite and goethite were obtained by Chang et al. [38].

SEM images of sand and INS were obtained and shown in Fig. 2a
and b, respectively for sand and INS solids. The SEM image of bare
sand (cf Fig. 2a) showed, the surface structure of sand was very
compact and disordered. It was not possessed with micro- or
meso-pores on it. However, surface roughness and cracks were
clearly visible onto it. On the other hand, the surface morphology
of INS showed (cf Fig. 2b) that an intense deposition of nano-sized
particles of iron oxide which were partly clustered at places. How-
ever, mostly, these nano-sized particles were very orderly arranged
onto the sand surface. The average size of these particles was esti-
mated to be Ca < 200-300 nm. Further, the EDX data (Cf Fig. 3a and
b; Table 2) indicated that the sand itself possessed with low con-
tent of iron i.e., 6.82% however, it was increased significantly to
12.96% (weight percent) by the iron impregnation. These results
showed that a low content of iron was impregnated onto the sand
surface. Earlier studies showed that iron is mostly concentrating
within the rough areas available onto the sand surface, with non-
uniform Fe and Si distribution [19,39,40]. Moreover, it was previ-
ously obtained by very high dose of iron i.e., 2 M ferric nitrate solu-
tion [12]. Further, the present study showed that almost evenly
distributed iron oxide particles were occurred onto the sand sur-
face. Further, the content of iron obtained by the digestion method
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Fig. 1. XRD pattern of sand and INS.
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Table 1
The d-values and relative intensities for sand and INS obtained by XRD analysis.

Sand INS Difference with d-value
20 d-Value I/Io x 100 20 d-Value I[Ip x 100

20.8811 4.25074 18.12 21.1151 4.20415 16.05 0.04659
26.6791 3.33867 100 26.8351 3.31959 100 0.01908
28.0051 3.18351 3.11 28.1091 3.17197 1.40 0.01154
36.5851 2.4542 15.19 36.7411 2.44414 9.83 0.01006
39.4971 2.27971 11.71 39.6791 2.26967 5.54 0.01004
40.3291 2.23458 3.95 40.5111 2.22496 2.25 0.00962
42.4611 2.12718 3.59 42.6691 2.11729 4.41 0.00989
50.1831 1.81646 8.48 50.3391 1.8112 10.98 0.00526
59.9591 1.54155 6.33 60.1411 1.53732 7.21 0.00423
67.7331 1.3823 5.16 67.9151 1.37903 4.96 0.00327
68.3051 1.37211 6.29 68.3311 1.37165 5.64 0.00046

Fig. 2. SEM images of (a) sand and (b) INS solid.
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Fig. 3. EDX analytical results for (a) sand and (b) INS solid.

was found to be 5.7 mg of Fe/g of sand, which is having lower iron
content compared to the other methods of iron impregnation onto
silica.

3.2. Speciation studies of Cu(Il), Cd(II) and Pb(II)

The speciation data obtained by the MINEQL geochemical pro-
gram were presented graphically in Fig. 4a-c respectively for
Cu(II), Cd(II) and Pb(II). These results were greatly helpful in eluci-
dating the mechanism involved at solid solution interface at vari-
ous pH conditions. Results showed that both copper and lead were
occurred to its ionic forms i.e.,, Cu?>* and Pb?* even up to the pH

~5.8. But beyond that both started precipitating as the Cu(ll)
was converted to insoluble tenorite phase and lead was precipi-
tated as Pb(OH),(S); beyond pH 7.0 these two species were com-
pletely dominated. However, in between these two species
insignificant formation of Cu(OH)" (max. 1.4%) was occurred at
pH 5.8. Similarly, Pb(OH)" was occurred at pH 6.2 with a maximum
of 3.9%. On the other hand the speciation data obtained for Cd(II)
showed, the Cd?* ionic species were stable even up to the solution
pH of 8.8 but beyond pH 9.4 the dominant species was the insol-
uble Cd(OH), (S). Similar to Cu(Il) and Pb(II), it also existed with
the insignificant species of Cd(OH)" (maximum of 4.8%) but at
pH 8.8.
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Table 2
EDX Data for Sand and INS solid.
Element Wt% At%
Sand INS Sand INS
CK 15.29 07.30 24.00 12.59
OK 41.72 4265 49.18 55.19
NaK 01.97 01.10 01.62 00.99
MgK 00.70 01.42 00.54 01.21
AIK 07.35 08.53 05.14 06.54
SiK 24.37 23.57 16.36 17.37
KK 01.77 02.46 00.86 01.30
FeK 06.82 12.96 02.30 04.81
(a) Cu(ll)
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Fig. 4. Percentage distribution of various species of (a) Cu(ll); (b) Cd(Il); and (c)
Pb(II) as a function of pH.

