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Chapter 1

Introduction




‘Heavy metals’ is a general collective term applied tothe group of metals and metalloids
with an atomic densitygreater than 6 g/cm’. Although it is only a loosely definedterm it is widely
recognized and usually applied to the elementssuch as Cd (cadmium), Cr (chromium), Cu
(copper),Hg (mercury), Ni (nickel), Pb (lead) and Zn (zinc) whichare commonly associated with
pollution and toxicity problems.

Unlike most organic pollutants, heavy metals occurnaturally in rock-forming and ore
minerals and so a rangeof normal background concentrations is associated witheach of these
elements in soils, sediments, waters and livingorganisms. On an annual basis, significant
quantities ofvarious heavy metals are produced from the mining of theirrespective ores.

Industrial uses of metals and other domestic processes(e.g. burning of fossil fuels,
incineration of wastes, automobileexhausts, smelting processes and the use of sewagesludge as
landfill material and fertilizer) have introducedsubstantial amounts of potentially toxic heavy
metals intothe atmosphere and into the aquatic and terrestrial environments.Discharged toxic
metals typically include Cd, Cu, Ni, Cr, Co, Zn and Pb [1].

While many of the heavy metals are needed by plants at the micronutrient level, higher
concentrations are known to produce a range of toxic effects. At high exposure levels, lead
causes encephalopathy, cognitive impairment, behavioral disturbances, kidney damage, anaemia
and toxicity to the reproductive system [2]. Chromium is widely recognized to exert toxic effects
in its hexavalent form [3]. Human exposure to Cr(VI) compounds is associated with a higher
incidence of respiratory cancers [4]. Cadmium is associated with nephrotoxic effects particularly
at high exposure levels; long-term exposure may cause bone damage as well [5]. High
concentrations of mercury can lead to neuro-behavioral disorders and developmental disabilities
including dyslexia, attention deficit hyperactivity disorder, and intellectual retardation [6].
Excessive copper concentrations can lead to weakness,lethargy and anorexia, as well as damage
to the gastrointestinal tract [7]. The toxic effects of nickel and other heavy metalsare discussed in
some detail by Nordberg et al. [8].

Pollutants like uranium arise into the wastewaters as a result of different industrial
activities like: mining, production of nuclear fuels, laboratory investigations, etc.. Uranium
contamination poses a threat in some surface and ground waters.The chemical toxicity of
uranium is predominantly caused by the highly reactive hexavalent uranyl ions [9]. Uranium

disposed into the environment can reach the top of the food chain and be ingested by humans



[10], causing kidney or liver damage to humans [11-13].Removal of radioactive ions from the
wastewaters is a huge problem because these ions are extremely dangerous for the environment
and human health by their high toxicity even at very low concentrations and long half lives.
Hence, the removal of uranium from waste water is important not only for the nuclear
industry,but also for environmental remediation [14].

Presence of metals in water streams and marine water causes a significant health threat to
the aquatic community which is most common for the damage of the gill of the fish [15,
16].Consequently, in many countries, more strict legislation has been introduced to control water
pollution. Various regulatory bodies have set the maximum prescribed limits for the discharge of
toxic heavy metals in the aquatic systems. However, the metal ions are being added to the water
stream at a much higher concentration than the prescribed limits by industrial activities,
thusleading to the health hazards and environmental degradation. Table 1.1 shows the
permissible limits and health effects of various toxic heavy metals [17-20].

Removal of metal ions from wastewater in an effective manner has thus become an
important issue today. Various methods exist for the removal of heavy metal ions from
wastewater which include chemical precipitation/coagulation, membrane technology, electrolytic
reduction, ion exchange and adsorption [21, 22]. The advantages and disadvantages associated
with each method are listed in Table 1.2.

The most widely used method of removing heavy metals from solution is to increase the
pH of the effluent, thus converting the soluble metal into an insoluble form (i.e. its hydroxide).
Ion exchange is the second most widely used method for heavy metal removal from aqueous
streams [23]. During removal, recovery, or processing of metals, ion exchange acts as a
concentrator of metals. The chemistry of the influent stream becomes very important to the
success of the ion exchange application.

Coagulation—flocculation can also be employed to treat wastewater laden with heavy
metals wherein the coagulation process destabilises colloidal particles by adding a chemical
agent (coagulant) and results in sedimentation [24]. Coagulation is followed by flocculation of
the unstable particles in order to increase their size and form into bulky floccules which can be
settled out. Flotation is employed to separate solids or dispersed liquids from a liquid phase using
bubble attachment [24]. Adsorptive bubble separation employs foaming to separate the metal

impurities. Ion flotation, precipitate flotation and sorptive flotation are the main flotation process



mechanisms for removal of metal ions from solution. Membrane filtration has received

considerable attention for the treatment of inorganic effluent, since it is capable of removing not

only suspended solids and organic compounds, but also inorganic contaminants such as heavy

metals.

Table 1.1.Permissible limits, source and health effects of various toxic metal ions [88]

Metal Source Permissible limits for Permissible limits by Health hazards
discharge of industrial International bodies for
effluent to inland potable water (mg/L)
surface water (mg/L)
Indian WHO Indian WHO
Standard standard
As Electronics, paints & 0.20 - 0.01 0.010 Carcinogenic, producing liver tumors, skin &
pigments, metallurgical gastrointestinal effects
industries
Hg Batteries, manure 0.01 - 0.001 0.001 Corrosive to skin, eyes and muscle membrane,
sewage sludge & dermatitis, anorexia, kidney damage & severe
electronics muscle pain
Cd Fertilisers, Manure 2.00 0.10 0.01 0.003 Carcinogenic, causes lung fibrosis, dyspnea &
Sewage sludge, weight loss
Pb batteries, electronics & 0.10 0.10 0.05 0.010 Suspected carcinogen, loss of appetite, anemia,
Metallurgical industries muscle & joint pains, diminishing 1Q, cause
sterility, kidney problem &high blood pressure
Cr Metalliferous mining, 0.10 - 0.05 0.050 Suspected human carcinogen, producing lung
Paints & pigments, tumors, allergic dermatitis
Electroplating,
Electronics
Ni Metalliferous mining, 3.00 - 0.02 - Causes chronic bronchitis, reduced lung function,
Electroplating, cancer of lungs and nasal sinus
Electronics,
metallurgical industries
Zn Metalliferous mining, 5.00 5.0-15.0 5.0 - Causes short-term illness called metal fume fever
Paints & pigments, & restlessness
Electroplating, Batteries
Cu Metalliferous mining, 3.00 0.05-1.5 1.5 - Long term exposure causes irritation of nose,
Electroplating, mouth, eyes, headache, stomachache, dizziness,
metallurgical industries diarrhea
Fe Metallurgical industries | 3.00 0.1-1.0 0.30 0.20 Excess amounts cause rapid pulse rates,
congestion of blood vessels, hypertension
U Metallurgical industries | - - - 0.03 Dermatitis, renal damage, acute necrotic arterial
lesions, respiratory irritants, with coughing,
shortness of breath.




Table 1.2. Advantages and disadvantages of different methods used for removal of metal
ions
Physical or Advantages Disadvantages
Chemical
Methods
Convention | Adsorption Flexibility and simplicity of design, ease | Adsorbent requires regeneration
al of operation and insensitivity to toxic
Treatment pollutants
processes Biodegradation Economically attractive and publically Slow, necessary to create an optimal favorable
acceptable treatment environment, maintenance and nutrition
requirements
Coagulation/ Simple and Economicaly feasible High sludge production and formation of large
Floculation particles
Established | Oxidation Rapid and efficient process for toxic High energy costs and formation of byproducts
recovery pollutants removal
Processes Ion exchange Effective for a wide range of heavy Adsorbent requires regeneration or disposal
metals
Membrane Good removal of heavy metals, High pressures, expensive, incapable of treating
filtration produces a high quality treated effluent | large volumes, Concentrated Sludge production
technologies
Electrokinetic Economicaly feasible High sludge production
Coagulation
Fentons Reagents | Effective and capable of treating variety | Sludge generation
of wastes and no energy input necessary
to activate hydrogen peroxide
Electrochemical Rapid process and effective for certain High energy costs and formation of byproducts
treatment metal ions
Emerging Advanced No sludge production, little or no Economically unfeasible, formation of by-
removal Oxidation consumption of chemicals, high products, technical constraints
processes processes efficiency, Effective at lab scale
(Ozonation,
Photochemical,
Irradiation)
Biological Feasible in removing some metals Technology yet to be established and
Treatment commercialised
Selective Economically attractive, regeneration is | Requires chemical modification, non-destructive
bioadsorbents not necessary, high selectivity process
Biomass Low operating cost, good efficiency and | Slow process, performance depends on some
selectivity, no toxic effect on external factors (pH, salts)
microorganisms




In accordance with the very abundant literature data, liquid-phase adsorption is one of the
most popular methods for the removal of toxic pollutants from wastewater, since proper design
of the adsorption process will produce a high quality treated effluent [25]. This process provides
an attractive alternativefor the treatment of contaminated water, especially if the adsorbent
isinexpensive and does not require an additional pre-treatment stepbefore its application.
Adsorption has been found to be superiorcompared to the other techniques for water re-use in
terms of initialcost, flexibility and simplicity of design, ease of operation and insensitivityto
toxic pollutants. Adsorption also does not result in theformation of harmful substances.

A number of materials have been extensively investigated as adsorbents in water
pollution control. Some of the important onesinclude silica gel, activated alumina, zeolites,
activated carbon and clays.

Activated Carbon

Activated carbon(AC) has undoubtedly been the most popular and widely used adsorbent
in wastewater treatment throughout theworld.There are different physical forms by which AC
can be found, including: (i) granular activated carbon (GAC); (ii) powdered activated carbon
(PAC); (ii1) activatedcarbon fibers (ACF); and (iv)activated carbon cloths (ACC). GAC can be
prepared from hard material, such as coconut shells, and normally includes particles retained in
an 80-mesh sieve (0.177 mm); it is commonly used as column filler for gas or liquid treatments
and can be regenerated after use. When small particles compose the raw material, like wood
sawdust, PAC is obtained (includes particles of 0.177 mm); PAC is normally mixed with the
liquid to be treated and afterwards disposed of. Due to its small particles, PAC adsorption is
normally very effective, however, and for the same reasons, settling and removal tend to be
slower than when using GAC. ACF canbe prepared from homogeneous polymeric raw materials
and, as opposed to GAC and PAC, show a mono dispersed pore size distribution [26]. Their thin
fiber shape enhances intra-particle adsorption and therefore improved contact efficiencies
between the aqueous media and the adsorbent can be achieved [27].

ACC were initially developed in the early 1970s, using as precursors phenolic or viscose
rayon [28] and are considered to be excellent adsorbents due to their low-pressure drop during
process, high contact efficiency and flexibility [29]. Although many kinds of adsorbents were
already prepared and tested in aqueous-phase treatments, GAC and PAC are still themost widely

used.



However, activated carbon is expensive which limits its large scale application.
According to Bailey and Wan Ngah, an adsorbent can be considered as cheap or low-cost if it is
abundant in nature, requires little processing and is a byproduct of waste material from waste
industry [30, 31].

A potential method to reduce the cost of activated carbon production is to use low-cost
materials as precursors for the production of activated carbon.AC can be prepared from a wide
variety of raw materials [32], which should be abundant and cheap, with high carbon content and
low inorganic content; rawmaterials should be easily activated and should have low degradation
by aging [33].Coal is the most commonly used precursor, mainly due to its low cost and large
supply [34]. The adsorption properties of each type of coal are determined by the nature of the
vegetable materialand the extent of the physical-chemical changes occurring during coal
formation and after its deposition [35].

The preparation of AC from waste materials has several advantages, mainly of economic
and environmental nature.A wide variety of ACshave been prepared from different waste
materials; conventional wastes (from agriculture and wood industry) as well as non-conventional

wastes (from municipal and industrial activities) have been used.

Non-conventional wastes (from municipal and industrial activities)

The economical activities in the modern society gradually created a pattern of mass
production, mass consumption as well as mass deposition [36]. As aconsequence, there is an
accumulation of several industrial and post-consumer waste products, which by their nature are
difficult or poorly effective to be regenerated into other materials and that more currently end up
in incineration plants or landfills. Due to the more restricted environmental standards, limitations
on the application of such alternatives are increasing.

The discharge of plastic wastes, such as polyethylene terephthalate (PET) and polyvinyl
chloride (PVC), industrial wastes, such as oil combustion residues and fabrics, aswell as the
discharge of tires, sewage sludges, and fertilizers, represents a serious challenge for waste
management strategies. It is therefore of main relevance to findalternatives by which such

materials can be reused or recycled according to environmentally acceptable procedures [37].



The use of such non-conventional wastes as carbon source for the production of AC
might be an efficient alternative for both, adoption of effective waste managementpractices, and
production of low-cost AC. A review of the literature showed that there are a considerable
amount of studies dedicated to the valorization of such wastes, namely for the production of AC.
Plastic wastes, various industrial wastes like fly ashes, pitch, and polymeric residues from
factories as well as other wastes such as tires and sewage sludge have been used as raw material
for AC production. For instances, a waste commercial ion-exchange resin might be used to
prepare AC with values of specific surface area and pore volume suggesting its application in
different purposes, that might include aqueous-phase treatments [38].

Also, AC can be successfully prepared from both old newspaper and paper prepared from
simulated paper sludge [39, 40]. Naturally, studies show that raw materials with higher carbon
content lead to the achievement of a better AC. Generally, AC show good texture and potential

to compete with commercial ones.

Conventional wastes (from agriculture and wood industry)

Due to their abundance, agricultural wastes have low economic value; additionally, their
current deposition creates significant environmental degradation. Agriculturalwaste is a rich
source for AC production due to its low ash content and reasonable hardness [35]; therefore,
conversion of agricultural wastes into AC is a promising alternative to solve environmental
problems and also to reduce the costs of AC preparation.

There are currently a large number of studies regarding the use of several agricultural
wastes to produce AC. Most of them focus on the use of waste materials of considerable
rigidity, such as the shells and/or stones of fruits like nuts, peanuts, olives, dates, almonds,
apricots and cherries; however, wastes resulting from the production of cereals such as rice,
coffee, soybean, maize and corn as well as olive cakes, sugar cane and sugar beat bagasse,
coirpith, oil-palm shell (from oil-palm processing mills) and various seed wastes were already

used.



Most of the reviewed studies show that these materials can compete with the commercial
AC, and some of them have even better behavior than the commercial ones. Somerelevant issues
concerning different recent studies on the application of these materials in aqueous phase were
summarized.

Due to their particular porous characteristics, woody materials are very relevant and
challenging raw materials to prepare AC, namely for the adsorption of solutes in theliquid phase
[41]. The wood industry is responsible to produce great amounts of woody waste materials that
might be recycled to produce AC. Also,several forest residues can be used, additionally
contributing to a better forest management and conservation. Many studies were made
concerning the recycling of these materials for the production of AC. Woody materials of
different types such as cedar, fir, oak, as well as from tropical trees have already been used.

The application of AC prepared from woody materials has been made for the removal
ofcontaminants such as organic compounds, dyes, and heavy metals, from aqueous phase. These
materials seem to be very effective in adsorbing heavy metals such as chromium and copper,
being considered potentially good substitutes of the commercial ones. The adsorption rate is
normally influenced by the proportion of AC used. On the other hand, PAC obtained from
sawdust might be used to prepare GAC with the addition of a proper binder and a reinforcer;
such GAC seems to have a very good behavior in adsorbing phenol, namely through
physisorption mechanisms [42]. It was concluded that woody materials lead to AC showing good
adsorption behaviour for adsorbates of various molecular forms.

When using activated carbon, the adsorption process results from interactions between
the carbon surface and the adsorbate. These interactions can be electrostatic or non-electrostatic.
When the adsorbate is an electrolyte that dissociates in aqueous solution, electrostatic
interactions occur; the nature of these interactions, that can be attractive or repulsive, depends on
the: (i) charge density of the carbon surface; (ii) chemical characteristics of the adsorbate;
and(iii) ionic strength of the solution. Non-electrostatic interactions are always attractive and can
include: (i) van der Waals forces; (ii) hydrophobic interactions; and (iii) hydrogen bonding.

According to Moreno-Castilla [43], the properties of the adsorbate that mainly influence
the adsorption process in AC are: (1) molecular size; (2) solubility; (3) pKa; and (4) nature of the
substituents (in the case of aromatic adsorbates). The molecular size determines the accessibility

of the adsorbate to the pores of the carbon, the solubility determines the degree of hydrophobic



interactions between the adsorbate and the carbon surface and pK, controls the dissociation of
the adsorbate (if it is an electrolyte). When the adsorbate is aromatic, the substituents of the
aromaticring have the ability to withdraw or release electrons, which therefore affects the non-
electrostatic interactions between the adsorbate and the AC surface.When the AC is in contact
with an aqueous solution, an electric charge is generated. This charge results from either the
dissociation of the surface functional groups of thecarbon or the adsorption of ions from the
solution, and strongly depends on the solution pH and on the surface characteristics of the
adsorbent [44]. The centralissue for ion adsorption from an aqueous medium is the understanding
of the mechanisms by which ionic species become attached to the carbon surface. There are three
different mechanisms by which metallic ions (or other ions) are removed from an aqueous
solution. The first states that the process is based on electrostatic adsorbate—adsorbent
interactions being totally dependent on the existence of carbon surfaces functionality, especially
oxygen surfaces complexes (ion-exchange process). The second one suggests that enhanced
adsorption potentials, as occurs in the narrowest of microporosity, may be strong enough to
adsorb and retain ions. The third mechanism is based on the hard and soft acids and bases
concept, a consequence of the amphoteric nature of carbon surfaces.

Variable amounts of atoms, known as heteroatoms, can be found in AC (e.g. oxygen,
hydrogen, nitrogen and sulphur). These atoms, which might have origin in the raw material or
could be introduced during preparation or further treatments [45], deeply influence the charge,
hydrophobicity and electronic density of the AC surface. The carbon surface chemistry is,
therefore, influenced by the presence of hetero atoms [46] and has a great influence on both,
electrostatic and non-electrostatic interactions. Additional information regarding the surface
characteristics of AC which determine the removal of pollutants from the aqueous phase can be
found in a review by Moreno- Castilla and Rivera-Utrilla[33].AC texture includes a wide range
of pores that can be classified according to their width as: micropores (2 nm),mesopores (2—50

nm) and macropores (450nm) [43].
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Natural materials
Because of their low cost and local availability, natural materials such as chitosan,
zeolites, clay, or certain waste products from industrial operations and plant wastes are classified

as low-cost adsorbents.

Chitosan has received considerable interest for heavy metals removal due to its excellent
metal-binding capacities and low cost. Fishery wastes such as shrimp, lobster, and crab shells
have been developed into one of the promising options to produce chitosan. These wastes could
be obtained for free from local fishery industries. Since such wastes are abundantly available,
chitosan may be produced at low cost. Consequently, chitosan offers a lot of promising benefits
for wastewater treatment applications today. The discussion on chitosan as an adsorbent is taken

up in chapter 7.

Zeolites are aluminosilicates with Si/Al ratios between 1 and infinity. There are 40
natural and over 100 synthetic zeolites. Natural zeolites also gained a significant interest among
scientist, mainly due to their valuable properties such as ion exchange capability, cost efficiency
since they are able to treat wastewater contaminated with heavy metal at low cost. Various
zeolites have been employed for the removal of pollutants [47-50]. Recently, Wang and
Peng[51]discussed the role of natural zeolites as effective adsorbents in water and wastewater

treatment [52].

Clay is one of potential alternatives to activated carbon as well. Similar to zeolites,
clayminerals are also important inorganic components in soil. Their adsorption capabilities
comefrom their high surface area and exchange capacities. The negative charge on the

structureof clay minerals gives clay the capability to attract metal ions [53].

Industrial wastes as an adsorbent for removal of heavy metals

Industrial waste is also one of the potentially low-cost adsorbent for heavy metal
removal.It requires little processing to increase its adsorptive capacity. Generally industrial

wastes are generated as by-products. Since these materials are locally available in large
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quantities, they are inexpensive. In India, various types of industrial wastes such as waste slurry,
lignin, iron(Ill) hydroxide, and red mud, have been explored for their technical feasibility to
remove heavy metals from contaminated water [53]. Low rank coal, such as lignite, is capable of
having ion exchange with heavy metals due to its carboxylic acid and phenolic hydroxyl
functional groups.

Industrial waste is also one of the potentially low-cost adsorbent for the removal of heavy
metals from wastewaters. It requires little processing to increase its adsorptive capacity.
Generally industrial wastes are generated as by-products. Since these materials are locally
available in large quantities, they are inexpensive. Various types of industrial wastes such as fly
ash, blast furnace sludge, waste slurry, lignin, iron (III) hydroxide, and red mud, have been
explored for their technical feasibility to remove toxic heavy metals from contaminated water.
Other industrial wastes, coffee husks, Areca waste, tea factory waste, sugar beet pulp, waste
pomace of olive oil factory waste, battery industry waste, waste biogas residual slurry, sea
nodule residue, and grape stalk wastes have been utilized as low-cost adsorbents for the removal

of toxic heavy metals from wastewater [54].

Agricultural materials particularly those containing cellulose shows potential metal
biosorption capacity. The basic components of the agricultural waste materials biomass include
hemicellulose, lignin, extractives, lipids, proteins, simple sugars, water hydrocarbons, starch
containing variety of functional groups that facilitates metal complexation which helps for the
sequestering of heavy metals [55-58]. Plant wastes are inexpensive as they have no or very low
economic value. Most of the adsorption studies have been focused on untreated plant wastes
such as papaya wood [59], maize leaf [60], teak leaf powder [61], lalang (Imperata Cylindrica)
leaf powder [62], rubber (Heveabra Siliensis) leaf powder [63, 64], Coriandrum Sativum [65],
peanut hull pellets [66], sago waste[67], saltbush (Atriplexcanescens) leaves [68, 69], tree fern
[70-72], rice husk ash and neem bark [73], grape stalk wastes [74], etc. Some of the advantages
of using plant wastes for wastewater treatment include simple technique, requires little
processing, good adsorption capacity, selective adsorption of heavy metal ions, low cost, easy

availability and easy regeneration.
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However, the application of untreated plant wastes as adsorbents can also bring several
problems such as low adsorption capacity, high chemical oxygen demand (COD) and biological
chemical demand (BOD) as well as total organic carbon (TOC) due to release of soluble organic
compounds contained in the plant materials [75, 76]. The increase of the COD, BOD and TOC
can cause depletion of oxygen content in water and can threaten the aquatic life. Therefore, plant
wastes need to be modified or treated before being applied for the decontamination of heavy
metals.

Wan Ngah and Hanafiah[31] in their review have compiled an extensive list of
adsorbents obtained from plant wastes and their methods of modification are discussed. A
comparison of adsorption efficiency between chemically modified and unmodified adsorbents is
also reported. The most common chemicals used for treatment of plant wastes are acids and
bases. Chemically modified plant wastes vary greatly in their ability to adsorb heavy metal ions
from solution. Chemical modification in general improved the adsorption capacity of adsorbents
probably due to higher number of active binding sites after modification, better ion-exchange
properties and formation of new functional groups that favors metal uptake.

Although chemically modified plant wastes can enhance the adsorption of heavy metal
tons, the cost of chemicals used and methods of modification also have to be taken into
consideration in order to produce ‘low-cost’ adsorbents. Many reviews are available in literature
focusing on the low cost adsorbent from the natural resources [31, 77-89].Table1.3 shown below
includes the agro-based adsorbents studied for Cu, Cd, Zn, Hg, Cr and U in the last five years

and which have not been included in reviews yet.