3.3. pH dependence sorption

The pH dependence data were obtained for the studied metal
cations using INS and the results were presented graphically in
Fig. 5. The uptake of these metal cations was greatly affected with
the change in solution pH. It was noted that during initial range of
pH the uptake of these ions were increased gradually. However, at
the latter stage of pH i.e., beyond pH 7, it was attained with almost
a constant value of sorption. Quantitatively, increasing the pH from
1.76 to 8.18 the respective increase of Cu(ll) was from 1.87% to
98.26%. The Cd(Il) was increased from 2.87% to 97.28%, respectively
for the increase in pH from 2.37 to 9.12. Similarly, the Pb(II) sorp-
tion was increased from 2.05% to 94.91%, increasing the respective
pH from 2.09 to 7.62.

The pH dependence data obtained for these metals ions using
INS was explained by the surface properties of INS as well the nat-
ure of sorbing species in present in solution. The nano-particles of
iron oxide mostly covered the surface of sand hence, the bulk sand
properties was changed markedly in presence of impregnated iron
oxide. Moreover, the pHpzc of INS sample was found to be 6.23
which, was very close to the reported pHpzc of ferric hydroxide
6.28 [41]. The other studies indicated the pHpzc of reclaimed I0CS
was found to be 7.0 £ 0.4 [29] and 6.5-8.5 [42]. Similarly, Stenk-
amp and Benjamin [43] found the pHpzc close to 7.5 for iron
oxide-coated sand. Hence, our values of pHpzc for INS were slightly
different from the previously reported values. The surface of INS
was carried with positive charge below pH 6.23 and became nega-
tively charged beyond this:
=SOH,; — =SOH’ — =SO" (4)

PHpzc

On the other hand up to the pH 5.8 both the ions Cu(Il) and
Pb(I) were dominantly existed as positively charged species of
Cu?* and Pb?* whereas even up to pH 8.8 Cd(Il) existed as cationic
species of Cd?" (MINEQL studies). At extreme low pH region i.e., pH
between 2 and 4 both solid surface of INS and sorbing species were
possessed with enhanced positive charge which ultimately caused
for strong electrostatic repulsion. Therefore, seemingly it caused
for significantly low uptake of these metal cations. However, the
further increase in pH i.e., beyond 4.0 the partial acidic dissociation
of solid INS surface may perhaps cause for some electrostatic
attraction of these metal cations which showed a gradual increase
in metal uptake. The similar results were occurred for different me-
tal cations uptake by the manganese coated sand [17,18,33]. How-
ever, the only electrostatic attraction could not be ascribed to
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Fig. 5. Effect of pH on the percent sorption of Cu(ll), Cd(Il) and Pb(II) from aqueous
solutions by the INS.
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Fig. 6. Effect of sorptive concentration in the percent removal of Cu(Il), Cd(II) and
Pb(II) from aqueous solutions by INS.

explain the sorption of these metal cations since surface carries a
net negative charge beyond pH 6.23 (pHpzc of INS) hence, in addi-
tion to partial electrostatic attraction, the surface complexation
through ion-exchange process was also postulated for enhanced
uptake of these metal cations M(II) (M(II): Cu(Il), Cd(II) and Pb(II))
within the pH region 4-6.0 [24,44] and this was suggested with
Eqgs. (5) and (6) whereas between the pH region 6.2 to 8.8 for
(Cd(11)), additional mechanism was suggested by Eqs. (7) and (8):

M*" + =SOH; < =S—OM" + 2H" (5)
M(OH)" +=SOH; < =S—O0M(OH)" + 2H" (6)
Cd** +=S0" — =S—0Cd"* (7)
Cd(OH)" +=S0~ « =5—0—Cd(OH)° (8)

Similar ion exchange mechanism was suggested for the uptake
of cadmium by goethite coated sand [24], iron-oxide coated sand
[44] or even metal oxide surfaces [45]. Further, increase in pH
i.e., beyond pH 6.0 for Cu(II) and Pb(II) and above pH 8.8 for Cd(II)
there could be a mixed effect of sorption with co-precipitation or
even coagulation of these metal cations [33,46,47] which caused
for almost 100% removal of these studied metal cations. These re-
sults were in conformity to the speciation studies conducted for
these cations previously.

3.4. Effect of sorptive concentrations

The concentration dependence data were shown graphically in
Fig. 6 as initial metal concentration against the percent removal of
these metal ions. Increasing the sorptive concentration apparently
caused for a decrease in percent removal of these ions or decreas-
ing the concentration favored for percent uptake of metal removal.
This could be ascribed because of the fact that at low sorptive con-
centrations, more and more active sites are available for relatively
lesser number of sorbing species. Hence, an enhanced percentage
of sorption was observed at low sorptive concentration [48]. More
quantitatively, increasing the Cu(Il) and Cd(Il) concentration from
1 mg/L to 20 mg/L caused for a decrease of percent uptake respec-
tively from 91.17% to 27.92% (for Cu(Il); from 52.81% to 12.16% for
Cd(II). Similarly, increasing the sorptive concentration from 1 to
50 mg/L was caused for a decrease in percent uptake of Pb(II) from
95.45% to 20.03%, respectively.

Further, these concentration dependence data obtained at equi-
librium stage between the solid/solution interfaces were utilized to
build the known adsorption isotherms i.e., Freundlich and Lang-
muir adsorption models. It was found that these were fitted to

the Freundlich and Langmuir linear adsorption models. However,
it was noted that the fitting was relatively better for the Langmuir
adsorption model comparing to the Freundlich adsorption model.
Fitting data were then used to evaluate the Freundlich and Lang-
muir constants. These constants along with the R? values were re-
turned in Table 3. The marked difference in capacity estimated by
these two models is attributed to the different basic nature and
assumptions of the models. It was observed that apparent removal
capacity for Pb(Il) was relatively higher than the Cu(Il) and Cd(II).
Previously also observed that the removal capacity of Pb(II) was
comparatively higher than the Cu(Il) using sericite sorbent [47].
Moreover, the low value of sorption capacity for Cd(Il) towards
the INS showed its less affinity towards the solid surfaces. Similar,
observation was observed previously as the tree bark samples
showed enhanced removal capacity for Hg?* and Cr** whereas
Cd?* was removed insignificantly [48]. Similar, trend was also re-
ported by the others for the bioaccumulation of Zn?* and Cd?* by
the Saccharomyces cerevisiae biomass applied for the uptake of
these two cations from aqueous solutions [49].

Further, the fractional value of Freundlich constant, i.e., 1/n
which relates to the sorption intensity of the solid, obtained for
these systems indicated a heterogeneous surface structure of solids
with an exponential distribution of surface active sites [23,50].
Similarly, the Langmuir constant ‘b’ reflected to the strength and
affinity of the solid towards the sorbing species [12]. Also it was re-
lated to the equilibrium constant of the process: M(II) + Solid = -
M(II)...Solid (surface adsorption complex).