Table 1.3. Agro-based adsorbents with their maximum adsorption capacities

Adsorbent Qrmax (mg g") References
Cu Cd Zn Hg Cr U

Sawdust (Poplar tree) 12.7 - 15.8 [90]
Cassava tuber bark waste 90.9 26.3 83.3 [91]
Jute fibres 8.40 - 8.02 - - - [92]
Azollafiliculoides (aquatic fern) 62 86 48 [93]
Carrot residues 32.74 - 29.61 - 45.09 [94]
Sugarcane bagasse 313 139 - - 23 - [95, 96]
Sugarbeet pulp 0.15 - 0.18 - - - [97]
Rice husk 2.48 8.82 - - - - [98]
Modified rice husk 9.36 11.03
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Adsorbent Gmax (mg g'l) References
Cu Cd Zn Hg Cr
Caulerpalentillifera 42.37 4.69 2.66 - - [99]
Dried non-living biomass (NB) of - - 19.6 84.25 - [100]
different Pseudomonas strains
Lignin 22.87 25.40 11.25 - - [101]
Lignocellulosic substrate (Wheat 10.61 - 16.02 - - [102]
bran extract)
Neem oil cake 0.157 0.133 - - - [103]
mmol/g mmol/g
Olive pomace 0.480 0.100 - - - [104]
mmol/g mmol/g
Rice husk 0.2175 - - 0.2114 - [105]
mmol/g mmol/g
Wheat bran 0.199 - - 0.239 - [106]
mmol/g mmol/g
rice husk - 3.04 14.30 9.32 - [107-109]
Sulfuric acid treated rice husk (wet - 41.15 19.38 384.62 - [110, 111]
sorbent)
Tea industry waste - 0.45 0.59 - - [112]
Maize husk (unmodified) - 4x10°° 0.49 - - [113]
Maize husk (EDTA modified) - 114.1 614.11 - -
Magnetically modified brewer’s - - - 30.40 - [114]
yeast
Sugarcane bagasse - 38.03 31.11 - - [115]
Bacillus jeotgali - 57.90 222.2 - - [116]
Dried non-living biomass (NB) of - - 19.06 84.25 - [117]
different Pseudomonas strains
CupriavidustaiwanensisTJ208 19 19.6 - - - [118]
Mimosa pudica inoculated with 254 429 - - -
TJ208
Mimosa pudicawithout inoculation 22.7 25.30 - - -
P. chrysosporium 26.5 27.8 - - - [119]
Trametesversicolor 116.9 109.2 - - - [120]
Sawdust 8.07 - 17.09 - - [92]
Almond shell - - - - 0.580 [121]
mmol/g
Azadirachtalndica (Neem) leaf - 1.404 - - 1.211 [122,123]
Powder mmol/g mmol/g
Green coconut shell powder - 2.541 - - 1.412 [124]
mmol/g mmol/g
Waste slurry 20.97 15.73 - 560 640 [125, 126]
Gelidium - - 13 - 18
Algal waste - - 7.1 - 11.8 [127]
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Adsorbent Gmax (mg g'l) References

Cu Cd Zn Hg Cr U
Carboxymethyl water-insoluble - 623.5 - - 615.6 - [128]
dietary fiber pmol/g pumol/g
Terminaliaarjuna nuts Coirpith 39.7 - - 154 28.43 -
Blast furnace sludge 16.1 - 10.15 43 9.55 - [129]
Blend coffee 2.0 2.0 - - - - [130]
Mango peel 46.09 68.92 28.21 - - - [131,132]
Red mud 19.72 10.57 12.59 - - - [133]
Biogas residual slurry - - - - 7.8 - [134]
Waste slurry 20.97 15.73 - 560 640 - [135,136]
ACC - 3.75 2 65 - - [137]
As-received ACF 9 146 - - 40 - [138,139]
Chlorella vulgaris 1.290 0.609— - - 0.356-0.492 - [140-142]

0.770
Risk husk ash - 25.27 26.10 46.14 26.31 - [143-145]
Coir pith 39.7 93.4 - - 138.04— - [146-148]
317.65
Chitosan coated ACSC - - 60.41 - - - [149]
PGCP-COOH - - - 4.99-31.15 - - [150]
TARH 29 - - - - - [151]
RHC - - - 4831 - - [152]
Activated carbon - - - - - 28.49 [153]
CR-azole - - - - - 1.60
mol/g [154]

CR-amine - - - - - 1.90mol/g
Aspergillusniger 5 - - - - 29
Penicilliumchrysogenum 9 56 6.5 - - 70
Rhizopusnigricans - 19 14 - 47 - [133]
R. arrhizus 9.5 27 14 - 36 220
Date pits - - - - - 10 [156]
Catenellarepens-red alga - - - - - 303.0 [157]
Cross-linked chitosan - - - - - 72.46 [158]
ACs-benzoylthiourea-anchored - - - - - 113.76 [159]
anchored
chitosan/clinoptilolite composite - - - - - 562.58 [160]
Chitosan - - - - - 482.66
Chitosan/cotton fibers 24.78 15.74 - 104.31 - -
Chitosan/cellulose 26.50 - 19.81 - 13.05 - et
Penicilliumcitrinum - - - - - 274.73 [162]
Bi-functionalized biocomposite - - - - - 43.2 [163]

15




Although the amount of available literature data on the use of low-cost adsorbents in
water and wastewater treatment is increasing at a tremendous pace, some important issues need

to be considered during the consideration of a material as a potential low cost adsorbent:

(1) Selection and identification of an appropriate low-cost adsorbent is one of the key issues to
achieve the maximum removal/adsorption of specific type of pollutant depending upon the

adsorbent—adsorbate characteristics.

(2) The conditions for the production of low-cost adsorbents after surface modification for higher

uptake of pollutants need to be optimized.

(3) Low production cost with higher removal efficiency of adsorbents would make the

processeconomical and efficient.

(4) Mechanistic studies need to be performed in detail to propose a correct binding mechanism of

aquatic pollutants with low cost adsorbents.

(5) Regeneration studies need to be performed in detail with the pollutants-laden adsorbent to

recover the adsorbate as well as adsorbent. It will enhance the economic feasibility of theprocess.

(6) The potential of low-cost adsorbents under multi-component pollutants needs to be assessed.
This would make a significant impact on the potential commercial application of low-

costadsorbents to industrial systems.

(7) The effectiveness of the treatment depends not only on the properties of the adsorbent and
adsorbate, but also on various environmental conditions and variables used for the
adsorptionprocess, e.g. pH, ionic strength, temperature, existence of competing organic or
inorganic compounds in solution, initial adsorbate/adsorbent concentration, contact time and
speedof rotation, particle size of adsorbent, etc. These parameters should also be taken into

account while examining the potential of low-cost adsorbents.
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(8) The development in the field of adsorption process using low cost adsorbents essentially

requires further investigation of testing these materials with real industrial effluents.

(9) Because various heavy metal ions are often present in industrial effluents or other water
resources, there issignificant research and practical interest to develop the methods that can
effectively remove the heavy metals and, at the same time, recover them in their individual pure
form for potential reuse to avoid the second pollution problems of these heavy metals (in a more
concentrated form) after they are removed from the water to a certain regulated level. A possible
solution to achieve this target is to use adsorbents modified with selective ligands or ion

imprinting polymers that have selectivity toward the metals to be separated and recovered.

(10) Last but not the least, environmentally safe disposal of pollutants-laden adsorbents is

another important topic of concern which should not be overlooked.

If it is possible to develop such adsorbents having all the above-mentioned
characteristics, then these adsorbents may offer significant advantages over currently available
expensive commercially activated carbons and, in addition contribute to an overall waste
minimization strategy.

A detailed critical investigation into literature and the above deliberations paved the way
for us to explore the potential of palm shell (Borassus Flabellifer) as an adsorbent.
Borassusflabellifer is a robust tree and can live 100 years or more and reach a height of 30 m,
with a canopy of leaves several dozen fronds spreading 3 meters across. The large trunk
resembles that of the coconut tree and is ringed with leaf scars. There are approximately 8.59
crores of palm trees all over world which produces around 80 pieces of fruits per tree per year
[164].

Trees are economically useful, and widely cultivated in tropical regions. The Borassus
flabellifer has long been one of the most important trees of India, where it has number of uses.
The leaves are used for thatching, mats, baskets, fans, hats, umbrellas, and as writing material.
The stalks are used to make fences and to make a strong, wiry fiber suitable for cordage and
brushes. The black timber is hard, heavy, and durable and is highly valued for construction, such

as for wharf pilings.
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The tree also yields many types of food. The young plants are cooked as a vegetable or
roasted and pounded to make meal. The fruits are eaten roasted or raw, and the young, jellylike
seeds are also eaten. A sugary sap, called toddy, can be obtained from the young inflorescence,
either male or female ones. The toddy is fermented to make a beverage called arrack, or it is
concentrated to a crude sugar called jaggery/palm sugar. The roots can be dried to form Odiyal, a
hard chewable snack. In addition, the tree sap is taken as a laxative, and medicinal values have
been ascribed to other parts of the plant [164].

The recently germinated seeds form fleshy sprouts below the surface which can be boiled
and eaten as a fibrous, nutritious food. The germinated seed's hard shell is also cut open to take
out the crunchy kernel which tastes like awater chestnut but is sweeter. The ripe fibrous outer
layer of the fruits is edible after boiling or roasting. When the fruit is tender, the kernel inside the
hard shell is an edible jelly that is refreshing and rich in minerals. When the crown of the tree
from which the leaves sprout is cut we get an edible cake [164].

Only the outer hard shell of the kernel has not been used and usually thrown as waste or
used as fuel.We thus felt that we could study the potential of shell of kernel of Borassus
flabellifer as adsorbent and as precursor for the development of a range of adsorbents which may
provide an alternative for the commercially available expensive adsorbents.

Furthemore, chitosan is another natural material which can form chelates with a number
of metals, can be derivatized because of its amino groups and can also be cross-linked to increase

its rigidity.Based on the above deliberations our broad objectives were:

e To prepare low cost adsorbents using palm shell as precursor

 To evaluate the potential of these adsorbents for the removal of Hg*", Cu**, Cd*", Zn*", Cr®"
and U®"

e Application of the materials to synthetic multi-component mixturesand effluents

e To explore the possibility of preparing adsorbents selective for mercury using barbituric acid and
chitosan

e Make an attempt to prepare ion imprinting polymer for uranium
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2.1. Introduction

Activated carbon has undoubtedly been the most popular and widely used adsorbent in
wastewater treatment throughout the world.Activated carbon is well known as an efficient
adsorbent because of its porosity and large surface area. It has thus been widely used in the
sorption of gases and chemical species from aqueous solution. Precursors to activated carbons
are either of botanical origin (e.g. wood, coconut shells and nut shells) or of degraded and
coalified plant matter (e.g. peat, lignite and all ranks of coal). Agricultural by-products are
considered as very important feedstock as they are renewable and low-cost materials [1,
2].Agricultural materials particularly those containing cellulose shows potential sorption capacity
for various pollutants. The basic components of the agricultural waste materials include
hemicellulose, lignin, lipids, proteins, simple sugars, water, hydrocarbons, and starch, containing
variety of functional groups.

Agricultural waste materials being economic and eco-friendly due to their unique
chemical composition, availability in abundance, renewable nature and low cost are viable option
for water and wastewater remediation. Agricultural waste is a rich source for activated carbon
production due to its low ash content and reasonable hardness [3]. Therefore, conversion of
agricultural wastes into low-cost adsorbents is a promising alternative to solve environmental
problems and also to reduce the preparation costs.In the last several decades, various agricultural
wastes have been explored as low-cost adsorbents[4].Cost effective activated carbons can be
prepared from a variety of agricultural wastes. Some of the most commonly used precursors have
been given in Table 1.3 of chapter 1 which include nutshells, fruit stones, rice bran rice husk ,
coconut shell and oil palm shell due to ecological and economic significance [5-8].

Heavy metal adsorption onto activated carbons generallydepends on their physical and
chemical properties.Physical properties of carbons include their specific surfacearea, size, and
porosity, whereas chemical properties aremainly determined by their surface functional
groups,including carboxyls, carboxylic anhydrides, phenols, lactones, lactols, carbonyls,
quinones, and quinone-like structures [9].Activation of carbon surfaces by physicochemical
methods has been studied so that metal removal can be enhanced to meet increasingly stringent
environmentalregulations[10, 11].

During the activation process, partial oxidation takesplace and a pore structure

develops.Generally activated carbons are produced by carbonizing the raw material prior to
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activation. Carbonization is necessary to increase the carbon content and for the development of
porous material. During carbonisation, pyrolytic decomposition of the precursor occurs [12]
together with the concurrent elimination of many of the non-carbon elemental species (H, N, O
and S). Low molecular weightvolatiles are first released, followed by light aromatics and finally,
hydrogen gas [13], the resultant product being a fixed carbonaceous char [14]. The pores formed
during carbonisation are filled with tarrypyrolysis residues and require activation in order to
develop the internal surface of the char[15]. During the activation process, the spaces between
the elementary crystallites are cleared by removal of less organizedloosely bound carbonaceous
material. The resulting channels through the graphitic regions, the spaces between the elementary
crystallites, together with fissures within and parallel to the graphite planes constitute the porous
structure, with a large internal surface area[16]. Two types of activation, thermal/physical or
chemical activation, impart a porous structure within a starting material of relatively low surface
area[17].

Carbonization temperature affects the shapes of pores in the carbon. High temperature
char samples have higher micro-pore volume [18,19]. To prepare mesoporous carbons activation
to high burn off degrees, physical and chemical activation [20-25], catalytic activation in the

presence of transition metals [26, 27] and template carbonization [28-31] have been used.

2.1.1. Activation Approaches.

Carbon surface can be activated to develop desirable physicochemical properties by
adequate choice of activation procedures (Figure 2.1). It is even possible to prepare carbons with
designated proportions of micro-, meso-, and macropores.
2.1.1.1. Chemical Approaches. Chemical activation employs a catalyst, metallic chlorides or
acid impregnation into the raw material to influence the pyrolysis such that tar formation and
volatilization are kept to minimum [32]. The most widely used chemical activants are ZnCl,,
H3PO4, H,SO4, KOH, K,S,oxidizing agents and KCNS [33].The feedstock is impregnated with
the catalyst, often as a near saturated solution, dried and then carbonised and activated in a single
action although two separate temperatures are often used. Post activation treatment is required to
remove residual catalyst which may be reclaimed for subsequent reuse. Chemical activation is

performed at temperatures of between 400-800°C and used industrially for wood-based carbons.
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The pore size distribution of the final product is largely a function of the degree of initial

impregnation [34].

Biomass Feedstock (Carbon Source)

l

Pretreatment Methods (Pyrolysis, Carbonisation)

:
: l | '

Mechanical . . S
Thermal Pretreatment Acid Pretreatment . Organic Oxidative Pretreatment
g;etre_atment 1. Temperature variations Strong acids Alkashne Prj\t;ia?nent Compunds Oxidizing agent .
earing 2. Steam explosions HCL, HNOs, H,SO,, Nagli;ngc a(oell—l 1) EDA, HCHO, é gydm%en pc?éoxlde
3. Liquid hot water Tartaric, Citric and N; o > CH;OH, - reracetic acl
A ‘

Thioglycollic acid Epichlorhydrin

Activation
Chemical Thermal Physical
1. Acid ) High temperature 1. Steam
2. Alkali 2. Carbon di oxide
3. Alkali metal salts 3. Nitrogen

Figure 2.1.Methods of activation

Treatment by acids, bases, or oxidizing agents produces favorable chemical and physical
properties for different applications (e.g. separation and catalysis). Gas phase oxidation mainly
increases the content of hydroxyl and carbonyl surface groups, while liquid phase oxidation
enhances especially that of carboxylic groups[35].

The modification by inorganic acids mainly changes the surface chemistry of the carbons
and sometimes alters their specific surface area and porosity. For example, treatment of carbon
by phosphoric acid can cause a high surface area and high degree of porosity[36-38]. Both
strongly and weakly acidic oxygen functional groups can be introduced by acid
modification[39].

Oxidation of activated carbons by H,Osincreases hydroxide groups in the oxidized
products when the solution pH is not controlled. However, when the solution pH is fixed at 2.5
or 11.5, the hydroxide groups decrease while other oxygen groups (e.g., carbonyl andcarboxyl)
increase[40].

HNOs; treatment increases the quantity of acidic surface functional groups[41]. Various

surface oxygen groups and structures containing N-O bonds (nitro groups and nitrate complexes)
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are developed [42]. Mazet et al. showed a significant increase in the surface area, while Gomez-
Serrano et al. observed a slight variation [43].

Carbons with well-developed meso- and microporous structure have been produced by
ZnCl; incorporation. KOH activation successfully increased active carbon surface area and pore
volume [44]. Ammonium salts, borates, calcium oxide, ferric and ferrous compounds,
manganese dioxide, nickel salts, hydrochloricacid, nitric acid and sulfuric acid have also been
used for activation.Polymers and chelating agents have been selected to modify activated
carbons. The density of positive surface charges on the carbons can be increased after they are
grafted by cationic polymers [45, 46]. The quantity of surface functional groups is also changed
[47].

2.1.1.2. Physical Approaches. Carbons can be treated physically for improvement of
their properties for different applications.It is reported that heat treatment in an inert atmosphere
can selectively remove some functional groups.Partial gasification refers to the direct reaction
between the carbonized char and an activant in its gaseous or vapor state. As in chemical
activation, the principle objective is the removal of tarry amorphous carbon from the interstitial
layers of the structure in order to develop the porosity and make accessible the internal surface
area. Porosity develops with increased burn-off of disorganized carbon [48]. Steam, carbon
dioxide and air are the most common activants, the kinetics and mechanisms of these reactions
being well known for many years [49-52].

Surface carboxylic acid groups of carbons disappear after treatment in H2 at 723 K [39].
De la Puente et al. observed the removal of carboxylic acid groups at the temperature of 400-623
K [53].The elimination of stable ether groups was found at temperatures above 823 K. At higher
temperatures, the concentrations of carboxylic acid groups decrease and, subsequently, ketone
and quinone groups disappear [54]. With a further increase in the temperature, elimination of
both the ether groups and the aliphatic structures occurs [55].

Menendez et al. modified an activated carbon by a microwave device under nitrogen flow
[56]. Most acidic oxygen groups are removed from the carbon surface, resulting in a significant
increase in the carbon pH. The basic differences between physical and chemical activationis the
number of stages required for activation andthe activation temperature. Chemical activation

occurs inone step while physical activation employs two steps, carbonizationand activation.
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Physical activation temperatures (800—1000 °C) are higher than those of chemical activation
(200-800 °C).

According to Steenberg’s classification [57], acidic and basic activated carbons exist:
Depending on the extent of the oxidizing reaction, two forms of activated carbons can be
produced [58, 59].

(a) Carbon activated at 200400 °C, called L carbons, generally develop acidic surface
oxides and lower solution pH values.They adsorb bases, are hydrophilic, and exhibit a negative
zeta potential.

(b) The carbons activated at 800—1000 °C, termed H carbons,develop basic surface oxides
are hydrophobic and raise solution pH. They adsorb acids and exhibit a positive zeta potential.
However, cooling H carbons in contact with air changes the zeta potential to a negative value
due to the formation of acidic surface oxides.

The acidic groups on activated carbons adsorb metalions [60]. The L carbons are stronger
solid acids than the H carbons and more efficiently adsorb metal ions. Garten et al. have
suggested carboxyl, phenolic hydroxyl, carbonyl (quinone type), carboxylic acid, anhydrides,
lactone, and cyclic peroxide as the predominant surface functional groups of L-carbons[61].

Surfacearea may not be a primary factor for adsorption onactivated carbon. High surface
area does not necessarilymean high adsorption capacity [62]due to the followingfactors:

(a) Only the wetted surface adsorbs ions. The total surface areais seldom wetted.

(b) Sometimes the material to be adsorbed is too large to enterthe smallest pores where

the bulk of the surface area mayexist.

(c) Surface area, pore volume and surface chemistry are notusually correlated with

species adsorbed.

The adsorption of metal ions on carbon is more complexthan uptake of organic
compounds because ionic charges affectremoval kinetics from solution. Adsorption capacity
dependson activated carbon properties, adsorbate chemical properties, temperature, pH, ionic
strength, etc. Many activated carbons areavailable commercially but few are selective for heavy
metals. As they are expensive improved and tailor-made materials are sought. Substitutesshould
be easily available, cheap and, above all, be readily regenerated,providing quantitative
recovery.Industrial or agricultural by-products can be converted intoactivated carbons or low

cost adsorbents.
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The raw ligno-cellulosic biosorbents are modified by various chemical methods either to
increase the metal adsorption capacity or to prevent leaching [63-66]. However, typically almost
all carbonizations are conducted at high temperatures (300—-800 °C) [67].

To the best of our knowledge very few reports are available in the literature on the
combined treatment of agrowaste with combined acid (H,SO4) and chemical activation
(persulfate or hydrogen peroxide) at temperatures as low as 140°C [68]. As the effect of this
treatment on palm shell (BorassusFlabellifer), which is available throughout coastal Asia has not
been reported, it was decided to explore the potential of palm shell as raw material to prepare
various adsorbents. Thus, the possibility of preparing adsorbents from palm shell powder (PSP)
using concentrated sulfuric acid for charring and charring in the presence of oxidizing chemicals
like K;,S,0g have been explored. Adsorbent was also prepared by thermal activation to 900°C for

comparison.

2.1.2. Metal Adsorption onto Modified Activated Carbon.

Heavy metal adsorption onto activated carbons is due to a series of adsorption reactions
between the metal ions and the organic functional groups in the carbons. The adsorptive
behaviors maybe significantly altered after the surfaces of carbons are modified [69-72].

Heat-treated activated carbons can significantly improve the adsorption capacity [42].
Anodic oxidation of carbon results in enhancement of both uptake capacity and kinetics for Cr®".
Air oxidation can cause an improvement in copper adsorption [70]. In the copper adsorption
ontoa sulfuric acid-modified carbon, it was observed that the concentration of acidic surface
oxides on the carbon surfaces increased and cation exchange reactions occurred[71]. On the
other hand, the copper adsorption onto a carbon treated in an ammonia atmosphere is due to
theformation of surface complexes with the nitrogen- and oxygen-containing functional
groups[72].

Since modification of adsorbent surface might change the properties of adsorbent, it is
recommended that for any work on chemically modified plant wastes, characterization studies
involving surface area, pore size, porosity, pHzpc, etc. are  also carried out. Spectroscopic
analyses involving Fourier transform infrared (FTIR), Nuclear Magnetic Resonance
Spectroscopy(NMR), X-ray photoelectron spectroscopy (XPS) were also done to have a better

understanding on the mechanism of metal adsorption on modified plant wastes.
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Outer shell of palm fruit (Borassus Flabellifer) is a cheap and abundant agricultural by-
product in tropical countries. Hence objective of this work was:

1) To study the feasibility of the use of palm shell powder as a precursor for the preparation of
different adsorbents by charring using H,SO4 (APSP) at 140°C, steam treatment of APSP
(SAPSP), persulfate treatment of APSP (PAPSP), activation to higher temperatures of APSP
(3AAC, 6AAC, 7TAAC and 9AAC) and formaldehyde treatment of PSP, APSP, SAPSP and
PAPSP (MPSP, MAPSP, MSAPSP and MPAPSP)

i1) To characterize all the prepared materials as well as palm shell powder for their
physicochemical characteristics and compare the surface area, porosity and surface chemistry

of the prepared materials.

2.1.3. Preparation of Borassus Flabellifer (PSP) based adsorbents

The shells of palm fruit (Borassus Flabellifer) were collected from coastal Andhra
Pradesh, India, and were cut into small pieces. The pieces were extensively washed with running
tap water for 30 to 40 minutes to remove dirt and other particulate matter followed by double
distilled water. The pieces were dried in an oven at 70°C, ground in a laboratory blender and
sorted using standard test sieves. The sample used was of particle size passing 40 micron sieve
and is henceforth termed as palm shell powder (PSP).

The PSP was modified by using different techniques (Scheme 2.2). PSP was treated with
conc. H,SOy4 in a ratio of 1:1.5 weight/volume with continuous stirring. The charred substance
was then heated in an air oven at 140°C for 24h. The sample was then extensively washed with a
solution of 2% NaHCOs; until the effervescence ceased, and further kept soaked in 2% NaHCOs
overnight. After washing with distilled water 2-3 times, the sample was then kept in an air oven

for 4 hrs at 105°C. The prepared acid treated palm shell powder is termed as APSP.
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Shells Processed

7 for dry feedstock T R i
Al 5 ; (PSP) Palm Shell powder
Palm Tree Palm Fruit
Acid Pyrolysis Surface Modification
Charred with 1:1.5 w/v of PSP:H,SO,, Pyrolysed 0.2% HCHO for 24 h to poylmersie
@140°C for 24 h, Neutralised with 2% NaHCO3, colour and water soluble components,
Dried @ 105°C for 4 h Dried @ 60°C overnight
APSP MPSP

Steam Activation |Persulphate Activation Surface Modification| Thermal Pyrolysis
Autoclaved @ 14 psi |0.1% K,S,054 @ 140°C  0.2% HCHO for 24 h, At different Temp. @

for 30 min for4 h Dried @ 60°C overnight 5%C/min for 1 h
MAPSP 300°C
SAPSP PAPSP 3AAC
: p 600°C
Surface Modification
0.2% HCHO for 24 h, 6AAC
Dried @ 60°C overnight 700°C
7TAAC
900°C
MSAPSP MPAPSP 9AAC

Scheme 2. Different methods of modification of palm shell powder

APSP was modified by different methods- i) APSP was treated with steam in an electric
autoclave for 30 minutes at 14psi pressure and the product obtained was termed as SAPSP. ii)
PAPSP was obtained by treating APSP with conc. HySOy4 in the ratio of 1: 1.5 wt/volume in
presence of 0.1% K,S,05 and was kept in an air oven for 4 hrs at 140°C. Subsequently it was
washed extensively with 2% NaHCO; until effervescence ceased and left overnight, soaked in
2% NaHCO:s. Finally it was washed 2-3 times with distilled water and then again dried in an air
oven at 105°C for 4hrs.

Modification of PSP, APSP, SAPSP and PAPSP with formaldehyde was done in order to
polymerize and immobilize the color and water soluble substances. One gram each of PSP,
APSP, SAPSP and PAPSP were soaked in 100 mL of 0.2% formaldehyde solution for 24 h. The
resulting MPSP, MAPSP, MSAPSP and MPAPSP were then filtered, washed with 300 mL of
distilled water several times, and dried overnight in an oven at 60°C.

To see the effect of temperature on surface area of APSP, thermal activation was done at

four different temperatures 300°C (3AAC), 600°C (6AAC), 700°C (7AAC), 900°C (9AAC). The
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heating was carried out with a programmable muffle furnace at a rate of 5°C/min until the
desired temperatures were reached and then kept at that temperature for one hour. The samples
3AAC, 6AAC, 7TAAC and 9AAC were then washed with 2% NaHCO; until effervescence
ceased, and were left soaked in 2% NaHCOj; overnight. Finally they were washed 2-3 times with

distilled water and then again dried in an air oven at 105°C for 4hrs.

2.2.Characterization techniques and methods of analysis

The surface chemistry of adsorbents has been indicated to have a significant effect on the
uptake of various adsorbate molecules. The changes in the surface chemistry of the adsorbents
under study were followed by potentiometric titrations and data analysis, Solid state °C NMR,
X-ray photoelectron spectroscopy, X-ray powder diffraction (XRD), Braunett-Emett-Teller
(BET), Scanning Electron Microscopy (SEM), Thermo-gravimetric analysis (TGA) and Fourier
transform infrared spectroscopy. The specific surface area of the adsorbent, pore volume and
pore size can be measured by the BET method (N, adsorption—desorption). The surface images
of samples were obtained using SEM. DTA-TGA was employed to analyze the population of
surface functional groups on the basis of thermal stability. Fourier transform infrared (FTIR)
analysis was applied to determine the surface functional groups. XPS helps in interpreting the

surface features of the adsorbents.

2.2.1.Methods of Analysis

Physical properties (bulk density, moisture content, solubility in water and acid) and
chemical properties (pH, ion exchange capacity) of the prepared adsorbents were investigated.
Bulk density measurements were done using a previously weighed 100mL graduated cylinder
and filling it up to 50 mL mark with the adsorbent under study. The cylinder with the carbon was
weighed accurately. The apparent density was calculated by dividing the difference in weight by
50. Moisture content was found out by heating a known weight of the sample in an air oven
maintained at 105+5°C for about 4 hr. Heating, cooling and weighing were repeated at 30 min
time interval till the difference between two consecutive weighings was less than 5 mg.
Solubility in water and acid was determined by taking ten gram of adsorbent under study into a
one litre beaker and boiling with 300 mL distilled water and 0.25 N HCI respectively followed

by digestion for around 30 min. The material was washed thoroughly with distilled water and
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washings were collected along with the filtrate. The filtrate was concentrated on a water bath,
cooled and made up to 100 mL in a volumetric flask. Exactly 50 mL of the concentrate was
transferred to a china dish, evaporated to almost dryness on a water bath and finally dried in an
electric oven maintained at105+5°C, cooled and weighed. The weight of the residue represents
the matter soluble in water and acid. The pH was measured by heating a suspension of ten gram
adsorbent in 300 mL distilled water to boiling with constant stirring. The solution was then
digested for around 30 minutes. The material was filtered, cooled and pH of the solution was
measured. For measuring the ion exchange capacity, 0.5 g of adsorbent under study was added
to 100 mL solution of 0.25M sodium sulphate in a stoppered conical flask and kept for shaking
in a temperature controlled shaking bath for 5 hours. The contents were filtered and the filtrate
was titrated against 0.1N NaOH using phenolphthalein indicator. The ion exchange capacity of

the adsorbent in meq/g was calculated from the following equation.

v

W
lon exchange capacity (meq} 2
Where, a = Normality of NaOH
V = Volume of NaOH
W = Weight of the adsorbent in g

lodine Value was calculated by means of adsorption of iodine from aqueous solution
which can be used to compare adsorbent surface areas and is a relative indicator of porosity [73].
A sample of 0.2 g of adsorbent under study was equilibrated with iodine/iodide solution and the
iodine residual concentration was determined by titrating with sodium thiosulphate solution.

Iodine Value = (Blank-Burette reading for sample) x Conversion factor; mg/g.

Mol Wit of Todine (127) x40
Wt. of Carbon x Blank Reading

Conversion factor =

Blank Reading: Burette reading for iodine concentration without adding the carbon sample.
Burette reading for sample: Burette reading for iodine remaining unadsorbed in solution after
adding the carbon sample.

The iodine number is a relative indicator of porosity in a carbonaceous material and may
be used as an approximation of surface area for some types of carbons [73]. Correlation between
the Braunett-Emett-Teller surface area and the iodine number is established and well

documented [8,74, 75]. As iodine number gives an indication on micro-porosity (pores less than
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I nm in diameter), higher iodine numbers reflect better development of the micro-porous
structure and higher adsorption abilities for low-molar-mass solutes [74, 76, 77].All the
experiments were carried out in triplicate and the average results are provided.

Potentiometric experiments were carried out usingan adsorbent mass of 0.1 g suspended
in 50 mL of 0.01 M KNOs solution, and the suspension was left for 24 h in contact with the
electrolyte. The suspensions were acidified to pH 3.0 using 0.1 M HNOj; and then titrated to pH
11 using 0.1 M NaOH. All experiments were conducted in triplicate in a glass vessel with a lid as
part of a Spectralab AT-38C automatic potentiometric titrator. The temperature was recorded
with a temperature sensor; the error of the temperature probe was 0.1 °C. The pH electrode was
three-point calibrated with buffers (pH 4, 7, and 10) before each experiment, and the slope did
not deviate more than 1 % from the Nernst value. The titrator unit was programmed with a step
volume dose mode for the titration, which adds 0.001 mL of titration solution according to the

pH changes.

Data Analysis.The titration data were analyzed using the linear programming method
(LPM) approach or so called pK, spectrum method as proposed by Brassard [78]. Proton
dissociation from the surface ligands can be described by the following equation:

HL “H* + L~
Where L~ is the proton binding site on the surface and H' is the protons in solution. The
concentration of protonated and deprotonated surface sites can be quantified with the
corresponding mass action equation.
H*][L~
K, = [ [H]L[O] |
Where K, is the acidity constant.
The titration data are expressed in the form of charge excess versus —log[H']. Where charge
excess (b = C, — C, + [H*] — K,,/[H*]) for the known concentration of acid (C,) and base

(C,) was calculated for the j"™ addition of acid and base, the charge balance expression can be

written as

n

Z [L7]+ S = Z <—KalLJTriIE;1i+]j> +S

i=1 i=1
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S is a constant term analogous to the acid neutralizing capacity (ANC) as in Brassard.
This equation could be solved by setting the number of sites (n) and varyingL;and K;. This is
essentially what FITEQL does, where n is increased until the fit is good enough. To avoid
selecting n and to prevent convergence problems caused by the correlation of Ly; and K;, it is
preferable to fix the pK, values as a grid from a minimum to a maximum value at fixed step
sizes. The ligand concentration associated with each pK, is assigned a positive value where zero
is a possible result; the result is the so called pK, spectrum. For the data here the minimum and
maximum pK, values corresponds to the measured minimum and maximum pH, respectively,
and the step size is fixed at 0.2. The pH range was selected because Smith
(http://info.wlu.ca/wwwchem/faculty/Smith/Research/research.shtml) demonstrates the errors for
acid base titrations outside this range are very large. The pK, spectrum approach is used here to
determine the best fit of K,;/Ly; pairs, with pK, values fixed as a grid from 4 to 10 at fixed step
sizes (0.2). Once the pK, values are selected, the matrix version of eq 3 is set up as Ax = b. The

entry ayin the m xn matrix 4 for n proposed sites and m additions of titrant is
vy
ai t [HT])
The matrices used to solve the linear programming problem were set up as in Brassard and
solved using Matlab linear programming routine.
The thermal behavior of the adsorbents was evaluated by using thermo-gravimetric
analyzer (TG-DTA 32, SEIKO Thermal Analysis System SS 5100), under air at a heating rate of

10°C min™.

The porous structure of the adsorbents was determined by nitrogen adsorption at 77.37K
(Surface Area Analyser Micromeritics, ASAP 2020 V3.03H). Nitrogen adsorption isothermwas

measured over a relative pressure (P/P0) range from approximately 0.03 to 1.The specific surface

39



areas were determined from the isotherms using the Brunauer—Emmett-Teller equation. BET
isotherm is an extension of the Langmuir theory, which explains monolayer molecular
adsorption capacity, to multilayer adsorption with the following hypotheses: (a) gas molecules
physically adsorb on a solid in layers infinitely; (b) there is no interaction between each
adsorption layer; and (c) the Langmuir theory can be applied to each layer. The resulting BET

equation is expressed by:

1 c—1/P 1
T e ) e

P and Py are the equilibrium and the saturation pressure of adsorbates at the temperature
of adsorption, v is the adsorbed gas quantity (for example, in volume units), and v, is the
monolayer adsorbed gas quantity. ¢ is the BET constant, which is expressed by:

E,—E L)
RT

E, is the heat of adsorption for the first layer, and £} is that for the second and higher

c=exp<

layers and is equal to the heat of liquefaction.

Nitrogen adsorption results can be plotted using 1/v[(Py/P) — 1]on the y-axis
and relative pressure P/P, on the x-axis. This plot is called a BET plot. The linear relationship of
this equation is maintained only in the range of 0.05 < P/Py < 0.35. The value of the slope 4 and
the y-intercept / of the line are used to calculate the monolayer adsorbed gas quantity v,, and the

BET constant c. The following equations can be used:

1
mEAr
A
c=1+7

BET method is widely wused insurface science for the calculation of surface
areas of solids by physical adsorption of gas molecules. A total surface area S, and a specific

surface area S are evaluated by the following equations:

_ (0 Ny)
SBET,total - %
S _ Stotal
BET a
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N: Avogadro's number, v,: molar volume of the adsorbate gas in terms of volume, s:
adsorption cross section of the adsorbing species, V: molar volume of adsorbate gas, a: mass of
adsorbent (g) [79].

The cross-sectional area of a nitrogen molecule was assumed to be 0.162 nm”.The -plot
and DR plot methods were applied to calculate the pore volume and the BJH method was used
for pore size distribution determination [7, 80].

Multi-layer formation is modeled mathematically to calculate a layer “thickness, t” as a
function of increasing relative pressure (P/P,). The resulting t-curve is compared with the
experimental isotherm in the form of a t-plot. That is, experimental quantity adsorbed is plotted
versus statistical thickness for each experimental P/P, value. The linear range lies between
monolayer and capillary condensation. The slope of the t-plot (V/t) is equal to the “external
area”, i.e. the area of those pores that are not micropores. Mesopores, macropores and the outside
surface are able to form a multilayer, whereas micropores, which have already been filled,
cannot contribute further to the adsorption process. Harkins and Jura equation was employed to

interpret the t-plot micropore area and external surface area.
0.5

13.99

(0.034 — log (%))

BJH method was used for describing pore volume and pore size using Halsey equation

t =

with Faas correction. Condensation occurs in pores that already have some multilayers on the
walls. Severely underestimates size of small to medium mesopores and acceptable for broad size

distributions of medium to large mesopores.

Dubinin-Radushkevich (DR) analysis has been devoted to elucidating the micropore
structures of various solids regardless of insufficient understanding of the basis of the DR
equation. In particular, activated carbon whose micropore structure cannot be determined by

other characterization techniques has been analyzed by the DR equation.

W = Woe[_(%)n]
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n=2, E=BE, A=RTIn(Py/P)

W and W, are the amount of adsorption at the relative pressure P/PO and the micropore
volume, respectively. A is the adsorption potential. f and Ej, are the affinity coefficient and
characteristic adsorption energy, respectively. Plot of In/¥ versus 4> relationship which linearizes
the isotherm based on micropore filling principle. Best fit is extrapolated to A® to find the
micropore volume. Useful to find micropore volume when chosen analysis conditions do not
aloe complete filling.

The surface morphology and topographic analysis of the adsorbent samples was
examined by Scanning Electron Microscope (JEOL, Model JSM-5610LV). Samples were
mounted onto metal holders using a conducting substrate.

Powder-XRD of the ingredients was taken by holding the samples in place on quartz
plate for exposure to CuKa radiation of wavelength 1.5406 A. The sample was analyzed at room
temperature over a range of 10-70° 26 with sampling intervals of 0.02° 20 and scanning rate of 6°
/min.

FT-IR-The functional groups in the materials under study were characterized by infrared
spectroscopy (Fourier Transform Infra Red spectra were collected by a Perkin Elmer RX1 model
within the wave number range of 400-4000cm™. Specimens of samples were first mixed with
KBr and then ground in an agate mortar at an appropriate ratio of 1/100 for the preparation of the
pellets. Resulting mixture was pressed at 10 tons for 5 min. sixteen scans and 8cm™ resolution
were applied in recording spectra. The background obtained from the scan of pure KBr was
automatically subtracted from the sample spectra.

XPS is a surface technique which will provide an estimate of the chemical composition of
the few uppermost layers of the material. The materials under study were analyzed by XPS to
determine thechemical states of the surface functional groups. The surface of the samples was
analyzed using a KRATOS AXIS 165 X-ray Photoelectron spectrometer equipped with dual
aluminum-magnesium anodes using Mg Ka radiation. The X-ray power supply was run at 15 kV
and 5 mA. The pressure of the analysis chamber during the scan was 10° Torr. Peak fitting and
presentation output are produced by an integrated VISION control and information system. The
deconvolution process of C 1s spectra as well as the elemental composition evaluation may result
in an error of up to 5%. All spectra are presented charge balanced and energy referenced to C 1s

at 284.6 eV[81]. Chemical states of O, N and C species were determined from the charge
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corrected hi-resolution scans. The atomic concentrations wereestimated based on comparisons of
integrated peak intensities normalized by the atomic sensitivity factors.

Solid state *C NMR describes the detailed components present in the adsorbents.The
study of the structure and properties of carbon materials by nuclear magnetic resonance (NMR)
has been a subject of increasing interest in recent years. '*C nuclei belonging to aromatic carbons
resonate at a frequency range readily separated from the aliphatic ones, providing important
information about the structure of these materials. Applications in the study of coals, cokes,
charcoals, chars, polymeric carbons, amorphous carbons and new carbon forms have been
reported [82-90].The *C-NMR experiments were performed with a BrukerAvance (300 MHz)
spectrometer. The  chemical shifts 6, expressed in parts per million [ppm], were referenced

relative to the signal of tetramethylsilane (TMS) at 6c = 0 ppm.
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2.3. Result and Discussion
2.3.1. Physical characterization of adsorbents.

The series of adsorbents namely APSP, SAPSP, PAPSP, MAPSP, MSAPSP, MPAPSP,
3AAC, 6AAC, TAAC and 9AAC prepared from PSP by different routes and different activating
agents were characterized for various characteristics like bulk density, solubility in water,
solubility in acid, ash content, moisture content and ion exchange capacity and are tabulated in
Table 2.1.

Table 2.1. Physical characterization of sorbents

Sample Bulk Moisture pH Solubility in | Solubility in | Ion exchange | Ash
density Content H,O acid capacity content
gm/cm’ % % % meq/gm %

PS 0.351 8.37 6.00 3.44 4.04 0.004 0.897

APSP 0.550 2.60 8.05 12.33 15.61 0.125 6.653

SAPSP 0.576 14.58 7.75 53.40 51.20 0.110 6.893

PAPSP 0.626 16.34 8.00 25.30 27.70 0.071 6.783

MPSP 0.362 9.34 7.10 2.50 3.91 0.500 1.098

MAPSP 0.553 15.32 6.80 10.00 13.06 0.250 5.470

MSAPSP | 0.578 19.14 6.41 36.50 38.10 0.124 5.230

MPAPSP | 0.551 17.62 6.32 6.00 8.10 0.125 6.980

3AAC 0.648 11.56 7.60 3.50 4.20 0.014 1.409

6AAC 0.549 9.32 6.99 3.50 4.71 0.250 4.678

TAAC 0.448 9.08 6.95 0.01 0.04 0.167 9.532

9AAC 0.539 15.90 6.90 0.50 0.92 0.167 10.989

It can be observed from the table that bulk density of activated carbons in each case is
higher than PSP. Moisture content was in the range of 2.6—19.1%. The moisture content detected
was due to the contact of moisture from atmosphere after activation. Solubility in water and acid
is negligible for PSP, MPSP, 3AAC, 6AAC, 7TAAC and 9AAC. All the adsorbents prepared have
pH in the range (6.0-8.0) which is appropriate for water treatment purpose. APSP, SAPSP,
PAPSP, 3AAC have a pH of ~7.5-8.0 while the others have a neutral to near neutral pH of 6.0-
7.1. pH values of the adsorbents under study are lower than reported pH values of commercial
activated carbons. Ion exchange capacity is significantly increased and was found to be the

highest for MPSP (0.5) followed by MAPSP and 6AAC (0.25), TAAC and 9AAC (0.167),
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APSP (0.125) and SAPSP (0.110). The other modified forms had comparatively low ion
exchange capacity.

Adsorbents that can remove a high percentage of iodine normally have a high surface
area and also largely a micro- and mesoporous structure [91]. It can be seen from the Figure 2.2
that on modification with formaldehyde the iodine value was higher (312.41 mg/g) as compared
to PSP (146.82 mg/g) but was slightly lower to that of APSP (342.47 mg/g). Temperature
variation from 300°C to 900°C during thermal activation of APSP resulted in an increase in

iodine value from 436.82 to 990.44 mg/g which is comparable with reported values.

9AAC
7AAC
6AAC
3AAC
MPAC
MSAPSP
MAPSP

MPSP

Adsorbents

PAPSP

SAPSP

APSP

PSP

T —T7 —T —T T
0 200 400 600 800 1000

lodine Number

Figure 2.2.Iodine Number of the adsorbents under study

2.3.2.Thermal characterization of adsorbents.
Thermal analysis curves (DTG, DTA and TGA) are shown (Figure 2.3). The weight loss
during thermo-gravimetric decomposition of the adsorbents can be divided into different stages

and tabulated in Table 2.2.
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Figure 2.3.Thermal Analysis of Activated Carbons
Table 2.2. Thermal analysis
Sample Weight loss (%)
™ Temperature | 2™ Temperature | 3™ Temperature | 4™ Temperature
stage range (°C) Stage | range (°C) Stage | range (°C) Stage | range (°C)
PSP 5.610 26.1-99.9 89.21 | 207.3-493.7 | - - 1.91 493.7-858.3
APSP 10.480 | 30.5-99.9 36.00 | 99.9-478.0 8.20 478.0-746.4 | 31.6 746.4 - 829.2
SAPSP 13.900 | 28.3-124.5 - - 38.59 | 124.5-7509 | 33.54 | 750.9 —858.3
PAPSP 14.570 | 30.5-129.0 61.71 | 129.0-578.7 | 1.92 578.7—748.7 | 9.60 748.7 — 860.5
MPSP 6.059 30.5-205.1 90.50 | 205.1-4959 | - - 2.10 495.9 — 858.3
MAPSP 16.596 | 30.6 -135.7 54.60 | 135.7-5854 | - - 19.90 | 585.4—-860.6
MSAPSP 11.040 | 26.1-102.2 - - 40.08 | 102.2-717.4 | 33.29 | 717.4-858.3
MPAPSP | 15.199 | 30.5-144.6 62.50 | 144.6-558.5 | - - 10.10 | 708.4 —858.3
3AAC 12.745 | 28.3-135.7 83.60 | 135.7-486.9 | - - 1.30 486.9 — 858.3
6AAC 7.147 30.6 - 102.1 2.10 102.1- 305.7 86.10 | 305.7-560.8 | - -
TAAC 4.560 30.5-95.4 3350 | 95.4-372.8 80.00 | 372.8-5473 | - -
9AAC 4.326 32.8-843 4.25 84.3 -406.4 80.40 | 406.4-623.4 | - -
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The TGA curves of the adsorbents showed a first stage weight loss of about 4-16% in the region
below 145°C corresponding to the loss of water molecules. The second stage

(145°C< T<600°C), which corresponds to the primary carbonization, is seen as a large weight
loss for the adsorbents, suggesting the elimination of volatile matters and tars. Above 600°C,
SAPSP, PAPSP, MAPSP, MPAPSP and 3AAC showed very little weight loss indicating their
decomposition to a structure with higher stability while APSP and MAPSP showed a higher
weight loss, indicating that more surface functional groups are created on APSP and MAPSP
[92]. The TGA curves indicate that thermal stability is greater for 9AAC. Gergova [93] and
Krisztina [94] have also reported three stages in the carbonization process and the formation of

basic structure at 800-900°C in ligno-cellulosic materials.

2.3.3.BET surface area measurements/ N, adsorption isotherms.