3.5. Effect of background electrolyte

In order to demonstrate the specific and non-specific adsorption
of metal cations onto the surface of solid, the effect of ionic strength
on metal cation partitioning was enabled the plausible data to ex-
plain the mechanism involved at solid/solution interface [51]. It
was reported that the specific adsorption was unaffected with the
change in ionic strength, whereas the non-specific adsorption was
greatly influenced by the change of ionic strength because of the
competitive adsorption with counter ions. Hence keeping in view
the study was conducted to observe the change in background elec-
trolyte concentration i.e., NaNOs in the adsorption behavior of INS
at least to the removal of studied metal cations i.e., Cu(Il), Cd(II)
and Pb(II). The background electrolyte concentration was increased
from 0.001 mol/L to 1.0 mol/L NaNOs. Results were presented with
percent removal of Cu(II), Cd(II) or Pb(II) vs the background electro-
lyte concentrations and presented graphically in Fig. 7. In general, it
was observed that increasing the background electrolyte concen-
tration caused for an apparent decrease in percent removal of Cu(II),
Cd(II) or Pb(II) by INS. Quantitatively, increasing the background
electrolyte concentration from 0.001 mol/L to 1.0 mol/L NaNOs,
the corresponding decrease in percent uptake was occurred,
respectively from 52.95% to 49.56% for Cu(lI) (i.e., decreased by only
3.39%); from 45.83% to 11.69% for Cd(II) (i.e., decreased by 34.14%);
from 62.55% to 25.29% for Pb(II) (i.e., decreased by 37.26%). These
results showed that 1000 times increase in background electrolyte
concentration was not hampered greatly the uptake of Cu(II).

Table 3
Freundlich and Langmuir constants for the adsorption of Cu(Il), Cd(II) and Pb(Il) by
INS.

System Freundlich constants Langmuir constants

Kr(mgfg) 1/n R m (mgfg) b (L/mg) R?
INS-Cu(Il)  0.4867 04013 0.9615 1.2649 1.0005 0.9729
INS-Cd(II) 0.1788 04912 0.8062 0.5282 1.5729 0.9582
INS-Pb(II)  0.7845 0.3402 09117 2.0877 1.3705 0.9912
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Fig. 7. Effect of background electrolyte concentration (NaNO3) in the percent
removal of Cu(II), Cd(II) and Pb(II) from aqueous solutions by INS.

However, it was affected to a significant level in the removal of
Cd(I1) or Pb(II) ions. Hence, this indicated that Cu(Il) was sorbed
specifically by the INS whereas the Cd(II) and Pb(II) were sorbed
partly by the electrostatic attraction along with the ‘ion-exchange’
process. Earlier, it was shown that copper was singly coordinated to
the surface OH groups of present on Al hydroxides [52]. Similarly,
Benjamin and Leckie [53] suggested that copper formed an inner-
sphere complex along with ion-exchange process onto the surface
of iron oxide coated sand. On the other hand, the uptake of Pb(II)
by iron-oxide coated sepiolite was significantly affected decreased
increasing the background electrolyte concentrations [54]. These
results were in a line to our experimental findings and favored
the mechanism proposed.

3.6. Column reactor studies

Applicability of the INS was further assessed in the removal of
Cu(II), Cd(II) and Pb(II) under the dynamic conditions. These data
were of direct practical importance in the possible large scale or pi-
lot scale implication of the material. The column conditions were
maintained as stated before and the results were presented
graphically in Fig. 8a—c respectively for the Cu(II), Cd(II) and Pb(II).
The complete breakthrough was occurred for the throughput
volume of 0.176L, 0.261L and 0.454L respectively for Cu(II), Cd(II)
and Pb(II). These results inferred that INS possessed significantly
high removal capacity for these metal ions even under the dynamic
conditions as well which pointed it a potential and promising
sorbent material.

Further, the breakthrough data was used to the non-linear fit-
ting of Thomas equation (Eq. (2)) and hence estimated the two un-
known parameters viz., qo and Kt which were referred respectively
to maximum amount of Cu(II)/or Cd(II)/or Pb(II) to be loaded in the
column under the specified column conditions and Thomas rate
constant, respectively. Reasonably, fairly a good fitting of break-
through data obtained for these systems as shown in Fig. 8a-c.
Similar results were also reported previously where the metal ions
were removed by using the biosorbents or manganese coated
sands, etc. [23,55,56]. The Thomas constants i.e., go and Kr were
estimated for these solids and returned in Table 4. The data
showed that the solid INS possessed with significantly high
removal capacity for these metal cations. Previous studies showed
that the biomass Spirogyra-packed column possessed the removal
capacity of 18.87 and 29.50 mg/g respectively for the Cu(Il) and
Pb(II) at relatively low flow rate of 0.6 mL/min [55]. On the other
hand the biomass Macrophthalmus rouxii showed the removal
capacity of 4.06 (at the flow rate 2.28 mL/min) and 1.25 mg/g (at
the flow rate 2.60 mL min), respectively for the Pb(II) and Cd(II)
[56]. These results indicated that the removal capacity of a material