Adsorption isotherms of nitrogen for the adsorbents are shown in Figure 2.4. N, uptake
was found to be very less in PSP, APSP, SAPSP, PAPSP, MPSP, MAPSP, MSAPSP, MPAPSP
and 3AAC. The shapes of the isotherms are different as a result of different porosities. The
porosities seem to be same for MPSP, MAAC, MSAPSP and 3AAC and similar for APSP, PSP
and PAPSP. Predominant adsorption finishes at a very low relative pressure and the amount of
nitrogen adsorbed decreased for 3AAC, MAPSP, MPSP, PSP indicating that pore cavities are
micro-porous/ blocked. The nitrogen adsorption isotherms of 9AAC, 7TAAC and 6AAC show
increase in amount of nitrogen adsorbed with relative pressure which reflect a certain amount of
meso-pore volume. It is observed that the carbons 6AAC and 7AAC exhibit type II isotherms,
indicating an indefinite multi-layer formation after completion of the monolayer and is found in
adsorbents with a wide distribution of pore sizes. Near to the first point of inflexion a monolayer
is completed, following which adsorption occurs in successive layers, while 9AAC exhibits type
IV adsorption curve with a hysteresis loop (in the relative pressure range of 0.8-1), which is

associated with capillary condensation in meso-pores.
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Figure 2.4. Adsorption isotherms of nitrogen for the adsorbents

The hysteresis loops are different in 6AAC, 7AAC suggesting the presence of pores with
different shapes. The nitrogen adsorption isotherm of 9AAC shows a tremendous increase in N,
uptake compared to 6AAC and 7AAC.The adsorption was found to be higher at low relative
pressure for 6AAC, 7TAAC and 9AAC suggesting the presence of relatively larger number of
micro-pores. Type III isotherm is obtained for 3AAC which occurs when affinity between
adsorbent and adsorbate is less than adsorbate-adsorbate interactions. BET isotherm is not
applicable for calculation of surface area in such adsorbents.

PSP, APSP, SAPSP, PAPSP, MPSP, MAPSP, MSAPSP, MPAPSP show type I isotherm
according to BET classification indicating monolayer adsorption and are typical of micro-porous

samples and hence not amenable to BET analysis [95].
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Table 2.3. Surface Area Analysis

Adsorbent Single  point | BET SA Langmuir SA | BJH BJH Pore | BET Av. Pore
SA Pore SA Volume dia.
Unit m’/g m’/g m’/g m’/g cm’/g A
PSP 0.562 0.673 0.965 - 0.004 237.984
APSP 0.217 0.297 0.408 - 0.003 422.652
SAPSP 2.134 2.419 3.894 - 0.005 81.244
PAPSP 0.056 0.090 0.115 - 0.022 9829.990
MPSP 0.424 0.504 0.714 - 0.004 301.040
MAPSP 0.260 0.314 0.442 - 0.0016 201.730
MSAPSP 2.810 3.405 6.344 - 0.0055 64.240
MPAPSP 0.121 0.176 0.225 - 0.001 243.823
3AAC 0.254 0.113 0.132 - 0.001 -
6AAC 470.793 469.586 596.925 50.481 0.218 18.569
TAAC 477.179 476.194 606.997 79.780 0.230 19.349
9AAC 846.334 834.874 1083.357 162.848 0.447 21.436

BET surface area measured for different activated carbons is presented in Table 2.3. The
carbons APSP, SAPSP, PAPSP, MAPSP, MSAPSP and MPAPSP do not show high BET surface
area but adsorption property as seen by iodine value is higher. They may contain a number of
narrow micropores inaccessible (within reasonable time) to N, at 77 K [96]. The iodine number
is considered as a simple method to evaluate the surface area of activated carbons associated
with pores with d>1nm. The carbons prepared at higher carbonization temperatures (6AAC,
7AAC and 9AAC) have significantly increased pore volume (~0.218, 0.23 and 0.447 cm’/g) and
BET surface area (~469.586, 476.194 and 834.874 m”/g); with supportive evidence from iodine
values. BET surface area is higher than BJH surface area, which agrees well with observations
made by Gregg and Sough[97]. Complete decomposition of PSP could not be achieved even at
700°C. Thus the low surface area of 3AAC, 6AAC and 7AAC are due to the presence of non
decomposed or partially decomposed products in the pores of the carbon. On heating to 900°C
the decomposition of these products was also complete and pores were liberated and surface area
increased to 846m”/g. BET surface area is highest for 9AAC forming mainly micro-pores. A

comparison has been made for the surface area of different activated carbons and presented in
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Table2.4. It is evident that the surface area of 9AAC is comparable to that of other activated

carbons prepared from agro-wastes reported in literature.

Table 2.4.Comparison of surface area of adsorbents

Raw material Carbonisation Activation Chemical Treatment BET Surface | Ref.
conditions conditions aream’/g
’C/hr °C/hr

Grape seeds 800/1 hr | 800/1 hr Steam activation, one step | 497 [18]
(15°C/min) pyrolysis/ activation

Nut shells 800/1 hr | 800/1 hr Steam activation, one step | 743 [18]
(15°C/min) pyrolysis/ activation

Pistachio-nut 500/ 2hr | 900/ 30min | Physical activation, CO, 778 [30]

shells (10°C/min) (10°C/min)

Macadamia nut | 1 hr 500°C Chemical activation with both | 1718 [31]

shells ZnCl, and KOH

Peanut hulls 500/2 hr 700-900°C Physical activation, two step 80.8-97.1 [29]

420

Almond shells | 800/1 hr | 800/1 hr Steam activation, One step | 998 [18]
(15°C/min) pyrolysis/ activation

Oat hulls 500°C/  (1.5sec | 800/ 30 min Steam activation 625 [7]
residence)

Cotton stalk 400-700°C  with | - - 3.14 [5]
7°C/min 37.28

Oak 700-800°C - Residence time 1-2 hr 985 [28]

Corn hulls 700-800°C - Residence time 1-2 hr 1010 [28]

Corn Stover 700-800°C - Residence time 1-2 hr 660 [28]

Olive seed 800/ 1hr 800-900°C Residence time 1-2  hr, | 1550 [105]

Chemical activation, KOH

Rice straw 700-1000/  1hr | 900°C Chemical activation, KOH, | 2410 [106]
(10°C/min) Two step method

Rice husk - 600°C/ 3hr Chemical activation, one step, | 480 [107]

ZnCly/ CO,

Pecan shell - - Chemical activation, (H;PO,), | 724 [108]

Cassava peel 650/ 3hr 750°C Chemical activation, KOH 1183 [109]

9AAC 105°C/ 1hr 900°C Carbonization using H,SO4 834 This

study
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2.3.4. Pore structure and pore size distribution.

The extent of the microporosity and the development of the pore structure under different
conditions used were evaluated by identifying the micro- and mesopore volumes and pore size
distributions presented in Figure2.5.

Micropore volumes were analyzed by DR and t-plots as shown in Table 2.5. The ¢-
plot [29] estimates the pore volume by assuming that layers build up on the wall of the pores
until the pore is completely filled. The DR method [98] describes the adsorption according to the
mechanism of volume filling.It can be seen from Table2.5 that the z-plot slightly underestimates
the micropore volume showing values lower than those from DR. This feature is probably due to
the high values of the surface area. Remy and Poncelet [99]suggested that the DR equation
overestimated Wy pr, with respect to Wy, when a solid presents an high surface area. The micro-
pore volumes determined from the DR plot (Figure2.6) increase with increase in temperature of

APSP.
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Figure 2.5. Pore size distribution graph
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Figure 2.6. DR Plot for the adsorbents

For 6AAC, 7TAAC and 9AAC, DR plots exhibited a brief linear range and then deviated
upward indicating formation of multilayer and capillary condensation in the mesopores.
Furthermore the mesopores (2-50 nm) increased with increase in temperature of activation i.e.
increasing the extent of burn off (6AAC, 7AAC and 9AAC) as a consequence of enhanced pore
formation and pore widening effect. Micro-pore volumes for 6AAC, 7AAC and 9AAC are in the
range of 0.18-0.30 which is comparable to those reported in literature [7]. Thus increase of
carbonization temperature resulted in creation of micropore structure and widening of micro-
pores to mesopores and an increase in the total pore volume of carbons as seen in Table 2.5.

Similar observations were made by D. Adinata et al. and Ismadji and Bhatia [100-102].
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Table 2.5. Constants from DR Plot for the adsorbents

Adsorbent E Eo W Micropore volume | Mesopore volume
(t-plot)

Unit KJmol KJmol cm’/g cm’/g cm’/g
PSP 4227 12.432 0.00052 - -
APSP 6.456 18.988 0.00034 - -
SAPSP 1.456 4.2823 0.00195 - -
PAPSP 6.153 18.097 0.00019 - -
MPSP 4.567 13.432 0.00042 - -
MAPSP 4.654 13.689 0.00028 - -
MSAPSP 5.489 16.144 0.00032 - -
MPAPSP 2.872 8.198 0.00146 - -
3AAC 0.906 2.665 0.0000005 - -
6AAC 11.070 32.559 0.21387 0.179 0.034
TAAC 9.027 26.55 0.22088 0.168 0.062
9AAC 7.925 23.309 0.39874 0.295 0.152

gas volumes were multiplied by 0.001547 to get liquid volumes

The pores of the carbons 6AAC, 7TAAC and 9AAC are mostly located in the range of
micropores with a peak at 1.2 nm. It is seen from Tables2.3 and 2.5 that BET surface area as well
as micropore volume were highest for 9AAC suggesting that micropores make the largest
contribution to the surface area. At high carbonization temperatures more ordered structure is
likely to be developed in the carbon that leads to a lower rate of gasification in the interior of the
particles [103]. Thus activated carbon high in microporosity is produced. PSP, APSP, SAPSP,
PAPSP showed small BET surface area and small pore volume suggesting the entry of the gas
molecules was partially restricted.

The value of E, provides a first indication for the presence or absence of microporosity in
carbons. Typical micropores correspond to E,>18-20 kJ mol' (APSP, PAPSP, 6AAC, 7AAC
and 9AAC), whereas values below 14—15 kJ mol ' reflect either variable degrees of surface
heterogeneity, or the presence of super micropores (1.5-2.5 nm)(PSP, SAPSP, formaldehyde
treated adsorbents, 3AAC)[104].
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2.3.5. Scanning electron micrographs.

The micrographs in Figure 2.7 show the surface morphologies of PSP and the prepared
adsorbents. The activated and modified adsorbents are having large particle size which is
developed like a coral shell. A channel of tubes passing through can be observed. Cross section
of some particles has been taken showing distorted pores. Porosity can be seen but not
homogeneous, and some pores are broken also which may not support adsorption, in SAPSP and
MSAPSP. The pores are superficial and bulk of the sample does not seem to have any porosity,
resulting in less surface area. In 6AAC, 7TAAC and 9AAC defined surface porosity is seen to
develop with temperature. Bulk porosity distributed in an even manner can be observed in some
of the cross sections suggesting possible higher adsorption capacity as supported by iodine

number and BET surface area parameters.
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Figure 2.7. Scanning Electron Micrographs

2.3.6. X-ray Diffraction studies of carbons.

The X-ray diffraction patterns of PSP and the other adsorbents under study are presented
in Figure 2.8 with the major peaks and their respective 20 values tabulated in Table 2.6.XRD
shows no characteristic peaks after activation at higher temperature. (6AAC, &7AAC and 9

AAC) suggesting turbostratic structure of disordered carbon materials. There is a broad peak at
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20 value of 25° for all the materials under study. Sharp non-labelled peaks in PSP, APSP,
SAPSP, PAPSP, and MPSP show miscellaneous inorganic components.Peak spacings of PSP
and APSP at 0.430 and 0.281nm are assigned to nkl 200 and 004 crystallographic planes of
completely ordered regions of cellulose respectively, if a monoclinic unit cell is assumed with C
as the fiber axis [110]. It is observed that in MSAPSP, MPAPSP the strong peaks are
progressively losing intensity and becoming broader indicating a gradual decrease in cellulose
crystallinity. A complete loss of crystal structure in cellulose is indicated by disappearance of
0.160 nm signals and shift of ~0.420 nm signal to higher angles in 3AAC, 6AAC, 7TAAC and

9AAC. Similar observations were reported by Marko Kleber during activation at different

temperatures[111].
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Figure 2.8. X-Ray Diffraction analysis

Peak spacings at ~0.60, ~0.53nm in MPSP and PSP can be assigned tol101, 110
crystallographic planes of cellulose. Increased intensity of the 101 and 100 planes at 0.220nm in
MPSP indicates lateral growth of graphene planes. Broadening of XRD signal with increasing
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temperature at ~0.37nm (23°) in 7AAC suggests the dominance of small aromatic units arranged
in random order which may be attributed to the (002) reflection of a graphitic-type lattice. A
weak reflection centered around 43° corresponds to a superposition of the (100) and (101)
reflections of a graphitic-type carbon structure, indicating a limited degree of graphitization in
this material [112].Narrowing of peak ~0.4nm with increasing temperature indicates developing
atomic order in 9AAC and is attributed to the formation of turbostatic crystallites, i.e.
progressive stacking of graphene sheets [113, 114].

Table 2.6.XRD analysis

Sr. No. Sample Peak

1 PSP 10, 23° 27° and 34°
2 APSP 9.22°, 20.55°, 20.0865°, 26.827° and 31.8145°
3 SAPSP 10% 27° and 32°

4 PAPSP 10° and 27°

5 MPSP 17°,23° and 25°

6 MAPSP 25"

7 MSAPSP 25"

8 MPAPSP 25"

9 3AAC

10 6AAC

11 7TAAC

12 9AAC

NOTE: From the above studies it is seen that no observable advantageous difference in
properties were seen for MAPSP, MSAPSP, MPAPSP as compared to MPSP and similarly
in 3AAC, 6AAC and 7AAC. Based on the characteristics of the prepared materials we
decided to restrict further detailed characterization only for PSP, APSP, SAPSP, PAPSP,
9AAC and MPSP and their use as adsorbents in our further studies.
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2.3.7. Potentiometric titrations.
The surface acidity of the carbons studied was estimated using potentiometric titration
experiments. The pK, distribution curves (Figure 2.9) show differences in surface groups of the

adsorbents under study.
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Figure 2.9. Potentiometric titrations and data analysis

Carboxyl groups are considered to havepK, values <8 and those groups with pK,>8 are
classified as phenols and quinines [115]. However presence of adjacent electron-withdrawing
groups increase acidity and decrease basicity. Thus the presence of greater number of acidic
groups in APSP and MPSP could be due to the treatment favoring the fixation of carboxyl
groups adjacent to acid enhancing groups [116]. In the case of PAPSP and SAPSP very little
proton uptake is noticed. Treatment of APSP with steam results in a heterogeneous surface with
pK, at about 5.6, 6.4, 7.4, 9.2 and 9.5. This broad distribution indicates the existence of a wide
spectrum of organic acidic groups covering the range of pK, associated with both carboxylic and
phenolic groups. On heating APSP to 900°C (9AAC) the concentration of surface groups at pK,
11slightly increased. Phenolic compounds were created in PSP, SAPSP and 9AAC.The number
of acidic groups with pK, 4 increased in MPSP and APSP while in 9AAC the number of acidic
groups decreased significantly. Weaker acidic groups of pK, in the range 5-6 are present in all
the adsorbents under study (Table 2.7).Figure 2.9 shows the proton isotherms and zero point of

charge (pHzpc) values of the adsorbents under study. The pHzpc values increase in the order
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MPSP(3.06)>9AAC(3.5)> APSP(3.6)> PSP(3.7)> PAPSP(4.06) >SAPSP(4.9). MPSP, 9AAC,
APSP and PSP were found to exhibit low pHzpc values. The surface is positively charged at pH
values below the pHzpc, since the oxygen-containing groups are undissociated and the adsorbent
will remove anionic species from solution under these conditions. On the other hand, at solution
pH values greater than the pHgzpc, the adsorbent surface becomes more negative due to
dissociation of weakly acidic oxygen-containing groups. Thus, the adsorbent surface has the
possibility to attract and exchange cations in solution.

Table 2.7. Three-site model from pK, analysis for titration data of adsorbents under study by

linear programming

Ligand Class 1 2 3 4 Total Conc.
Range of pK, 4.0-5.0 5.0-7.0 7.0-9.0 9.0-11.0 (mol/g)
Functional Group Carboxyl Lactone Amine Hydroxyl/ Phenol

Adsorbents pK. (Lt mol/g)

PSP 4.0 (0.0036) 5.4 (0.0006) 9.0 (0.0001) 11.0 (0.021) 0.00633
APSP 4.0 (0.0041) 5.2 (0.0006) - 10.0 (0.001) 0.00480
SAPSP - 6.2 (0.0002) 7.5 (0.0001) 9.3 (0.0004) 0.00060
PAPSP 4.0 (0.0016) 5.4 (0.0003) 7.4 (0.0001) 9.8 (0.0009) 0.00290
9AAC - - 10.2 (0.0013) 0.00130
MPSP 4.0 (0.0042) 5.6 (0.0002) - 10.3 (0.0004) 0.00480

2.3.8. Functional group analysis using FTIR.

The possible modifications in the functional groups of palm shell upon charring and
activation were studied by infrared spectroscopy (Table 2.8 and Figure 2.10).
The presence of absorption bands characteristic of —CH3; or —CH, symmetric stretching
vibrations in the spectra of all the adsorbents suggests the existence of some aliphatic species on
all the adsorbents under study. For PSP, APSP, PAPSP and SAPSP the bands in the frequency
range 1723 to 1732 cm™ indicate the presence of carboxylic acid groups as shown in Table 2.8.
On charring with sulphuric acid (APSP) a new band at 1770 cm™ appears which is characteristic
of carbonyl moieties in carboxylic anhydrides [117-125]. The band at ~1348 to 1373 cm™ for the
adsorbents under study corresponds to vibrations in alkanes and alkyl groups, whereas the band
near 1589-1597cm™ is attributed to aromatic ring stretching coupled to highly conjugated
carbonyl groups. The presence of bands at 1101 to 1180cm™ in 3AAC, PSP and MPSP can be
attributed to stretching frequency of the bonds in ester, ether and the phenol groups. 1348-
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1373cm™ is the characteristic peak of carbohydrates seen in PSP, APSP, SAPSP, PAPSP and
MPSP. After formaldehyde treatment there seems to be a slight change in morphology probably
due to the reaction of hydroxyl groups of cellulose with formaldehyde which is indicated by the
absence of bands in the frequency range 1723-1732 cm™'[125].

Table 2.8. FTIR Analysis

PSP MPSP APSP SAPSP PAPSP 9AAC Assignment

3361 3389 3584 3489 3597 - -N-H, -O-H stretching

- - - - - 2100 -CHj;, -CH, symmetric stretch

2959, 2891 3036, 2887 3078, 3009, Free CO,

2895 2876 2887 2875

1732 1727 1720 1723 1723 - -C=0 stretch for acids or aldehyde

1648 1666 - - - - -C=0 stretch of Enolic group,
nonconjugated lignin, amide/ -C=C-
Aromatic stretch

1597 1597 1596 1597 1597 1589 -C=0 stretch cellulose/ C=C Aromatic
stretch (skeletal vibration)/ N-H bending
of amide

1454 1477 1484 1488 1484 1484 -CH,- stretching

1430 1436 1438 1430 1433 1436 -C=C- Aromatic stretching

1373 1354 1344 1350 1356 1348 -C-H stretch/ N-H bending

1250 1238 1229 1229 1256 1208 -C-O bending of carboxylic acids/
phenolic O-H stretch/ N-H bending

1101 1161 - - - - -O-H stretch (2° Alcohol), -C-O-C-
stretching

1049 1051 1044 1052 1035 - -C-H stretch, -C-O stretch (1° Alcohol)

893 897 - - - - Anomeric C-H bending of cellulose

809 837 842 - 800 846 -C-H out of plane bending

The bands at 1079.82, 835.91 cm™ are characteristic of carbohydrate units [126]. The
bands for 3AAC at 1592cm™, MPSP at 1512 and 1387cm’', MSAPSP at 1578 and 1375cm™and
APSP at 1378cm™ suggests that lignin present in palm shell is still not completely
depolymerised. The presence of bands at 1725¢m™ in the case of PAPSP, and at 1734cm™ in PSP
& MPSP is indicative of —C=0 stretching of aromatic esters, aldehydes, ketones and acetyl

derivatives.
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Figure 2.10.Functional group analysis using FTIR

Cyclic compounds containing conjugated C=C and C=N may be responsible for the
absorption bands observed at 846 to 809 cm™ except for SAPSP [117-119]. Absorption band in
the region 666 to 750 cm™ can be assigned to out-of-plane deformation vibrations of C-H groups
located at the edges of aromatic planes [117-127, 128].The changes observed in FTIR spectra of
APSP at SOOOC, 6000C, 700°C and 900°C are an evidence for the formation of structures
containing multiple carbon-carbon bonds as well as the elimination of originally present
hydrogen and oxygen atom. The frequencies between 3200 and 3500cm™ may contain stretching
of both amine (-NH,) and alcoholic groups (-OH) which disappears on activation to 300°C and
higher temperatures suggesting dehydration of cellulosic and ligneous components. Lignin
substances in APSP, SAPSP and PAPSP show strong absorption (1510, 1460 and 1379 cm™) till
a temperature of 300°C. As the activation temperature increases from 140 to 300 to 900°C, the
peak around 1600cm ' disappears showing the absence of carboxylic acid group as activation

temperature increases. A similar phenomenon is seen after acid, persulphate and steam treatment.
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The peak intensity of -O—-H, -C=0 and —C—H becomes weak or disappear with the increase of
activation temperature of APSP. The results prove that the structure of activated carbons (6AAC,
7AAC and 9AAC) becomes stable due to the decomposition of functional groups with increasing

activation temperature.

2.3.9. X-Ray Photoelectron Spectroscopic Analysis.
The wide scan XPS spectra of adsorbents are presented in Figure 2.11 and the
corresponding binding energies with relative content of species studied are listed in Table 2.9.

Table 2.9. Summary of binding energy and area ratios of carbons

Sample Proposed components Binding FWHM(eV) Relative
Surface Energy(eV) Quantity
C1s Valence State
PSP C-(C, H) graphitic C 284.661 2.310 0.6906
C-(0, N, H) phenolic, alcoholic, etheric 285.984 1.774 0.1871
C=0, O-C-0, COOR -carbonyl or quinine 287.200 2.495 0.1223
APSP C-(C,H) 284.647 2.462 0.6716
C-(OH, OR) 286.599 2.074 0.2112
0=C-0 288.577 2.605 0.1172
SAPSP C-(C,H) 284.524 2.264 0.5272
C-(OH, OR) 286.342 1.894 0.2499
0=C-0 288.073, 1.973, 2.181 | 0.1471,
289.791 0.0758
PAPSP C-(C,H) 284.590 2.051 0.6297
C-(OH, OR) 286.071 2.204 0.2552
C=0, 0-C-0, COOR 287.979 1.527 0.0817
0=C-0 289.308 1.424 0.0334
9AAC C-(C,H) 284.507 2.336 0.5552
C-(OH, OR) 286.511 2.284 0.2822
C=0, 0-C-0, COOR 288.384 2.572 0.1155
C=C, occluded CO, = electrons in aromatic ring, CO, 290.295 3.464 0.0471
MPSP C-(C,H, R), C-(C, H) 284.624 2.460 0.5456
C-(OH, OR) 286.116, 1.718,2.120 0.2137,
286.346 0.1311
C=0, 0-C-0, COOR 0=C-O 288.517 2.491 0.1095
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O1s Valence State

PSP C=0, C-O (Lactones, phenolic and etheric) 531.400 2.050 0.4424
Singly bonded oxygen C-O 532.846 2.072 0.5576
APSP C=0, C-O (Lactones, phenolic and etheric) 531.770 2.606 0.8160
Singly bonded oxygen C-O 533.570 2.394 0.4796
SAPSP C=0 (Carboxylic acid) 532.209, 3.492, 3.517 | 0.8032,
534.596 0.1968
PAPSP C=0, C-O (Carboxylic acid, etheric, lactonic, | 531.656 2.449 0.4576
anhydrides, pyrones and phenols) 533.388 3.347 0.5424
9AAC C=0, C-O (Carboxylic acid, etheric, lactonic, | 533.080 3.389 0.8437
anhydrides, pyrones and phenols)
Occluded CO, chemisorbed CO,, O, and H,0 535.638 3.618 0.1563
MPSP C=0, C-O (Carboxylic acid, etheric, lactonic, | 531.367 2.440 0.3795
anhydrides, pyrones and phenols) 532.931 2.978 0.6205
N1S
PSP C-N-C (pyrrolic nitrogen, pyridines) 399.839, 1.492, 1.512, | 0.6129,
398.597, 1.258 0.2141,
400.846 0.1729
APSP C-N-C (pyrrolic nitrogen, pyridones) 399.98, 1.228, 1.468 | 0.3556,
400.075 0.2780
Quartenary nitrogen, protonated pyridinic ammonium | 401.278 1.908 0.3664
ions, nitrogen atoms replacing carbon in graphene
SAPSP C-N-C (pyrrolic nitrogen, pyridones) 399.797 1.366 0.3883
Quartenary nitrogen, protonated pyridinic ammonium | 401.477 1.941 0.6118
ions, nitrogen atoms replacing carbon in graphene
PAPSP C-N-C (pyrrolic nitrogen, pyridones) 398.584, 1.097, 1.319 | 0.2677,
399.774 0.4869
Quartenary nitrogen, protonated pyridinic ammonium | 401.074 1.032 0.2454
ions, nitrogen atoms replacing carbon in graphene
9AAC C-N-C (pyrrolic nitrogen, pyridones) 397.686, 1.516, 1.596 | 0.3000,
400.803 0.3745
Oxidised nitrogen functionalities or NO, groups 402.300 1.639 0.3255
MPSP C-N-C (pyrrolic nitrogen, pyridones) 398.703, 1.889, 1.679 | 0.2787,
400.000 0.5613
Quartenary nitrogen, protonated pyridinic ammonium | 401.606 1.570 0.1599

ions, nitrogen atoms replacing carbon in graphene
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Figure 2.11. Wide scan XPS spectra of adsorbents

Cls spectra (Figure 2.12) can be deconvoluted into six components corresponding to
graphitic carbon in PSP, MPSP, APSP, SAPSP, PAPSP, 9AAC (peak 1, ~284.6 eV), aliphatic or
defect carbon in PSP (peak 2, ~285.1 eV), carbon in single C-O bonds as ether, alcohol, phenol
in MPSP, APSP, SAPSP, PAPSP, 9AAC (peak 3, ~286.6 eV), carbon in carbonyl groups of PSP,
MPSP, SAPSP, PAPSP, 9AAC (peak4,~ 287.5 eV), carbon in carboxyl or ester groups of MPSP,
APSP, SAPSP, PAPSP (peak 5, ~289.3 ¢V) and the n-n* shake-up peak in 9AAC (peak 6, 290.6
eV). Comparison of XPS spectra with those of pure lignin and pure cellulose coupled with
pyrolysis studies[127-129] have previously shown that the relatively high content of peak 1 can
be attributed to the presence of fatty acid.
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Figure 2.12. C1s XPS deconvolution spectra of adsorbents

The OIS peaks indicate two different chemical states of oxygen (Figure 2.13). The C=0
and carboxyl increased for APSP, SAPSP, PAPSP, 9AAC and MPSP as compared to PSP with
the maximum increase being observed for 9AAC and SAPSP. This suggested that a more stable
structure was formed after modification. Peak 1 (531.3-531.6 eV) corresponds to C=0O groups
(ketone, lactone, carbonyl) MPSP, APSP, peak II (532.2— 533.0 eV) to carbonyl oxygen atoms in
esters, amides, carboxylic anhydrides which is consistent with the carbon being acidic in nature
and oxygen atoms in hydroxyls or ethers PSP, MPSP, SAPSP and peak III (533.9-534.5 eV) to
the oxygen atoms in carboxyl groups SAPSP [130-138]. The peak for 9AAC at BE = 535.6 eV is
ascribed to chemisorbed oxygen and water [130, 139].
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Figure 13. Ols XPS deconvolution spectra of adsorbents

The analysis of N 1S peaks for PSP, MPSP, APSP, SAPSP, PAPSP, 9AAC reveals two
peaks at 400.4 and 401.0 eV which can be regarded as characteristic of pyrrolic nitrogen,
pyrridones, or a mixture of both. After modification with sulphuric acid the peak becomes
characteristic of quaternary nitrogen or protonated pyridinic ammonium ion [140].It was
observed (Table 2.10) that PSP found possess the highest amount of phenolic or etheric group.
Acid treatment leads to decreased number of phenolic groups but increased graphitic content
than PSP. Further treatment with steam, persulphate and heat resulted in increased amount of
oxygen containing groups which resulted due to oxidation of cellulosic ether linkages and

aldehydic groups to hemicelluloses and carboxylic acid groups. The O/C ratios are seen to be in

the order SAPSP~PAPSP~APSP<MPSP<PSP<9AAC.
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Figure 2.14. N1s XPS deconvolution spectra of adsorbents
Table 2.10. Surface concentration of C, N, O in the adsorbents

Samples Cox/Cg Surface concentration (from C 1s peak)%o

Native C in graphite | Phenol-ether | Carbonyl-quinone | Carboxyl | Others
PSP 0.951 51.20 37.40 11.41 - -
APSP 0.489 67.16 21.12 - 11.72 -
SAPSP 0.896 52.72 24.99 14.71 7.58 -
PAPSP 0.587 62.97 25.52 8.17 3.34 -
9AAC 0.801 55.52 28.22 - 11.55 4.71
MPSP 0.832 54.56 21.37 13.11 10.95 -
Native XPS (C, N, O) O/ C ratio

PSP 58.00, 2.16, 39.84 0.687

APSP 49.16, 1.17, 49.67 1.011

SAPSP 43.79, 0.55, 55.66 1.273

PAPSP 45.01, 0.65, 54.34 1.201

9AAC 61.57,0.68,37.76 0.612

MPSP 53.03, 1.94, 45.04 0.849

2.3.10.Solid state-NMR Spectroscopic Analysis.
13C solid state NMR spectra of free and metal loaded adsorbents was done and

presented in Figure 2.15, the peaks assigned to different carbons are shown in Table 2.11.
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Figure 2.15.Solid state >C NMR of adsorbents
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Relatively sharp signals are assigned to ordered cellulose or hemicelluloses, while
broader background signals are assigned to lignin and disordered hemicelluloses [143]. For
lignin, we can identify the resonance lines near 50-55 ppm associated with methoxyl groups in
PSP, APSP, SAPSP, PAPSP and MPSP [135] and between 115 and 150 ppm for aromatic
carbons [141, 142]; the resonance lines due to aliphatic side chains in lignin are concealed by the
stronger cellulose and hemicellulose peaks.The bands due to aliphatic carbon show weak
resonance in PSP and MPSP and are absent in SAPSP and 9AAC. However these bands are
more pronounced in APSP and PAPSP. In particular, the peaks around 17 ppm and 172 ppm in
APSP, SAPSP and PAPSP can be attributed to methyl C and carbonyl C in acetyl groups of

hemicelluloses, respectively[139].

Table 2.11.Assignments to the NMR peaks

PSP APSP SAPSP | PAPSP | 9AAC MPSP Range Assignment

- 171 170 171 - 195-165 | RCOO-RH (Standard oxidized
cellulose) Carboxyl carbon of

acetate group of hemicelluloses

- 164 - 163/146 | - 169-140 | CsHsO-RH Phenolic carbon

- - 147 - - 150-140 | Subsituted oxygenated aromatic
carbon

- 130 - 130 123 135-120 | Non oxygenated Aromatic
carbons, Aromatic acids and
anhydrides

100 101 111 101 - 112,101 | 102-108 | Anomeric carbon
(Anhydroglucose) C1

82 - - - - 84,79 81-93 Anomeric carbon

(Anhydroglucose) C4 amorphous

cellulose~84

60, 70 62 - 61,55 - 72, 61, | 50-70 1° Alcohol of (Anhydroglucose)
52 Aliphatic C-O C2, C3, C5(~70)
C6 (~60) amorphous cellulose
~62
17 48, 36, | - 48, 35, | - 17 5-50 Aliphatic C-C  possibly  of
30, 18,6 31,16,6 polymethylene type

68




The signals located at 82-85 ppm in PSP and MPSP can be attributed to C-4 in
amorphous cellulose. The peaks between 71 ppm and 74 ppm in PSP and MPSP can be assigned
to C-2, C-3, and C-5 in cellulose, whereas the strong peak at 102-110 ppm in PSP, APSP,
SAPSP, PAPSP and MPSP can be attributed to anomeric carbon (C-1). The peaks in the region
of 130-138 ppm were assigned to the ring carbons in which the ring was not substituted by
strong electron donors such as oxygen and nitrogen [142]. The multiple peaks in the range of 147
ppm in SAPSP and PAPSP are due to the carbons of phenolic components, mainly the syringyl
and guaiacyl units in lignin. The peak at 146 ppm can be attributed to C-4 in guaiacyl unit with
free phenolic OH at C-4 [143] whose signal is strong in SAPSP and moderately strong in PAPSP
[139, 144].

When thermal treatment at 900°C is applied, the corresponding spectrum (Figure 2.15)
shows a single main peak at 123 ppm with a clear loss of all aliphatic and carbonyl groups. This
behaviour is rather typical for a strong aromatization/pseudo-graphitization of the material.
9AAC shows (Figure 2.15) bands from carbonyl or carboxyl carbon (190 ppm), sp*-hybridized
carbon in condensed aromatic rings in all carbons (125-143 ppm), alcohol carbon in all carbons
except for 9AAC (C-O, 55-70 ppm)and aliphatic carbon in all carbons except for 9AAC (944
ppm). Aromatic carbon dominates the spectra for all adsorbents indicating that carbons are
composed of condensed aromatic ring system. Overall, the NMR results demonstrate that while
lignocellulosic structure is retained in PSP, APSP, MPSP, SAPSP and PAPSP, on the other hand
9AAC has a highly aromatic structure[145]. The changes incurred on the surface of the palm

shell powder due to the various treatments are summarized in scheme 2.3.
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2.4. CONCLUSIONS

A series of adsorbents were prepared (PSP, ASPS,SAPSP,PAPSP,MPSP and 9AAC) by
giving mild physicochemical treatments as well as thermal activation and their physicochemical
properties were compared. Evidence for the change in functional groups produced on treatment
of palm shell powder using different physicochemical treatments was provided by FT-IR, XPS
and NMR spectroscopic techniques as well as by potentiometric titrations. The prepared
adsorbents were also characterized using thermal analysis, X-ray diffraction, nitrogen isotherms
and scanning electron microscopic techniques. Potentiometric titrations suggested that all the
prepared adsorbents were acidic in nature and also indicated the presence of acid groups with a
wide range of pK, values. All the materials had reasonable iodine values, with 9AAC having an
iodine value of about 990 mg/g which is comparable with reported values suggesting reasonable
surface areas and micro and mesoporous structures. Though the presence of micro and
mesoporous structures were further evidenced by nitrogen isotherms, except for 9AAC, none of
the other materials showed good surface areas. This could be probably due to condensation
occurring in micropores and capillaries of mesopores which results in underestimation of surface
areas. FTIR, XPS and ?CNMR analyses revealed the presence of aldehydic groups along with
etheric linkages of lignocellulosic moiety in higher numbers in PSP and MPSP. A small number
of amino groups were present in all the adsorbents under study. Furthermore the number of
oxygen containing functional groups were also found to increase with acid treatment and
oxidation, the order being SAPSP>PAPSP>APSP> MPSP>PSP>9AAC. The prepared materials
were found to possess interesting properties. This made us curious to study their adsorption
potential for copper, cadmium, zinc, mercury, chromium and uranyl ions, the results of which are

shown in chapters 3,4 and 5.
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Chapter 3

Mechanistic and Spectroscopic study for
adsorption of Cd*?, Zn*?, Cu'? and Hg'? onto the

adsorbents prepared from Palm Shell Powder

Outline:

3k Introduction
3.1.1. Column Studies
3.1:2. Desorption
3.1.3. Preparation of Borassus Flabellifer (PSP)‘based adsorbents
3.1.4. Charactenzation techniques and 'methods of analysis
3.1.5. Methods of Analysis
3.2. Materialjsl and Methods
3.2.1. Batch Uptake
3.2.2. Desorption Studies
3.2.3. Column Studies
3.2.4. Spectroscopic Analysis
3.3. Results and Discussion
3.3.1. Uptake
3.3.1.1. pH dependence
3.3.1.2. Contact ime dependence
3.3.1.3. Dosage dependence
3.3.1.4. Temperature dependence
3.3.2. Adsorption Kinetics
3.3.3. Adsorption Isotherms
3.3.4. Thermodynamic Parameters
3.3.5. FTIR spectroscopy
3.3.6. Column Studies
3.3.7. Desorption Studies
3.3.8. X-ray Photoelectron Spectroscopy
3.3.9. Solid state-"CNMR Spectroscopic Analysis
3.4. Mechanism
3.5. Conclusions



3.1.Introduction

The utilization of agro waste based adsorbents for the removal of Cu, Cd, Zn and Hg
from industrial waste waters and polluted waters has been already recognized (Chapter 1). The
biomass has to satisfy the following requirements to be considered as an adsorbent [1]: (1) the
efficient and rapid uptake and release of metals, (2) the low production cost of the biosorbent and
possibility of its reutilization, (3) the efficient, rapid, and cheap separation of the biosorbent from
the solution, and (4) a high selectivity of metal adsorption and desorption. If they are fulfilled,
the utilization of the material under study would make the adsorbent more attractive compared to
other available adsorbents.

Agricultural by-products usually are composed of lignin and cellulose as major
constituents and may also include other polar functional groups of lignin, which includes
alcohols, aldehydes, ketones, carboxylic, phenolic and ether groups. These groups have the
ability to bind heavy metals by the replacement of hydrogen ions for metal ions in solution or by
donation of an electron pair from these groups to form complexes with the metal ions in solution.

Spectroscopic techniques have been a valuable aid in determining functional groups that
are responsible for metal binding to adsorbents. FT-IR and XPS provide good insight into
adsorption process at the molecular level as reported in the literature [2-5]. They have been
adopted to identify the major functional groups of adsorbents and elucidate their interactions
with metal ions. Both techniques,however, cannot provide a quantitative description of the
sorption process, which is important in the design and engineering of treatment systems.
Nonetheless, they are essential to provide evidence to further support the formation of
mathematical models[6].

Although a considerable amount of research has been carried out on the adsorption of a
range of metals bymany materials, studies that have focused upon most of the toxic metals using
a single adsorbent are rare.Despite the extensive range of materials that have been shown to
exhibit adsorptive ability for a range of sorbates, there is still comparatively little understanding
of the mechanisms of adsorption.Previous studies have revealed that biosorption of metals is a
complex process that is based upon a range of mechanisms that differ both quantitatively and
qualitatively according to the type of biosorbent, the degree of processing it has undergone, and

also the targeted metal ion. These different mechanisms caninclude ion exchange, chelation,
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adsorption by physical forces, and intraparticle diffusion [7].A different retention mechanism
investigated recently is the amalgamationof Hg(II) on mossy tin filters [8].

Proper analysis and design of adsorption/biosorption separation processes requires
relevant adsorption/biosorption equilibria as one of the vital information. In equilibrium, a
certain relationship prevails between solute concentration in solution and adsorbed state (i.e., the
amount of solute adsorbed per unit mass of adsorbent). Their equilibrium concentrations are a
function oftemperature. Therefore, the adsorption equilibrium relationship at a given temperature
is referred as adsorption isotherm. Several adsorption isotherms originally used for gas phase
adsorption areavailable and readily adopted to correlate adsorption equilibria in heavy metals
biosorption. Some well-known two parameter models are summarized in Table 3.1.

Predicting the rate at which adsorption takes place for a given system is probably the most
important factor in adsorption system design, with adsorbate residence time and the reactor
dimensions controlled by the system’s kinetics. A number of adsorption processes for pollutants
have been studied in an attempt to find a suitable explanation for the mechanisms and kinetics
for sorting out environment solutions. In order to investigatethe mechanisms of adsorption,
various kinetic models have been suggested. In recent years, adsorption mechanisms involving
kinetics-based models have been reported [9]. Numerous kinetic models have described the

reaction order of adsorption systems based on solution concentration.

Table 3.1.Common isotherm and kinetics models

Model | Assumptions/comments | Ref.
ISOTHERMS
Two parameter models
Langmuir The Langmuir theory is valid for monolayer adsorption onto a | [15, 16]
surface containing a finite number of identical sites. Langmuir
4. K. C, model for isotherm modeling were unsuccessful in the low
a T 1+ K.C, concentration. Q, and K represent maximum adsorption

capacity and energy of adsorption; 0<Rp (separation factor)<l
implies favorable adsorption; Ry values indicate the type of
isotherm to be irreversible (R = 0), favorable (0 < R;< 1),
linear (R = 1) or unfavorable (R;>1).

Represents boundary layer diffusion of solute molecules;
Uniform energies of adsorption onto the surface and no
transmigration of the adsorbate in the plane of the surface.
Based on the film resistance and homogeneous solid phase. Two
site Langmuir - Presence of two different types of sites
(hydrophobic and hydrophillic) on adsorbent favors the
applicability of two site model.
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Freundlich
qe = Kf Cel /n

High wvalues for K; shows high adsorption capacity;
Heterogeneous adsorbent and multilayer adsorption and the
adsorption capacity is related to the concentration of adsorbate
at equilibrium.

The constant n is the empirical parameter related to the intensity
of adsorption, which varies with the heterogeneity of the
material. To describe heterogeneous systems 1/n values indicate
the type of isotherm to be irreversible (1/n = 0), favorable (0 <
1/n < 1) and unfavorable (1/n>1) shows the adsorption capacity
of an adsorbent, The adsorption process occurs on the
heterogeneous surfaces. If the n is below one, then the
adsorption is chemical process; otherwise, the adsorption is
physical process.

[17]

Temkin
4 _ Rr

= Ln(K;C,)
am AQ VT

Parameters from Temkin model describes The heat of
adsorption of all the molecules in the layer decreases linearly
with coverage due to adsorbent-adsorbate interactions, and that
the adsorption is characterized by a uniform distribution of
binding energies, up to some maximum binding energy; Kt
equilibrium constant corresponds to maximum binding energy
and Bl is related to heat of adsorption.

[18]

Flory Huggins
0

LogC— = LogKry + ngyLlog(1l —0)
0

Account for the degree of surface coverage characteristics of the
sorbate on the sorbent.

[19-21]

Elovich

Z—e = KECeexp_(;_:t)

The Elovich model is based on a kinetic development according
to the hypothesis that the adsorption sites increase exponentially
with adsorption, involving multi-layered adsorption.

m
Dubinin-Radushkevich
:—e = exp(—fe?)

m

With g = %ande = RTLn%

e

Dubinin and his co-workers conceived this equation for
subcritical vapors in micropore solids where the adsorption
process follows a pore filling mechanism onto energetically
non-uniform surface.

Halsey
e = KH/Cel/nH

Halsey proposed an expression for condensation of a multilayer
at a relatively large distance from the surface.

KINETICS

Pseudo 1™ order

q
i Ki(qe — q1)

Generally do not fit well in whole range of contact time, only
follows in initial stage of sorption. The adsorbate uptake, Q,
increases with increasing the initial concentration.

Pseudo 2" order
q 3 Kyt

9= 1T q.Kt

The adsorption rate of adsorbate depends on the concentration
of adsorbate at the absorbent surface. Mechanism being the rate
controlling step, involve valency forces through sharing or
exchange of electrons between adsorbate and adsorbent.

Kinetic performance is proportional to the adsorption rate.
Based on the sorption equilibrium capacity. The adsorption
process and the overall rate of the adsorption process appears to
be controlled by the chemical reaction. Chemisorption
significantly contribute to the adsorption process

Intraparticle
q = Kit®®

Commonly used to identify the steps involved in adsorption. If
it passes through origin it infers the applicability of intraparticle
diffusion whereas presence of intercept shows the surface
adsorption/ boundary layer effects.

Adsorption is said to be intra-particle diffusion controlled if the
reaction sites are internally located in the porous adsorbents and
the external resistance to diffusive transport process is much
less than the internal resistance.The term K¢ calculated from the
slope is indicative of an enhancement in the rate of adsorption.
The value of C from intercept gives an idea about the boundary
layer thickness. Adsorption is said to be intra-particle diffusion
controlled if the reaction sites are internally located in the
porous adsorbents and the external resistance to diffusive
transport process is much less than the internal resistance.

[27-29]

Elovich model

Considers that the rate-controlling step is the diffusion of the

[30-32]

81




1 1
qe = ELH(O‘B) + ELnt

adsorbate molecules. The Elovich describes

chemisorption.

equation

Liquid film diffusion model Determines whether the main resistance to mass transfer is in | [33]
qe 6 the thin film (boundary layer) surrounding the adsorbent
e 1- 2 &XP (=B particle, or in the resistance to diffusion inside the pores.
Ln(1—F) = —Kgqt Applicable when flow of the reaction from the bulk liquid to the
surface of the adsorbent determines the rate constant.
Bangham Applicability of the Bangham equation indicates that diffusion | [34]

+x Logt)

CO Km
Loglog (CO = qtm) = Log (2 303V

of adsorbate into the pores of adsorbent is importantly controls
the adsorption process. It is a pore diffusion controlled process.

Column Models

Thomas Model

Co _ Krqom
l"(c 1)_ Q

This model assumes plug-flow behaviour in the bed and uses
the Langmuir isotherm for equilibrium and second-order
reversible reaction kinetics. It assumes a constant separation
factor but is applicable to both favorable and unfavorable
sorption conditions. This model is suitable for sorption
processes in which external and internal diffusion limitations
are absent.

[11]

Yoon and Nelson Model

C
In (CO — C) = kYNt - tO.SkYN

Relatively simple model based on the assumption that the rate
of decrease in the probability of sorption for each sorbate
molecule is proportional to the probability of sorbate sorption
and sorbate breakthrough on the sorbent.

Wolborska Model

C BC, Bz
In— =

Wolborska deduced the following relationship for describing
the concentration distribution in a bed for the low-concentration
range of the breakthrough curve.

[14]

3.1.1.Column studies.

Batch operations are very easy to apply in the laboratory study, but less convenient

forfield applications. The sorption capacity of the sorbent, obtainedfrom batch equilibrium

experiments, is useful in providing fundamentalinformation about the effectiveness of metal—

sorbentsystem. However, this data may not be practically applicable tomost of the treatment

systems (such as continuous modes) wherecontact time is not sufficient for the attainment of

equilibrium.Thus, it is necessary to ascertain the practical applicability of the adsorbent in fixed

bed column modes. Fixed-bed adsorption isused to determine the experimental breakthrough

curve. Several models have been reportedfor predicting the breakthrough performance in fixed-

bed sorption[10-14].
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3.1.2.Desorption.

Desorption studies are important to investigate the possibility for the recovery of metals

adsorbed on the adsorbent surface, as well as for the regeneration of the adsorbent for subsequent

reuse. It also gives a hint about the mechanism of ineraction between the adsorbent and

adsorbate. For instance, if acid medium employed for recovery, protons appear to compete with

the metal ions and displace them from the adsorbent’s surface, suggesting that adsorption of

metal ions involve mainly ion-exchange mechanisms. On the other hand if a complexing agent

like EDTA is effective, it suggests a complexation mechanism of interaction between adsorbent

and adsorbate. The main objective will be:

D)

To investigate the copper,cadmium, zinc and mercury removal efficiency and adsorption
capacity of the adsorbents which had been prepared and characterized as described in
chapter 2 ( PSP,APSP,SAPSP,PAPSP,9AAC and MPSP).

To study the effects of adsorbent dosage, pH, contact time, adsorbate concentration, and
solution temperature.

To determine and discuss the thermodynamic parameters and kinetic data, equilibrium
isotherms by using the models described in Table 3.1.

To obtainstructural as well as analytical information about the metalbiomass
interactions, through Fourier transform infrared (FTIR)and the X-ray photoelectron
(XPS) spectroscopic techniques

To perform desorption experiments to determine the feasibility of reusing the adsorbents
under study vi) study the performance of the adsorbents in flow through columns

experiments
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3.2. Materials and Methods
3.2.1. Batch Uptake.