(a) 1.000
0.800
0.600 -
o
Q
@
©  0.400
& Measured Values
0.200 Calculated Values
0.000 ¢

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Throughput volume (L)

(b) 1.000 cd(i)
0.800 -
0.600
20
R
0.400 r ¢ Measured Values
Calculated Values
0.200 -
0.000 i " 1 " 1 " 1 " 1 " 1 " J
00 01 02 03 04 05 06 0.7 0.8
Throughput volume (L)
(o 1.000
(c) Pb(ll)
0.800
0.600
2°
o 0.400 |
— Calculate..

0.0 0.2 0.4 0.6 0.8 1.0
Throughput volume (L)

0.000

Fig. 8. Breakthrough curves for the removal of (a) Cu(Il); (b) Cd(II); and (c) Pb(II) by
INS fitted for the Thomas model.

Table 4
Thomas constants for the removal of Cu(Il), Cd(Il) and Pb(II) from aqueous solutions
by INS solid.

Systems qo (mg/g) Ky x 1073 (L/min/mg)
INS-Cu(Il) 5.81 2.03
INS-Cd(II) 7.13 2.14
INS-Pb(II) 11.30 1.83

primarily depends on its affinity towards the metal cations which
further affected with the column conditions viz., flow rate, influent
pH and, ionic strength, etc. of the influent solution.
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However, among these, Pb(II) possessed with higher removal
capacity compared to the Cd(II) or Cu(Il). These results are in accor-
dance to the batch data obtained. However, unlikely to the batch
trend obtained particularly the removal capacity of Cd(Il) which
was relatively higher than the Cu(Il) under the batch experiments.
This is possibly because of relatively higher effluent pH was re-
corded for Cd(Il) i.e., Ca 5.5 whereas the effluent pH of Cu(Il) was
recorded as 4.5.

4. Conclusions

Nano-sized-iron oxide-immobilized-sand (INS) was obtained by
simple impregnation process. INS was characterized by the XRD
and SEM/EDX analytical data. Total amount of iron aggregated onto
the sand surface was found to be 5.7 mg/g of sand. INS was further
employed for the low level removal of Cu(Il), Cd(II) and Pb(II) from
aqueous solutions under the batch and column experimentation.
Batch data revealed that increase in sorptive pH, increased the
uptake of these ions whereas increase in sorptive concentration
(1-20 mg/L for Cu(Il) and Cd(Il) and 1-50 mg/L for Pb(II)) caused
for decrease in percent uptake of these metal cations. Moreover,
1000 times increase in background electrolyte concentration (from
0.001 to 1 mol/L NaNOs) was caused for significant decrease in
Cd(II) and Pb(II) removal whereas Cu(Il) was almost unaffected
with this increase. These, results implied that the sorption of cop-
per follow ‘ion-exchange’ along with inner-sphere surface com-
plexation whereas Cd(II) and Pb(Il) sorption was presumably
proceeded with ion-exchange along with electrostatic attraction
by the solid surface. Equilibrium state modeling of adsorption
models showed a good applicability of Freundlich and Langmuir
adsorption isotherms. Accordingly, the estimated Langmuir sorp-
tion capacity was found to be 1.2649, 0.5282 and 2.0877 mg/g
respectively for Cu(Il), Cd(Il) and Pb(Il) by INS. Moreover, the
breakthrough data was demonstrated well to the Thomas equation
which was used to optimize the loading capacity of these metal
ions within the column. The obtained capacity was found to be
5.81, 7.13 and 11.30 mg/g respectively for Cu(Il), Cd(II) and Pb(II).
These results, therefore, showed that INS could found to be one
of efficient material, which could have potential application in
the remediation of wastewaters contaminated with heavy metal
toxic ions viz., Cu(Il), Cd(II) and Pb(II).
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