Stock solutions of Cu**, Cd**, Zn*" and Hg*" was prepared by dissolving 3.84, 2.77, 4.59
and 1.36 g of copper nitrate, cadmium nitrate, zinc nitrate and mercuric chloride (E-Merck) in
slightly acidified double distilled water and making upto 1L to give 1000 mg/L of Cu*", Cd*",
Zn*" and Hg”" solutions respectively. Working standards were prepared by diluting different
volumes of the stock solution to obtain the desired concentration.

Batch adsorption experiments were conducted at 30°C by agitating 0.1 g of adsorbent
with 25mL of respective metal ion solution of desired concentration maintained at pH 6.0
(except for pH experiments) in 100mL stoppered conical flasks in a thermostated rotary
mechanical shaker at 180 rpm for 4 hours (except for the contact time experiments) at 30 °C.
Experiments were done to determine the pH range at which the maximum metal uptake would
take place on the adsorbents under study by varying the initial pH of the solution in the range 1
to 10 (except copper i.e. pH 1-5) using 0.1 N NaOH and/or HCl. The effect of the initial
concentration (1 to 1000 mg/L) was also studied in order to determine the effect of the parameter
on the adsorption of metal from the solution. The optimum equilibrium time was determined as
the contact time required for the concentration of metal in the solution to reach equilibrium and
was obtained by varying the contact time in the range 30 to 240 minutes.

At the end of the predetermined time intervals, the suspensions were filtered and the
Cu*, Cd**, Zn*" and Hg” content in the filterate was analysed by using AAnalyst 200 Perkin-
Elmer atomic absorption spectrophotometer. The uptake of Cu*", Cd*", Zn*" and Hg”" by the
adsorbents under study (q.) was calculated from the difference between the initial and final
concentration as follows:

qe = (G - Ce)/m; (1)

Where, Ci-initial concentration of metal ion mg/L; C. — Equilibrium concentration of metal ion
mg/L; m — Mass of adsorbent g/L; g — Amount of metal ion adsorbed per gram of adsorbent.
Each experimental result was obtained by averaging the data from three parallel experiments.

Adsorption isotherm experiments were also performed by agitating 0.1 g of the adsorbent
under study with a series of 25 mL solutions at optimum pH,containing different initial
concentrations of (1 to 1000 mg/L) at 30 °C. After the established contact time was attained, the

suspension was filtered, and supernatant was analyzed for the metal concentration. The
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adherence of the equilibrium isotherm and data obtained to different adsorption isotherms
models as given in Table 3.1 was tested.

Similarly the Cu®’, Cd**, Zn*" and Hg*" adsorption data obtained after agitating
solutioncontaining 10 mg/L of Cu®", Cd*", Zn*" and Hg*'for various contact times with the
adsorbents under study at optimum pH obtained and were modeled to determine the order of
reaction rate and the adherence to different kinetic models as given in Table 3.1 was tested.

Thermodynamic parameters of the adsorption process (AG’, AH” and AS") could be
determined from the experimental data obtained at various temperatures using following
equations:

AS®  AH°
lng—: S )
AG® = AH® —TAS°(3)
where R is the gas constant (8.314 Jmol 'K™") and T is the absolute temperature (K).

Values of correlation coefficients and standard deviation were used to compare the models. SD

was calculated using the equation.

N
1
SD = NZ(xi —%)% (4)

85



3.2.2. Desorption Studies.
0.1 g of metal loaded adsorbents under study was treated with 10 mL of 0.1 M EDTA,
0.1M NHj and 0.1M HCI for a period of 60 min in a thermostated rotary mechanical shaker.
After 60 min the amount of metal desorbed from the adsorbents under study wasdetermined by

AAS. The adsorption-desorption experiments were repeated for three cycles.

3.2.3. Column Studies.

Column experiments were conducted in a glass column with an internal diameter of 1 cm
and a length of 30 cm packed with the adsorbent under study. Cu*", Cd**, Zn*" and Hg*"solution
of known concentration (1000 mg/L) at optimum pHwas passed through the column of adsorbent
at a flow rate of 1 mL/min. Samples from the column effluent were collected at regular intervals
and analyzed by atomic absorption spectrometry. The break-through time has been chosen when

the concentration of the effluent is 1 mg/L.

3.2.4. Spectroscopic Analysis.

FT-IRspectra for biosorbent and the metal-loaded biosorbents were obtained using a
Perkin Elmer RX1 model within the wave number range of (400 to 4000) cm™.

The surface of the Cu and Hg—loaded samples was analyzed using a KRATOS AXIS 165
X-ray Photoelectron spectrometer. Peak fitting and presentation output are produced by an
integrated VISION control and information system. The deconvolution process of C s spectra as
well as the elemental composition evaluation may result in an error of up to 5%. All spectra are
presented charge balanced and energy referenced to C s at 284.6 eV[35].

The “C-NMR experiments were performed with a BrukerAvance (300 MHz)
spectrometer for Cu—loaded samples.The chemical shifts o, expressed in parts per million

[ppm], were referenced relative to the signal of tetramethylsilane (TMS) at 6c = 0 ppm.
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3.3. Results and Discussion

3.3.1. Uptake studies.
3.3.1.1. pH Dependence.The pH of the medium from which adsorption is taking place is an
important controlling parameter in heavy metal adsorption process. Hence uptake of Cd*", Zn**
and Hg”" has been studied with respect to pH (1-10) whereas uptake of Cu®" was studied within

pH (1-5) as shown in Figure 3.1. pH of the solution remains unchanged after the adsorption

experiment.

q, (mg/g)

—=—Cd—®—2Zn Cu—8—Hg

Operating parameters: 180 rpm, 10ppm of M?*, 0.1g adsorbent, time 240 min, temperature 30 °C
Figure 3.1. Effect of pH on adsorption of metal ions

Cd*" and Zn*':As all the metal exists as ions at a low pH (<4.0), the sharp increase
observed in the adsorption of Cd*" and Zn*"from pH 1 to 3( more prominent in the case of PSP,
APSP, SAPSP and PAPSP) cannot be attributed to the presence of different forms of metal
species [36]. This implies that the functional groups on the adsorbents and their ionized forms
under these pH conditions determine the extent of adsorption.

It can be presumed that the mechanism for removal of M*'can be by ion-exchange and
electrostatic interaction depending on the solution pH. At pH<pK, of carboxylic groups, the

removal could be due to ion-exchange process, as the binding sites are protonated. However, at
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pH >pK,, the carboxyl groups are negatively charged, the metal ions may bind to the binding
sites by electrostatic attraction [41]. The hydroxyl groups can also become negatively charged at
high pH, thereby contributing to metal removal at high pH (7 to 10).

Specific interactions of metal ion species with adsorbent surface and/or the existence of
preferential adsorption sites may also affect the metal adsorption and could be responsible for the
slight differences found in the adsorptive behavior of M*" ions with pH variation [37]. Optimum
adsorption above pH 3 has been reported for M*™ uptake on some other agro based activated
carbons [38, 39].

Cu’":In case of PSP, APSP, SAPSP and PAPSP adsorption increased with increase in pH till
pH 4, 3.5, and 2.9 respectively for Cu*’and then remained constant. Compared to other
adsorbents APSP showed a sharp increase in adsorption of copper between pH 1 to 3.5 probably
due to the presence of more number of carboxyl groups as evidenced by FT-IR, NMR and XPS.
On the other hand, for MPSP and 9AAC adsorption remained constant till pH 3.5 and 4 and then
increased giving maximum adsorption at pH 5. The possible reason could be that 9AAC and
MPSP had lesser number of carboxyl groups and more of phenolic groups and metal ions mainly
exchanged with —COOH groups of natural biomass between pH 1.5 and 5, while at higher pH,
phenol groups might become more active Cu®" sorption sites. Above pHz, (PSP 3.298;
APSP3.719; SAPSP 3.718; PAPSP 4.21; 9AAC 3.085; MPSP 3.155) the surface is negatively
charged and hence attracts copper cations.

Hg*":Figure 3.1 shows that adsorption of mercury reaches maximum at ~pH 3.5 and is
constant for the entire range of pH studied for all the adsorbents . This high adsorption is
believed to be associated with the formation of positively charged metal hydroxy species having
strong affinity for surface functional groups. The observed reduced adsorption at low pH value
(2.0) may be attributed to (i) higher hydrated species [Hg*™ (aq) species] having low mobility and
(i1) protonation of the surface functional groups as well as the competition between mercuric ions
and H" or H;O" ions present in the solution. At higher pH values (3.0), more functional groups
are available for metal ion binding due to deprotonation, resulting in high adsorption. Thereby,
maximum adsorption of mercury from pH 3.0 may be due to partial hydrolysis forming HgCI",
HgCIOH", and Hg(OH), species, having strong affinity for the negatively charged functional
groups of the adsorbents under study.(need to give references which were given in paper)

However adsorption capacity for mercury is still > 90% in acidic pH conditions. This
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implies that an acidic group is responsible for mercury binding at low pH, while a weak acidic
group such as carboxyl group is dominant at neutral pH (15). The initial rapid uptake of Hg (II)
from solution may likely be due to binding of adsorbate ions on the surface of the adsorbents
through ion-exchange process. This instantaneous surface adsorption causes a rapid increase in
Hg (II) uptake. Later on slower adsorption might be due to intraparticle diffusion, and diffusion
of mercury from the aqueous phase to the adsorbents under study.

At pH values above 8.3, 7.1, 4.6 and 8.5; Cd, Zn, Cu and Hg respectively precipitates in the
form of metal oxides or hydroxides are formed [40].It was decided to perform all the adsorption

studies at pH of 6 for Cd*", Zn*", Hg*"; whereas Cu" was studied at pH 4.5.

3.3.1.2.Contact Time Dependence. The effect of contact time variation on adsorption of Cd*",

Zn*", Cu*" and Hg*"was studied and the results are shown in Figure 3.2.
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Operating parameters: 180 rpm, 10ppm of M*, 0.1 g adsorbent, temperature 30 °C, optimum pH
Figure 3.2. Effect of contact time of M*™

It is seen that more than 50% of M>" was adsorbed within 60 min and equilibrium
adsorption was attained in 1590 min for all the adsorbents but optimum time for adsorption

equilibrium was fixed as 180 min.The rate of adsorption is very fast initially followed by a
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decreased rate with the approach of equilibrium. The removal rate is high initially due to the
presence of free binding sites which gradually become saturated with time resulting in decreased
rate of adsorption as equilibrium approaches. This indicates that the adsorption is mainly through

surface binding. Similar observations were made by Das et al [42].

3.3.1.3.Dosage dependence. The effect of variation in dose of the adsorbent was studied to

obtain the saturation limit of the adsorbent to adsorbate ratio (Figure 3.3).
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Operating parameters: 180 rpm, time 240 min, temperature 30 °C, optimum pH

Figure 3.3.Effect of initial concentration of M*"

It was observed that when the adsorbent dose was higher than 0.06 g the metal ion uptake
remained almost constant. Increase in the percentage uptake of metal ions with adsorbent dosage
could be attributed to increase in the adsorbent surface area and hence the adsorption sites
available for adsorption. On the other hand, it is also seen that the increase in the adsorbent
dosage leads to a decrease in the Q.. The decrease in g.value may be due to the concentration
gradient between adsorbate and adsorbent with increasing adsorbent concentration causing a

decrease in amount of metallic ion adsorbed per gram of adsorbent under study [43].
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3.3.1.4.Temperature Dependence. The effect of temperature variation (Figure 3.4) showed
almost same trend for the adsorbents under study. The uptake was found to decrease with

increase in temperature indicating that the mechanism of adsorption is exothermic in nature.
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Operating parameters: 180 rpm, 10 ppm of M**, 0.1g adsorbent, time 240 min, optimum pH
Figure 3.4.Effect of temperature on uptake of M*" ions by PSP, MPSP, APSP, SAPSP, PAPSP

and 9AAC

3.3.2. Adsorption Kinetics.

The kinetics of adsorption process describes the solute uptake, which, in turn governs the
residence time of the adsorption reaction. The kinetic models of pseudo first order, pseudo
second order, intra-particle diffusion, Bangham, Elovich and Liquid film diffusion models were
studied. Adsorption kinetics for Cd*", Zn*", Cu>" and Hg*'removal by each of the adsorbents
under study was conducted at optimum pH and the kinetic constants for the adsorption kinetics

are presented in Table 3.2.
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Table 3.2. Adsorption kinetic parameters for Cd*", Zn**, Cu*" and Hg*" adsorption

Cd*/ zn*

PSP APSP SAPSP PAPSP 9AAC MPSP
ge(exp)(mg.g") 2.573/2.591 | 1.632/2.668 | 2.514/2.794 | 1.594/2.804 | 1.061/2.927 [ 2.376/2.636
Pseudo 2nd Order
q. (mg.g™h 2.492/1.605 | 2.792/1.593 | 2.577/2.336 | 2.501/2.448 | 2.493/2.447 [ 1.424/2.427
K, (g.mgmin™) 0.254/0.062 | 0.009/0.060 | 0.070/0.106 | 0.148/0.047 | 0.174/0.049 [ 0.702/0.113
r 0.999/0.997 | 0.953/0.996 | 0.998/0.999 | 0.999/0.999 | 0.999/0.997 [ 1.000/0.999
SD 0.056/0.088 | 0.099/0.59 | 0.034/0.054 | 0.022/0.066 | 0.083/0.060 | 0.032/0.058
Lagergren
q. (mg.g™h 0.219/2.453 | 14.39/1.877 | 6.800/1.184 | 0.718/11.26 | 0.765/0.502 [ 0.610/1.853
K, (min™) -0.03/-0.04 | -0.05/-0.04 | -0.06/-0.04 | -0.05/-0.06 | -0.04/-0.03 [ -0.04/-0.03
r 0.821/0.799 | 0.671/0.807 | 0.855/0.858 | 0.836/0.778 | 0.821/0.878 [ 0.901/0.684
SD 0.074/0.058 | 0.096/0.087 | 0.079/0.027 | 0.039/0.071 | 0.073/0.037 [ 0.069/0.033
Intraparticle Diffusion
K, (mg.gmin ) 0.024/0.029 | 0.018/0.029 | 0.005/0.021 | 0.012/0.042 | 0.030/0.020 [ 0.025/0.039
r 0.917/0.938 | 0.976/0.917 | 0.765/0.979 | 0.948/0.934 | 0.985/0.957 [ 0.879/0.972
SD 0.034/0.025 | 0.007/0.029 | 0.013/0.010 | 0.013/0.041 [ 0.018/0.014 [ 0.045/0.021
Elovich
B (g.mg") 23.13/8.00 | 2.21/8.00 4.98/10.72 | 9.437/4.674 | 15.58/11.43 | 18.23/5.74
o (mg.g'min™) 4.478E+50/ | 0.329/ 5641180/ 2.289E+17/ | 9.771E+31/ | 8.388E+36/

1100001 825703 1.981E+18 | 137142 9.283E+20 | 452
r 0.983/0.882 | 0.765/0.855 | 0.887/0.961 | 0.892/0.949 | 0.995/0.926 [ 0.954/0.979
SD 0.004/0.034 | 0.085/0.038 | 0.050/0.014 | 0.027/0.036 | 0.004/0.018 | 0.009/0.018
Liquid film diffusion model

Kip 0.025/0.043 | 0.047/0.031 | 0.063/0.056 | 0.04/0.062 | 0.037/0.033 [ 0.049/0.027

r 0.815/0.799 | 0.671/0.659 | 0.854/0.789 | 0.927/0.777 | 0.821/0.684 | 0.902/0.878

SD 0.063/0.041 | 0.065/0.033 | 0.064/0.082 | 0.073/0.088 | 0.090/0.089 [ 0.089/0.054
Bangham

Kpum 0.569/0.218 | -0.021/0.214 | 0.376/0.455 [ 0.491/0.311 [ 0.538/0.487 | 0.126/0.149

o 4E-04/0.002 | 0.005/0.002 | 0.002/9E-04 | 0.001/0.022 | 7E-04/ 9E-04 | 6E-04/0.01

r 0.984/0.882 | 0.765/0.855 | 0.889/0.961 | 0.900/0.949 | 0.754/0.926 [ 0.955/0.979

SD 0.001/0.001 | 0.001/0.001 | 0.001/0.001 | 0.001/0.001 | 0.001/0.001 [ 0.001/0.001
Cu2+/ Hg2+

q. (exp) (mg/g) | 1.662/2.178 | 1.956/2.105 [ 2.332/2.482 | 2.712/2.455 | 2.429/2.079 | 1.615/1.923

Pseudo 2™ order
| g (mg/g) 1.492/2.462 | 1.560/2.448 | 2.406/2.449 | 2.482/2.479 | 2.455/2.346 | 1.742/2.173

ko(g/mgmin) 0.496/0.129 | 0.001/0.783 | 0.079/0.777 | 0.309/0.168 | 0.158/0.079 | 0.015/0.124

r 0.993/0.999 | 0.971/0.999 | 0.999/0.999 | 0.999/0.999 | 0.999/0.999 | 0.978/0.999

SD 0.054/0.115 | 0.048/0.089 | 0.077/0.104 | 0.023/0.061 | 0.059/0.019 | 0.972/0.289
Lagergren

q. (mg/g) 0.427/0.479 | 0.733/0.106 | 0.315/0.045 | 0.166/0.142 | 0.384/0.503 [ 1.202/0.318

ky(min™") 0.012/0.030 | 0.005/0.030 | 0.012/0.045 | 0.022/0.011 | 0.027/0.022 | 0.007/0.022

r 0.903/0.998 | 0.827/0.991 | 0.887/0.529 | 0.913/0.858 | 0.941/0.971 [ 0.928/0.916

SD 0.027/0.037 | 0.088/0.028 [ 0.097/0.042 | 0.034/0.035 | 0.033/0.011 | 0.087/0.023

Intra Particle Diffusion

ki(mg/gmin"~) 0.043/0.024 | 0.000/0.005 | 0.182/0.018 | 0.128/0.012 | 0.056/0.030 | 0.162/0.025

r 0.996/0.918 | 0.000/0.976 [ 0.972/0.765 | 0.991/0.949 | 0.968/0.985 [ 0.929/0.879

SD 0.008/0.034 | 0.000/0.008 | 0.092/0.013 | 0.040/0.013 | 0.029/0.018 [ 0.019/0.045

Elovich
B (g.mg™) 12.55/8.92 | 3.953/22.472 | 6.83/44.44 | 17.09/19.53 | 8.514/7.353 | 3.953/8.375
o (mg.g 'min™) 0.969/ 0.119/ 0.916/ 0.606/ 0.391/ 0.514/
4.153E+15 | 9.57E+48 8.09E+101 | 1.938E+41 7911E+10 | 8.032E+11

92




r 0.824/0.962 | 0.872/0.951 0.949/0.819 | 0.845/0.911 0.826/0.991 | 0.872/0.930
SD 0.099/0.024 | 0.108/0.010 | 0.037/0.012 | 0.028/0.017 | 0.061/0.014 | 0.108/0.035
Liquid film diffusion model
Kgg(min™) -0.01/-0.07 | 0.009/-0.153 | -0.013/-0.03 | -0.022/-0.04 | -0.027/-0.06 | -0.01/-0.06
r 0.903/0.919 | 0.954/0.874 | 0.887/0.656 | 0.913/0.814 | 0.941/0.992 | 0.928/0.904
SD 0.092/0.076 | 0.072/0.079 | 0.053/0.086 | 0.038/0.099 | 0.036/0.083 | 0.101/0.093
Bangham

Kgum(mL.g".L™") -119/-130 -115/-142 -114/-114 -116/-135 -123/-131 -124/-139

o 0.049/0.098 | 0.019/0.182 0.009/0.009 | 0.022/0.160 | 0.063/0.132 | 0.059/0.160
r2 0.959/0.813 | 0.953/0.937 | 0.819/0.891 | 0.912/0.904 | 0.992/0.938 | 0.926/0.937
SD 0.005/0.023 | 0.002/0.022 | 0.002/0.001 | 0.003/0.025 0.003/0.016 | 0.008/0.019

APSP, SAPSP and PAPSP showed better kinetics attaining equilibrium in ~60 min.
followed by PSP attaining equilibrium in 90 min. 9AAC and MPSP attained equilibrium for all
the four metal ions in 120 and 150 min respectively. Adsorption capacity at equilibrium was
found to be in following order Cu*'<Cd**~Zn*"~Hg*".The pseudo second order kinetics provided
the best fit for the kinetic data. The g, values were very close to the experimental g, values and
correlation coefficient values were ~0.99 for PSP, APSP, SAPSP, PAPSP, 9AAC and MPSPfor
all the metal ions under study suggesting that the rate limiting step in adsorption of metal is
chemisorption involving valence forces through the exchange of electrons between adsorbent
and adsorbate, complexation, coordination and/or chelation. In pseudo first order the qe(exp)
values were much higher than q. fitted values suggesting that the reaction cannot be classified as
first order although this plot has reasonably good correlation coefficient from the fitting process.

The kinetic constants obtained from the Elovich equation are presented in Table 3.2. The
results demonstrate a significant relationship between the metal ion adsorbed, q;, and in these
studies with regression coefficients >0.98 and low standard deviation values. Therefore, the
kinetic data of the metal ions for all the adsorbents under study showed satisfactory compliance
with the Elovich equation. The Liquid film diffusion model is applicable when flow of the
reaction from the bulk liquid to the surface of the adsorbent determines the rate constant. The
applicability of the model is found to be good as inferred from the values of r*. The curves did
not pass though origin as required by the model but very small intercepts indicates that diffusion
of metal from the liquid phase to the adsorbent surface might be having some role in deciding the
rate processes.

The Weber and Morris adsorption kinetic model was plotted using equation given in
Table 3.1.The plots obtained for PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP do not pass

through origin implying that the intra-particle diffusion is not the only operative mechanism.
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Bangham equation was applied to the adsorption data with reasonable correlation coefficients

confirming the applicability of Bangham equation, thus indicating that diffusion of metal into the

pores of adsorbent correlates the adsorption process. However the not so linear curves indicate

that the diffusion of adsorbate into pores of the sorbent is not the only rate controlling step.

The study of the various kinetic models reveals that the rate limiting step is

chemisorptions and diffusion of adsorbate from the liquid phase to the adsorbent surface and into

the pores of the adsorbent might be having some role in deciding the rate processes.

3.3.3. Adsorption Isotherms.

For modeling of cadmium uptake Freundlich, Langmuir, Temkin, Dubinin-Radushkevich

(DR), Flory-Huggins, Elovich and Halsey isotherm models (Table 3.1) were employed. The
values of fitted model constants for adsorption of M*" on PSP, APSP, SAPSP, PAPSP, 9AAC

and MPSPalong with their correlation coefficients, r* and SD values for all the system studied

arepresented in Table 3.3.

Table 3.3. Adsorption isotherm parameters for Cd**, Zn*", Cu*" and Hg*"

cd**/ zn*
PSP APSP SAPSP PAPSP 9AAC MPSP
q. (exp) (mg.g™) 226/ 203 233/202 230/ 215 232/216 223/219 217/ 204
Freundlich
K{(mg.g")(dm*/mg)"™ | 1.45/1.20 | 1.28/1.05 |1.98/ 123 | 1.62/1.39 1.69/ 1.61 1.13/0.882
N 1.08/1.06 | 1.05/01.01 | 1.38/1.01 | 1.15/1.08 | 1.22/1.15 |0.982/0.911
r’ 0.994/0.999 | 0.997/0.997 | 0.995/0.999 | 0.999/0.999 | 0.999/0.999 | 0.994/0.998
SD 0.044/0.038 | 0.017/0.075 | 0.044/0.021 | 0.067/0.019 | 0.066/0.055 | 0.043/0.059
Langmuir
K. (dm’.mg™") 0.004/0.009 | 0.008/0.005 | 0.006/0.007 | 0.005/0.008 | 0.005/0.009 | 0.005/0.010
| qm (mg.g?) 282/ 204 187/ 230 298/ 228 364/ 238 347/ 193 154/ 243
AG (kJ.mol™) -14.0/-12.2 | -12.5/-13.6 | -13.2/-12.9 | -13.9/-12.6 | -13.9/-11.9 | -13.6/-11.6
r’ 0.961/0.982 | 0.915/0.999 | 0.926/0.997 | 0.890/0.964 | 0.949/0.990 | 0.998/0.979
SD 0.063/0.054 | 0.043/0.002 | 0.058/0.004 | 0.065/0.071 | 0.049/0.003 | 0.024/0.097
Temkin
-AH (kJ.mol™) 14.91/11.62 | 8.90/11.79 | 17.13/13.51 | 20.87/14.24 | 21.77/12.08 | 8.49/7.82
Kt (dm’.mg™) 0.146/0.126 | 0.118/0.100 | 0.227/0.162 | 0.214/0.178 | 0.222/0.198 | 0.115/0.105
r 0.996/0.981 | 0.994/0.995 | 0.956/0.986 | 0.964/0.981 | 0.961/0.973 | 0.939/0.989
SD 0.037/0.023 | 0.069/0.071 | 0.054/0.062 | 0.071/0.072 | 0.025/0.047 | 0.069/0.056
DR
| (mg.g?) 166/ 155 165/ 127 178/113 174/159 173/ 164 179/ 154
E’ (KJ) 2.56/9.03 | 2.16/6.25 2.75/2.17 | 2.66/5.29 2.59/4.73 | 1.42/1.05
r’ 0.957/0.968 | 0.967/0.943 | 0.960/0.882 | 0.960/0.964 | 0.954/0.964 | 0.966/0.978
SD 0.092/0.043 | 0.093/0.068 | 0.074/0.079 | 0.077/0.059 | 0.051/0.044 | 0.050/0.077
Halsey
Ku(mg/g)(dm*/mg)"™ | 0.751/0.639 | 0.778/0.734 | 0.388/0.224 | 0.416/0.163 | 0.332/0.285 | 0.359/0.974
ny -0.94/-1.06 | -0.95/-1.06 | -1.03/-1.25 | -1.04/-1.31 | -1.11/-1.15 | -0.69/-0.98
r’ 0.994/0.999 | 0.999/0.995 | 0.994/0.995 | 0.999/0.967 | 0.996/0.999 | 0.997/0.999
SD 0.090/0.088 | 0.047/0.022 | 0.079/0.071 | 0.032/0.048 | 0.052/0.027 | 0.029/0.084
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Flori-Huggins

Krn(mg/g)(dm*/mg)" | 1.174/ 3.871/ 1.426/ 1.374/ 1.384/ 1.143/
n 1.6E-29 1.945E-12 | 4.197E-37 | 6.531E-16 | 2.884E+34 | 4.092E+18
Nrn 2.31/-39.41 | 2.53/-19.18 | 2.56/-27.79 | 2.64/-14.57 | 2.61/-34.58 | 3.28/28.39
r 0.999/0.985 | 1.000/0.989 | 0.991/0.958 | 0.986/0.997 | 0.992/0.894 | 0.999/0.998
SD 0.025/0.025 | 0.002/0.071 | 0.099/0.011 | 0.061/0.049 | 0.072/0.025 | 0.087/0.042
Elovich
| qm (mg.g™) 1.286/1.244 | 1.516/1.206 | 1.813/1.613 | 1.743/1.844 | 0.6340.466 | 0.891/0.954
Kg (dm’.mg™) 9.23E+125/ | 8.959E+55/ | 5.195E+89/ | 7.443E+95/ | 1.37E+236/ | 7.89E+125/
7.249E+85 | 6.848E+85 | 3.247E+80 | 3.658E+46 | 8.69E+190 | 1.69E+54
r 0.994/0.932 | 0.924/0.999 | 0.985/0.997 | 0.967/0.991 | 0.911/0.950 | 0.989/0.945
SD 0.046/0.018 | 0.068/0.002 | 0.071/0.005 | 0.089/0.016 | 0.020/0.047 | 0.084/0.026
Cu*'/ Hg”"
q. (exp) (mg.g™) | 36/239 | 42/218 | 125/220 | 88217 | 117/206 33/230
Freundlich
K (L.g™h 1.380/2.230 | 1.413/1.928 | 2.41/2.139 | 1.62/1.935 | 2.76/1.499 | 1.142/1.79
N 2.311/0.991 | 2.267/1.242 | 2.40/1.344 | 1.99/1.265 | 2.67/1.287 | 2.241/1.03
r 0.863/0.984 | 0.874/0.994 | 0.97/0.989 | 0.95/0.995 | 0.997/0.97 | 0.950/0.98
SD 0.023/0.040 | 0.023/0.034 | 0.013/0.03 | 0.02/0.017 | 0.004/0.01 [ 0.013/0.02
Langmuir
K. (L.mmol ") 0.008/0.06 | 0.011/0.16 | 0.012/0.27 [ 0.006/0.18 | 0.019/0.16 | 0.003/0.07
| qm (mg.g™) 40/105 45/ 35 119/30 99/34 120/23 40/60
AG (kJ.mol™) -12.6/-7.22 | -11.9/-4.68 | -11.5/-3.4 | -13.4/-4.5 | -10.4/0.963 | -14.7/-7.1
r 0.989/0.88 | 0.98/0.997 | 0.865/0.97 [ 0.91/0.999 | 0.96/0.986 | 0.90/0.65
SD 0.078/0.02 | 0.02/0.015 | 0.415/0.06 [ 0.069/0.01 | 0.07/0.11 | 0.672/0.09
Temkin
-AH (kJ.mol™) 13.519/2.82 | 17.71/1.17 | 15.98/0.932 | 14.44/1.12 | 18.10/0.66 | 14.72/1.75
K (L.mmol ™) 0.130/0.301 | 3.11/0.123 | 0.394/0.122 [ 0.119/0.12 | 0.81/0.040 | 0.068/0.19
r 0.956/0.997 | 0.997/0.996 | 0.893/0.994 [ 0.931/0.99 | 0.951/0.91 | 0.905/0.99
SD 0.087/0.037 | 0.065/0.097 | 0.074/0.085 | 0.039/0.08 | 0.021/0.04 | 0.065/0.09
DR
| qm (mg.g™) 34/218 37/ 172 65/ 174 64/ 169 60/ 152 17/211
E, (KJ.mol'™") 0.125/19.33 | 0.133/9.55 | 0.811/9.64 [ 0.206/9.18 | 1.77/3.59 | 0.198/11.9
r 0.944/0.993 | 0.925/0.975 | 0.847/0.974 | 0.963/0.98 | 0.789/0.96 | 0.625/0.99
SD 0.047/0.090 | 0.048/0.066 | 0.081/0.071 | 0.033/0.09 | 0.077/0.08 | 0.045/0.07
Halsey
ky (L.g™) 0.182/0.16 | 0.165/0.152 | 0.01/0.09 [ 0.108/0.15 | 0.002/0.30 | 0.505/0.25
ny -2.31/-0.99 | -2.27/-1.25 | -2.40/-1.34 | -1.20/-1.27 | -2.67/-1.29 | -2.24/-1.03
r 0.863/0.984 | 0.874/0.994 | 0.971/0.99 [ 0.947/0.81 | 0.997/0.97 | 0.95/0.98
SD 0.053/0.07 | 0.052/0.015 | 0.036/0.01 [ 0.096/0.08 | 0.10/0.083 | 0.097/0.03
Flori-Huggins
kn(L.g™") 0.001/ 0.033/ 0.024/ 0.036/ 0.009/ 0.01/3.97
1.380E-14 | 1.940E-05 | 0.0002 3.419E-05 | 1.370
ng, -3.86/-8.92 | -1.416/-2.62 | -2.34/-1.63 | -1.09/-2.41 | -15.45/4.38 | -3.46/2.31
r 0.981/0.98 | 0.989/0.97 | 0.978/0.99 | 0.996/0.96 | 0.983/0.88 | 0.981/0.99
SD 0.023/0.06 | 0.038/0.08 | 0.092/0.02 | 0.079/0.02 | 0.078/0.03 | 0.063/0.08
Elovich
| qm (mg.g™) 0.47/6.56 | 0.504/6.46 | 2.836/10.8 | 0.831/6.74 | 7.29/0.612 | 0.214/2.32
Ky (L.mmol ™) 2644/ 17703/ 2.90E+53/ | 429E+15/ | 3.07E+94/ | 38.53/
5.5E+258 2.3E+58 5.54E+61 3.29E+56 2.96E+89 3.53E+116
r 0.756/0.88 | 0.768/0.999 | 0.817/0.96 | 0.812/0.99 | 0.939/0.99 | 0.775/0.99
SD 0.052/0.09 | 0.083/0.006 | 0.019/0.02 | 0.071/0.04 | 0.075/0.05 | 0.074/0.072
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The Freundlich isotherm model fits the experimental data very well due to the
heterogeneous distribution of non identical and energetically non uniform sites on the adsorbents
under study. According to Treybal[44], an n value between 1 and 10 represents beneficial
adsorption. The value of n, for the Freundlich model falling in the range of 0.98 to 1.34 for Cd*",
Zn*" and Hg2+, 1.9 to 2.6 for Cu*’,indicates favorable adsorption. Langmuir equation relates the
coverage of molecules on a solid surface to concentration of a medium above the solid surface at
a fixed temperature. For the Langmuir model, the parameters K; (equilibrium adsorption
constant) and qmax Were calculated from the intercept and slope of the plot of C./q. versus Ce. For
the Langmuir model r* varied from 0.86 to 0.998. In the present work although both the
equations are obeyed, Freundlich isotherm model has a slightly better correlation coefficient and
SD value indicating that surface of the adsorbents is heterogeneous in the long range but may
have short range uniformity [45]. The comparative adsorption capacities were found in the order
of Cu*'<Cd*'~Zn*'~Hg*", adsorption capacity for Cu*" was found to be lowest among the metal
ions studied.

In case of Cd*", Cu®" and Zn®", SAPSP, PAPSP was found to have better adsorption
capacities, whereas for Hg*" it was PSP. 9AAC showed higher adsorption capacities in case of
Cu”" and Zn**as compared to Cd*" and Hg*" due to the affinity of the hard copper and zinc to the
hard basic ligands present in 9AAC. Higher adsorption of Hg*" onto PSP as compared to other
adsorbents may be due to the reduction of mercury to elemental mercury and creation of more
carboxyl groups as seen from XPS studies in section3.3.8.The correlation coefficients of Temkin
model (0.893 to 0.996) indicate a satisfactory fit of the model to the experimental data. The
variation of adsorption energy, AQ was found to be positive for all the metal ions adsorbed onto
PSP, APSP, SAPSP, PAPSP, 9AAC and PAPSP, indicating the adsorption to be exothermic.

The Dubinin—Radushkevich model does not assume a homogeneous surface, like the
Langmuir model. Its theory of filling the micro-pore volume is based on the fact that the
adsorption potential is variable and that the free adsorption enthalpy is linked to the degree of
pore filling. The values of correlation coefficients obtained from D-R model are lower than other
isotherm values representing poor fit to experimental data and hence further analysis of D-R
model was not done.

In all cases, though the Elovich isotherm exhibited good coefficients of correlation for the

adsorbents under study, the values of maximum adsorption capacity determined (Table 3.3) are
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lower than the experimental adsorbed amounts at equilibrium. Therefore, the Elovich model is
unable to describe the adsorption isotherms of the metal ions onto all the adsorbents under study.

Multilayer adsorption is generally discussed by the Halsey equation and is found to fit
well with the experimental data having r* (> 0.865)[46] indicating that the mechanism may be
multilayer adsorption for PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP. However, the values
of Ky suggest that multilayer adsorption might be playing only a small role.

The Flory-Huggins model was used to assess the isotherm data (Table 3.3). Thoughthe
correlation coefficients seem to be high, the negative value of n and low values of kg imply that
the model cannot be used to describe the adsorption data.Thus it can be concluded that the
Freundlich and Langmuir isotherm model fits best with low SD values followed by Halsey and
Temkin. The adherence to these models suggests that these adsorbents might have homogeneous
and heterogeneous surface energy distributions which would induce single and multilayer
adsorption occurring either simultaneously or one after another.

3.3.4. Thermodynamic Parameters.

The negative value of AH indicates that the adsorption of M?" on PSP, APSP, SAPSP,
PAPSP,9AAC and MPSP is exothermic. The negative values of AG” in Table 3.4 indicate that
the adsorption of M*" by the adsorbents under study is by physisorption and is spontancous and
thermodynamically favorable [47]. The negative values of AS’ are indicative of decrease in
randomness during adsorption and a high affinity of the adsorbent towards the adsorbate.

Table 3.4. Thermodynamic Parameters for Cd*", Zn**, Cu®" and Hg*"

[ cd [ Zn | Cu | Hg
AG (KJ/mol)
PSP -1.849 -3.664 -0.612 -34.184
APSP -3.124 -2.12 -8.583 -6.871
SAPSP -2.304 -3.272 -4.571 -5.233
PAPSP -3.001 -3.36 -3.152 -5.82
9AAC -1.844 -2.814 -0.495 -9.765
MPSP -2.451 -2.707 -0.632 -16.157
AS (KJ/molK)
PSP 0.0001 0.006 0.841 0.049
APSP 0.0009 0.002 13.302 0.009
SAPSP 0.0002 0.004 6.983 0.005
PAPSP 0.0019 0.003 4.714 0.008
9AAC 0.0001 0.004 0.665 0.015
MPSP 0.0019 0.004 0.829 0.022
AH (KJ/mol)
PSP -1.818 [ -1.922 [ -0.358 -19.241

97




APSP -3.097 -1.601 -4.553 -4.1

SAPSP -2.248 -2.206 -2.455 -3.663
PAPSP -2.419 -2.38 -1.724 -3.533
9AAC -1.812 -1.506 -0.294 -5.079
MPSP -1.852 -1.415 -0.381 -9.395

3.3.5. Fourier Transform Infrared Spectroscopy.

Infrared spectra of the pristine and metal-loaded sorbents are shown in Figure 3.5. From

figure 3.5 it is evident that there is shift in wave number and decrease in intensity of certain

bands. Similarity in FTIR spectra of PSP with APSP and PAPSP suggests that a large proportion

of the organic functional groups are retained on chemical or physical treatment of palm shell

powder at 150°C (Figure 3.5).
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Figure 3.5. FTIR of native and metal loaded samples

Table 3.5. Typical Absorption frequencies and Carbonyl stretching frequencies of Infra red
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spectra for free and metal loaded adsorbents

PSP- APSP- SAPSP- PAPSP- 9AAC- MPSP- Assignment
Cd/Zn Cd/Zn Cd/Zn Cd/Zn Cd/Zn Cd/Zn
3451/3561 3450/3633 | 3478/ 3606 3621/3601 - 3496/ 3331 -N-H, -O-H stretching
2887, 2923/3002, | 3040, 2877/ | 3067,2935/ | 2995,2882/ | 2995, 2879/ -CH;, -CH, symmetric stretch
2830/ 2896 3074, 2896 3153,2894 | 2995,2870 | 2923, 2855
3244, 2889
2347/2131 2357/2353 | 2357/ 2359 2349/ 2357 | 2366/2357 | 2361/ 2369, Free CO,
2119
1717/1735 1709/1719 | 1716/ 1723 1716/ 1709 - 1716/ 1731 -C=0 stretch for acids or aldehyde
1594/ 1584/1572 | 1589/ 1580 1580/ 1573 | 1572/ 1574 | 1584/ 1585 -C=0 stretch cellulose/ C=C
1599, 1520 Aromatic stretch (skeletal vibration)/
N-H bending of amide
1436/ 1440/1433 | 1479, 1433/ | 1433/1433 | 1486, 1433/ | 1433/ 1452 -CHj,- stretch/ -C=C- Aromatic
1460, 1416 1433 1486, 1433 stretching
1346/1368 1361/1354 | 1347/ 1354 1354/ 1354 | 1342/ 1347 | 1347/ 1361 -C-H stretch/ N-H bending
1238/1263 1229/1229 | 1229/ 1237 1229/ 1229 | 1215/1227 | 1237/ 1229 -C-O bending of carboxylic acids/
phenolic O-H stretch/ N-H bending
1166/1118 - - - - 1157/ 1162 -O-H stretch (2° Alcohol), -C-O-C-
stretching
1049/1033 1042/1033 | 1045/ 1037 1033/ 1033 | 1064/ 1037 | 1052/1045 -C-H stretch, -C-O stretch (1°
Alcohol)
893/893 - - - - 894/ 894 Anomeric C-H bending of cellulose
845/845 826/853 841/ 834 -/ 834 841/ 841 841/ 841 -C-H out of plane bending
768, 549, 768, 572, 755, 549, | 762,516, 750, 558, | 750, 535, Cd/ Zn -O bending vibrations
404/ 771, 404/772, 437, 409/ | 404/ 778, 493,418/ | 420/ 769,
512,423 526,418 764, 518, 510, 422 777,512, | 516,419
423 426
PSP- APSP- SAPSP- PAPSP- 9AAC- MPSP- Assignment
Cu/Hg Cu/Hg Cu/Hg Cu/Hg Cu/Hg Cu/Hg
3352/3456 | 3606/ 3569 | 3645/ 3788, | 3612/3584 | -/- 3304/3343 -N-H, -O-H stretching
3501
2930/ 3067/ 2920, | 3050/ 3056, | 3055/3079, | 3055/ - 2889/ 2953, -CH;, -CH, symmetric stretch
2943,2875 | 2875 2867 2883 2880
1738/ 1728/ 1728 1731/ 1766, | 1723/ 1728 | -/- 1738/ 1735 -C=0 stretch for acids or aldehyde
1758, 1713 1728
1603/ 1600 | 1589/ 1600 | 1556/ 1592 1528/ 1584 | 1587/ 1584 | 1644/ 1652, -C=0 stretch cellulose/ C=C
1600 Aromatic stretch (skeletal vibration)/
N-H bending of amide
1428/ 1436/ 1449 | 1436/ 1472, | 1428/ 1471 | 1428/ 1486, | 1450/ 1449 -CHj;- stretch/ -C=C- Aromatic
1479, 1433 1423 1449 stretching
1368/ 1335 | 1361/ 1366 | 1361/1350 1376/ 1373 1373/ 1350 | 1366/ 1350 -C-H stretch/ N-H bending
1261/ 1283 | 1294/ 1260 | 1289/ 1290 1285/ 1285 | -/- 1268/ 1260 -C-O bending of carboxylic acids/
phenolic O-H stretch/ N-H bending
1040/ 1049 | -/- 1021/ 1041 1028/ 1026 | -/ 1049 - -C-H stretch, -C-O stretch (1°
Alcohol)
826/ 845 819/ 822 817/ 837 826/ 822 834/ 845 826/ 822 -C-H out of plane bending
797, 533, | 790, 536, | 789, 533, | 794, 530, | 780, 526, | 791, 528, Cu/ Hg -O bending vibrations
425/ 790, | 428/ 787, | 427/ 792, | 422/ 789, | 420/ 793, | 421/ 796,
527 524 525 527 531 530,418

The band at 3300- 3600 cm™ represents -OH and -NH groups in the adsorbents under
study (Table 3.5). The shift in the band to 3400-3650 cm™ indicates M*—OH and —NH

interaction during metal sorption onto the adsorbents under study. Carboxylate groups exhibit

bands in the range 1700-1732 and ~1200 cm™ for the adsorbents under study. The bands were
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shifted to 1710-1735 and 1215-1265 cm’™ respectively in metal loaded adsorbents. This shift
could be due to the association of the carbonyl group with metal ions [37]. The bands at 1125
cm '-1127 em™! could be due to the —C—O stretching of ether groups while the bands at 1030
cm '-1065 cm™' could be assigned to the -C—O stretching of alcoholic groups. The difference
between C=0 and C-O bond stretching has been related to the relative symmetry of these two
carbon-oxygen bonds and is reported to reflect the nature of carboxyl group binding status [48].
Adsorbents were found to have much larger A values than the metal loaded adsorbents
(Table 3.6). The lower values of A in the presence of metal ions indicate the involvement of

carboxylate groups in forming complexes with metal ions.

Table 3.6.A values for virgin and metal loaded adsorbents

Biosorbent | vc—o Vc.o A=Vc-0-Vc.0 Biosorbent | vc—o Vc.o A=Vc-0-Vc.0
PSP 1732 1250 482 PAPSP 1723 1235 488
APSP 1720 1229 491 MPSP 1727 1238 489
SAPSP 1723 1229 494

PSP-Cd 1717 1238 479 PSP-Zn 1735 1263 472
APSP-Cd 1709 1229 480 APSP-Zn 1719 1229 490
SAPSP-Cd | 1716 1229 487 SAPSP-Zn | 1723 1237 486
PAPSP-Cd | 1716 1229 487 PAPSP-Zn | 1709 1229 480
MPSP-Cd 1716 1237 479 MPSP-Zn 1731 1229 502
PSP-Cu 1738 1261 477 PSP-Hg 1758 1283 475
APSP-Cu 1728 1294 434 APSP-Hg 1728 1260 468
SAPSP-Cu | 1731 1289 442 SAPSP-Hg | 1766 1290 476
PAPSP-Cu | 1723 1285 438 PAPSP-Hg | 1728 1285 443
MPSP-Cu 1738 1268 470 MPSP-Hg 1735 1260 475

It is clear from the FT-IR analysis that the possible mechanism of adsorption of Cd*",
Zn*", Cu’" and Hg’" on the adsorbents may be physical adsorption, ion exchange, surface
precipitation, complexation with functional groups and chemical reactions with surface sites [49,

50].
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3.3.6. Column Studies.
The column breakthrough curves for Cd**, Zn*", Cu*" and Hg*" are shown in Figure 3.6.

The effluent concentration is seen to have the typical ‘S’ shape.
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Figure 3.6. Column breakthrough studies
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Figure 3.7.Thomas Model for forCu®", Cd**, Zn*" and Hg*"
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Thomas and Yoon—Nelson models were also applied to the column adsorption data at a
flow rate of ImL/min at an initial metal ion concentration of 1g/L and bed height 5cm for M**
with all the adsorbents under study. The respective values of Thomas rate constant (kry) and bed
capacity (qrn) were calculated from the linear plots of In[(C,/C;)—1] versus Vg The theoretical
predictions based on the model parameters are compared in Figure 3.7with the observed data.
The well fit of the experimental data on to the Thomas model indicate that external and internal

diffusion will not be the limiting step.
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Figure 3.8.Yoon & Nelson Model for Cu*", Cd*", Zn*" and Hg*"

It can be seen that the less stirred property in column mode reduces the M* adsorption
capacity of PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP. The trend observed in maximum
adsorption capacity measured in batch system is different from that measured in columns as the
diffusion coefficient is different in batch and column reactors and is also dependent on flow rate
in column [51].From the equations in Table 3.1 it is evident that the characteristic parameter
associated with Thomas and Yoon and Nelson models (Figure 3.8) vary but both the models
predict essentially same uptake capacity and C/C, values for a particular experimental set of

data. Hence same r” and SD values were obtained as also suggested by Baral et al. [52].
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3.3.7. Desorption studies.
Solutions of 0.1 N HCI, 0.1 N EDTA and 0.1 N NH; have been studied as eluents for

: 2+
desorption of M™".
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Operating parameters: Adsorption: 30 °C, 180 min, optimum pH, 1000 ppm, 0.1 g adsorbent, 180 rpm. Desorption:
0.1 N eluent, 30 °C.
Figure 3.9. Desorption and cycles of adsorption: a)Effect of desorbents, b) Cycles of adsorption,

¢) Cycles of desorption for Cu*", Cd**, Zn*" and Hg*"

From Figure 3.9 it is evident that desorption of Cd*" and Zn*" from the metal-loaded
adsorbents with 0.1M HCI and 0.1M EDTA resulted in greater than 92 and 99% recovery of
these metals, respectively. It was observed that Cd(Il) and Zn(II) were easily desorbed within 30
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min, which would prove highly advantageous for metal recovery. It is also seen that the removal
capacity of adsorbents decreased only by ~6% in the second cycle, and by ~6.5% in the third
cycle. Quantitative desorption of Cd(II) and ~86% desorption of Zn(II) with HCI suggests that
the metal ions are adsorbed to the functional groups of the adsorbents under study by
electrostatic attraction while ~79% desorption of Cd(Il) and quantitative desorption of Zn(II)
with 0.1N EDTA could be due to the stability of Cd-EDTA (2.9x10'°) and Zn-EDTA (3.2x10'°)
chelates.

HCI desorbed 16-42% of Cu®" from the adsorbents under study while NH3 desorbed 10-
38% of Cu”". On the other hand EDTA was found to be effective in desorbing >95% of copper
from all the adsorbents under study.The adsorbents exhibited highest copper uptake capacities
for PAPSP (48, 48 and 47 mg/g in first, second and third cycles, respectively). In the case of
APSP and PAPSP 0.IM EDTA maintained a consistent elution efficiency of around 100, 98,
97% in the first second and third desorption cycle respectively. Such high elution efficiency with
EDTA could be due to high stability constants of Cu-EDTA complexes.

From Figure 3.9 it is evident that desorption of Hg”" from the metal-loaded PSP with
0.1IM HCI resulted with ~90% recovery. However, the use of 0.IM EDTA and 0.1 M NH;
resulted in 81.2 and 70.2 % recovery of Hg”" respectively. It was observed that mercury was
easily desorbed within 30 min, which would prove highly advantageous for metal recovery. This
indicates that ion exchange is involved in the adsorption process [53].

It was observed that all the metal ions were easily desorbed within 30 min, which would
prove highly advantageous for metal recovery. Thus regeneration and reuse of the adsorbents
under studywas checked for 3 cycles and found to be an economical and efficient method for

2+
removal of M~ from water.

3.3.8. X-ray Photoelectron Spectroscopy.

The wide scan XPS spectra of adsorbents (native and metal-loaded adsorbents) are
presented in Figure 3.10,deconvoluted spectra in Figures 3.11 and 3.12 and the corresponding
binding energies with relative content of species studied are listed in Table 3.7. X-ray
photoelectron spectroscopy was employed to study the binding energy (BE) of oxygen (Ols),
carbon (Cls), nitrogen (N1S) in adsorbents under study and to study the shift in binding energy

after mercury and copper adsorption.
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Figure 3.10.Wide scan spectra for Cu”"and Hg*"
The changes in the contents of C=0 and C-O after metaladsorption indicate that, these groups are

involved in the adsorption of metal onto the adsorbents, which is consonant with the FT-IR

analysis
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Figure 3.12.Deconvoluted (a.) Cls spectra (b.)Cu2p spectra (c.)Ols spectra and (d.) N1s spectra

for the Hg-loaded adsorbents

Table 3.7.Summary of binding energy and area ratios of pristine and Cu®>'& Hg*"-loaded sorbents

Sample Surface | Proposed components Binding FWHM Relative
Energy(eV) Quantity
Cls Valence State
PSP C-(C, H) graphitic C 284.661 2.310 0.6906
C-(0, N, H) phenolic, alcoholic, etheric 285.984 1.774 0.1871
C=0, O-C-0, COOR -carbony! or quinine 287.200 2.495 0.1223
Hg-PSP C-(C,H) 284.642 2.504 0.6639
C-(OH, OR) 286.569 2.196 0.2209
0=C-O carboxyl or ester 288.442 2.624 0.1152
Cu-PSP C-(C,H) 284.570 1.899 0.6685
C-(OH, OR) 286.183 1.663 0.2264
0=C-O carboxyl or ester 287.881 2.186 0.1051
APSP C-(C,H) 284.647 2.462 0.6716
C-(OH, OR) 286.599 2.074 0.2112
0=C-0 288.577 2.605 0.1172
Hg-APSP C-(C,H) 284.696 2.206 0.5529
C-(OH, OR) 286.605 2.550 0.3179
0=C-O 289.188 3.139 0.1291
Cu-APSP C-(C,H) 284.590 2.118 0.5491
C-(OH, OR) 286.321 2.562 0.3086
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0=C-O 288.894 3.896 0.1263
SAPSP C-(C,H) 284.524 2.264 0.5272
C-(OH, OR) 286.342 1.894 0.2499
0=C-O 288.073, 1.973, 2.181 0.1471,
289.791 0.0758
Hg-SAPSP C-(C,H) 284.645 2.634 0.6139
C-(OH, OR) 286.762 2.543 0.2700
0=C-0 288.874 2.706 0.1151
Cu-SAPSP C-(C,H) 284.682 2.374 0.4528
C-(OH, OR) 286.275 2.331 0.3219
0=C-O0 288.115, 2.180, 0.1537,
289.936 2.467 0.0717
PAPSP C-(C,H) 284.590 2.051 0.6297
C-(OH, OR) 286.071 2.204 0.2552
C=0, O-C-0, COOR 287.979 1.527 0.0817
0=C-O0 289.308 1.424 0.0334
Hg-PAPSP C-(C,H) 284.620 2.510 0.5989
C-(OH, OR) 286.738 2.576 0.2819
0=C-O 289.023 2.515 0.1191
Cu-PAPSP C-(C,H) 284.581 2.367 0.4962
C-(OH, OR) 286.119 2.337 0.2895
C=0, 0-C-0, COOR 287.957 2.502 0.1621
0=C-O0 289.802 2.602 0.0521
9AAC C-(C,H) 284.507 2.336 0.5552
C-(OH, OR) 286.511 2.284 0.2822
C=0, 0-C-0, COOR 288.384 2.572 0.1155
C=C, occluded CO, = electrons in aromatic ring, CO, 290.295 3.464 0.0471
Hg-9AAC C-(C,H) 284.665 2.935 0.5300
C-(OH, OR) 286.660 2.513 0.3209
C=0, 0-C-0, COOR 288.806 3.483 0.1481
Cu-9AAC C-(C,H) 284.566 2.507 0.6918
C-(OH, OR) 286.472 2.352 0.1744
0=C-O 288.556 2.360 0.0829
C=C, occluded CO, = electrons in aromatic ring, CO, 290.939 3.606 0.0509
MPSP C-(C,H, R), C-(C, H) 284.624 2.460 0.5456
C-(OH, OR) 286.116, 1.718, 0.2137,
286.346 2.120 0.1311
C=0, 0-C-0, COOR 0=C-O 288.517 2.491 0.1095
Hg-MPSP C-(C,H,R), C-(C,H) 284.621 2.528 0.6759
C-(OH, OR) 286.573 2.380 0.2260
C=0, O-C-0, COOR 0=C-O 288.391 2.907 0.9801
Cu-MPSP C-(C,H, R), C-(C, H) 284.634 2.606 0.4712
C-(OH, OR) 286.237 2.208 0.3381
C=0, O-C-O COOR 287.650 1.517 0.1122
0=C-0 289.142 1.897 0.0785

Ols Valence State
PSP C=0, C-0 (Lactones, phenolic and etheric) 531.400 2.050 0.4424
Singly bonded oxygen C-O 532.846 2.072 0.5576
Hg-PSP C=0, C-O(Lactones, phenolic and etheric) 530.749 2.751 0.7579
Singly bonded oxygen C-O 532.546 2.563 0.2521
Cu-PSP C=0, C-O(Lactones, phenolic and etheric) 531.416 2.137 0.4460
Singly bonded oxygen C-O 532.843 2.023 0.5539
APSP C=0, C-0 (Lactones, phenolic and etheric) 531.770 2.606 0.8160
Singly bonded oxygen C-O 533.570 2.394 0.4796
Hg-APSP C=0, C-0O (Carboxylic acid, etheric, lactonic, anhydrides, | 530.216 3.481 0.7579
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pyrones and phenols) 532.568 2.929 0.2421
Cu-APSP C=0, C-O(Lactones, phenolic and etheric) 531.417 2.315 0.4934
Singly bonded oxygen C-O 533.252 2.402 0.5067
SAPSP C=0 (Carboxylic acid) 532.209, 3.492, 3.517 0.8032,
534.596 0.1968
Hg-SAPSP C=0, C-0O (Carboxylic acid, etheric, lactonic, anhydrides, | 530.410, 2.987, 0.6869
pyrones and phenols) 532.119 2.988 0.3130
Cu-SAPSP C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 531.859 3.167 0.6953
pyrones and phenols) 533.815 3.150 0.3047
PAPSP C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 531.656 2.449 0.4576
pyrones and phenols) 533.388 3.347 0.5424
Hg-PAPSP C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 529.915 2.888 0.5321
pyrones and phenols) 531.754 3.263 0.4680
Cu-PAPSP C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 531.935 2.771 0.6274
pyrones and phenols) 533.832 2.781 0.3726
9AAC C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 533.080 3.389 0.8437
pyrones and phenols)
Occluded CO, chemisorbed CO,, O, and H,O 535.638 3.618 0.1563
Hg-9AAC C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 529.434 2.518 0.4085
pyrones and phenols) 531.736 2.851 0.5910
Cu-9AAC C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 531.586 3.039 0.6443
pyrones and phenols) 533.576 3.071 0.3557
MPSP C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 531.367 2.440 0.3795
pyrones and phenols) 532.931 2.978 0.6205
Hg-MPSP C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 530.044 2.893 0.8089
pyrones and phenols) 532.934 2.577 0.1911
Cu-MPSP C=0, C-O (Carboxylic acid, etheric, lactonic, anhydrides, | 531.497 2.757 0.5732
pyrones and phenols) 533.075 2.798 0.4268
NI1S
PSP C-N-C (pyrrolic nitrogen, pyridines) 399.839, 1.492, 1.512, | 0.6129,
398.597, 1.258 0.2141,
400.846 0.1729
Hg-PSP C-N-C (pyrrolic nitrogen, pyridones) 398.759 2317 1.000
Cu-PSP C-N-C (pyrrolic nitrogen, pyridones) 399.182, 1.578, 2.038 0.3922,
400.207 0.6078
APSP C-N-C (pyrrolic nitrogen, pyridones) 399.98, 1.228, 1.468 0.3556,
400.075 0.2780
Quartenary nitrogen, protonated pyridinic ammonium | 401.278 1.908 0.3664
ions, nitrogen atoms replacing carbon in graphene
Hg-APSP C-N-C (pyrrolic nitrogen, pyridones) 398.658 1.734 1.000
Quartenary nitrogen, protonated pyridinic ammonium | 401.278 1.908 0.3664
ions, nitrogen atoms replacing carbon in graphene
Cu-APSP C-N-C (pyrrolic nitrogen, pyridones) 400.028 1.824 0.6157
Oxidised nitrogen functionalities or NO, groups 402.307 1.486 0.3843
SAPSP C-N-C (pyrrolic nitrogen, pyridones) 399.797 1.366 0.3883
Quartenary nitrogen, protonated pyridinic ammonium | 401.477 1.941 0.6118
ions, nitrogen atoms replacing carbon in graphene
Hg-SAPSP C-N-C (pyrrolic nitrogen, pyridones) 398.237 2.747 1.000
Cu-SAPSP C-N-C (pyrrolic nitrogen, pyridones) 400.073 1.753 0.7105
Quartenary nitrogen, protonated pyridinic ammonium | 401.567 1.403 0.2895
ions, nitrogen atoms replacing carbon in graphene
PAPSP C-N-C (pyrrolic nitrogen, pyridones) 398.584, 1.097, 1.319 0.2677,
399.774 0.4869
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Quartenary nitrogen, protonated pyridinic ammonium | 401.074 1.032 0.2454
ions, nitrogen atoms replacing carbon in graphene
Hg-PAPSP C-N-C (pyrrolic nitrogen, pyridones) 398.348, 2.603,2.781 0.4710,
400.289 0.5291
Cu-PAPSP C-N-C (pyrrolic nitrogen, pyridones) 399.928 1.824 0.6157
Oxidised nitrogen functionalities or NO, groups 402.207 1.486 0.3843
9AAC C-N-C (pyrrolic nitrogen, pyridones) 397.686, 1.516, 1.596 0.3000,
400.803 0.3745
Oxidised nitrogen functionalities or NO, groups 402.300 1.639 0.3255
Hg-9AAC C-N-C (pyrrolic nitrogen, pyridones) 398.022, 1.516, 1.596 0.7319,
399.356 0.2681
Cu-9AAC C-N-C (pyrrolic nitrogen, pyridones) 397.100, 1.326, 1.342 0.4173,
399.700 0.3199
Quartenary nitrogen, protonated pyridinic ammonium | 401.400 1.199 0.2627
ions, nitrogen atoms replacing carbon in graphene
MPSP C-N-C (pyrrolic nitrogen, pyridones) 398.703, 1.889, 1.679 0.2787,
400.000 0.5613
Quartenary nitrogen, protonated pyridinic ammonium | 401.606 1.570 0.1599
ions, nitrogen atoms replacing carbon in graphene
Hg-MPSP C-N-C (pyrrolic nitrogen, pyridones) 398.999 2.583 1.000
Cu-MPSP Quartenary nitrogen, protonated pyridinic ammonium | 401.191 1.587 0.1034
ions, nitrogen atoms replacing carbon in graphene
C-N-C (pyrrolic nitrogen, pyridones) 398.641, 2.160, 1.332 0.5294,
399.939 0.3672
Hg-PSP Hg-4f 5/2 (Hg") 98.460 2.279 0.2169
Hg-4£5/2 (Hgo) 102.985 1.733 0.1359
Hg-4f7/2 (Hg™) 100.303 2.155 0.4310
Hg-4f 7/2 (Hg'?) 104.878 3.366 0.2170
Cu-PSP Cu-2p3/2 (Cu™) 933.100 2.200 0.8685
Cu-2p1/2 (Cu'?) 952.991 1.578 0.1324
Hg-APSP Hg-4f 5/2 (Hg") 99.191 1.859 0.3399
Hg-4f 5/2 (Hg") 102.626 1.680 0.2780
Hg-4f 7/2 (Hg'?) 100.499 1.688 0.2130
Hg-4f 7/2 (Hg') 104.153 1.665 0.1681
Cu-APSP Cu-2p3/2 (Cu™) 932.982 3.181 0.7000
Cu-2p1/2 (Cu™) 952.160 3.982 0.2999
Hg-SAPSP Hg-4f 5/2 (Hg") 99.950 1.858 0.3359
Hg-4f 5/2 (Hg") 103.531 1.564 0.2457
Hg-4f 7/2 (Hg'?) 101.533 1.539 0.2422
Hg-4f 7/2 (Hg") 105.678 1.909 0.1761
Cu-SAPSP Cu-2p3/2 (Cu™) 934.419 3.020 0.8431
Cu-2p1/2 (Cu'?) 952.875 1.981 0.1569
Hg-PAPSP Hg-4f 5/2 (Hg") 99.899 2.011 0.3429
Hg-4f 5/2 (Hg") 103.653 1.691 0.2230
Hg-4f 7/2 (Hg"?) 101.547 1.633 0.2501
Hg-4f 7/2 (Hg'?) 105.092 1.441 0.1839
Cu-PAPSP Cu-2p3/2 (Cu™) 934.441 2216 0.7536
Cu-2p1/2 (Cu*?) 954.836 1.694 0.2473
Hg-9AAC Hg-4f 5/2 (Hg") 99.273 1.842 0.6319
Hg-4f 7/2 (Hg') 104.068 1.854 0.3680
Cu-9AAC Cu-2p3/2 (Cu™) 934.521 1.106 0.5370
Cu-2p1/2 (Cu™) 953.845 1.193 0.4629
Hg-MPSP Hg-4f 5/2 (Hg") 98.088 2.816 0.2809
Hg-4f 5/2 (Hg") 102.420 3.084 0.2440
Hg-4f 7/2 (Hg"?) 100.122 2.385 0.2959
Hg-4f 7/2 (Hg') 105.610 3.419 0.1791
Cu-MPSP Cu-2p3/2 (Cu™) 934.400 1.582 0.6949
Cu-2p1/2 (Cu*?) 954.849 1.405 0.3050
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Table 3.8.Surface concentration of oxygen containing carbon and graphitic carbon, % content of

C,Nand O

Samples Cox/Cg Surface concentration (from C 1s peak)%
Native C in | Phenol-ether | Carbonyl- Carboxyl Others
graphite quinone
Hg-PSP 0.506 66.39 22.09 - 11.52 -
Hg-APSP 0.808 55.29 31.79 - 12.91 -
Hg-SAPSP 0.627 61.39 27.00 - 11.51 -
Hg-PAPSP 0.669 59.89 28.19 - 11.91 -
Hg-MPSP 0.479 67.59 22.60 - 9.80 -
Hg-9AAC 0.884 53.00 32.09 - 14.81 -
Cu-PSP 0.234 81.1 14.9 4.0 - -
Cu-APSP 0.959 54.91 30.86 - 12.63 -
Cu-SAPSP 1.208 45.28 32.19 15.37 7.17 -
Cu-PAPSP 1.015 49.62 28.95 16.21 5.21 -
Cu-MPSP 1.122 47.12 33.81 11.22 7.85 -
Cu-9AAC 0.446 69.18 17.44 - 8.29 5.09
Native XPS (C, N, O) O/ Cratio | Cu-Loaded | XPS (C,N, O) O/ C ratio
Hg-PSP 49.43,1.39,49.18 | 0.995 Cu-PSP 54.48,1.74,43.79 0.804
Hg-MPSP 54.54,1.07,44.39 | 0.814 Cu-MPSP 50.07, 1.62, 48.30 0.965
Hg-APSP 68.82, 0.39, 30.79 | 0.448 Cu-APSP 50.58, 0.49, 48.93 0.967
Hg-SAPSP 46.44,1.58,51.98 | 1.119 Cu-SAPSP | 49.64, 0.58, 49.79 1.003
Hg-PAPSP 43.46,3.18,53.36 | 1.228 Cu-PAPSP | 51.03, 0.49, 48.48 0.950
Hg-9AAC 53.89, 1.10,45.00 | 0.835 Cu-9AAC 61.57,0.68, 37.75 0.613

Table 3.8 shows changes in the contents of C=0O and C-O after copper and mercury
adsorption suggesting that these groups are involved in the adsorption of the metal ions onto the
adsorbents, which is in consonance with the FT-IR results. The 2p3/2 peak of copper was fitted
by binding energies corresponding to 933.1, 932.982, 934.419, 934.441,934.521 and 934.400 for
PSP, APSP,SAPSP, PAPSP, 9AAC and MPSP. The peaks for Cu*" in Cu-PSP and Cu-APSP
could be characterized as the Cu®" that has relatively higher electron density in its valence shell,
and the corresponding peaks in Cu-SAPSP, Cu-PAPSP, Cu-9AAC and Cu-MPSP as the Cu®" ion
with lower electron density in its valence shell. Cu®" can gain electrons from the ligands
(hydroxyl and ether) via covalent bonding while Cu®* located in the ionic bonding environment
(carboxylate) has less electron density. As a result, the Cu®" ions in the former environment gave
rise to a peak around ~933 eV and those in the latter one the peak about 934.0 eV. These
observations suggested that the adsorption interactions of copper species might involve not only
the cation exchange interaction resulted from the oxygen containing functional groups, there

should be other interactions like complex formation.Thus the influence of the chemical
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interaction of copper with surface functional groups in different environments has resulted in
different binding energies for Cu®" on the adsorbents under study.A corresponding shift in C1S
peaks and O1S peaks is also observed

The XPS spectrum of copper treated adsorbents under study does not indicate any
reduction whereas in case of mercury it showed reduction of Hg™ to metallic mercury
simultaneously oxidizing the adsorbent surface. The surface groups were divided for the
adsorbents under study by taking their percentage in the surface layer from XPS data (C 1s peak
was taken into account, following the procedure presented in [54]), as shown in Table 3.8. A
relatively stronger intense peak at a BE of 398.759 eVindicates that the N-atoms existed in a
more reduced state on the surfaces of adsorption due to mercury adsorption. This may be due to
the formation of the covalent bond of N-Hg in which, Hg shared electrons with the N-atom,
which increased the electron cloud density of the nitrogen atom and resulted in a lower BE peak
observed.Deconvoluted XPS spectra of mercury in the Hg 4f region and the peaks at 99.779 and
103.949 eV correspond to the binding energies (4f7/2 and 4f 5/2) of elemental mercury [55]. On
the other hand, the peaks at 100.303 and 104.878 eV correspond to the binding energies (4f7/2
and 4f 5/2) of Hg(Il) in HgO[56] suggesting that part of the mercury on PSP is present in
elemental form and partly in +2 state.An increase in the O/C ratio is observed which can be
attributed to the oxidation of lignin aromatic carbons (aldehydic groups) by Hg(II) and formation
of alcoholic sites, carboxylic sites and elemental mercury. Similar observation has been made by
Dupont et al. during their studies on the removal of hexavalent chromium with a lignocellulosic
substrate extracted from wheat bran [57]which could be related to the abundance of lignin and
fatty acid moieties, which allow the reduction of Hg(Il) into Hg(0) on carboxylic moieties
[58].Earlier studies reflected the binding of mercury on the biomass occurs through electrostatic
and complexation reactions[59, 60].
3.3.9. Solid state->CNMR Spectroscopic Analysis.

C NMR spectral analysis was done only for copper loaded samples as a representative
to see the changes occurring in the adsorbents after metal adsorption.'*C solid state NMR spectra
of Cu-loaded adsorbents is presented in Figure 3.13, the peaks assigned to different carbons are

shown in Table 3.9.
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Figure 3.13. NMR spectra for the Cu-loaded adsorbents
Table 3.9.Assignments to the NMR peaks

PSP Cu-PSP APSP Cu-APSP MPSP Cu-MPSP | Range Assignment

- 168 171 171 171 195-165 RCOO-RH  (Standard  oxidized
cellulose) Carboxyl carbon of acetate
group of hemicelluloses

- - 164 164 164 169-140 CsHs0-RH Phenolic carbon

- - - 148 148 150-140 Subsituted  oxygenated  aromatic
carbon

- 138,129 | 130 138 131 135-120 Non oxygenated Aromatic carbons,
Aromatic acids and anhydrides

100 101 101 112,102 112, 101 102-108 Anomeric carbon

101 (Anhydroglucose)C1

82 82 - 84,79 85, 81 81-93 Anomeric carbon
(Anhydroglucose)C4 amorphous
cellulose~84

60, 70 70, 60, | 62 61,57 72, 61, | 70,61,52 | 50-70 1° Alcohol of (Anhydroglucose)

52 52 Aliphatic C-O0
C2,C3,C5(~70)C6(~60)  amorphous
cellulose~62

17 16 48, 36, 30, | 49, 36, 30, | 17 36, 30, 18, | 5-50 Aliphatic C-C possibly of
18, 6 16, 6 8 polymethylene type
SAPSP | Cu- PAPSP Cu-PAPSP | 9AAC Cu-9AAC | Range Assignment
SAPSP
170 - 171 167 - 192 195-165 RCOO-RH (Standard oxidized
cellulose) Carboxyl carbon
- - 163/146 146 - - 169-140 C¢HsO-RH Phenolic carbon
147 - - - - - 150-140 Subsituted aromatic carbon
- 122 130 138, 132 123 121 135-120 Aromatic carbons, Aromatic acids
and anhydrides
111 - 101 116, 101 - - 102-108 Anomeric carbon (Anhydroglucose)
- - - - - - 81-93 Anomeric carbon (Anhydroglucose)
- - 61,55 61,55 - - 50-70 1° Alcohol of (Anhydroglucose)
Aliphatic C-O
- - 48, 35, 31, | 48,36, 30, | - - 5-50 Aliphatic C-C
16, 6 19, 14,5
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Cu-APSP and Cu- PSP showed a peak at 171ppm and 168 ppm respectivelysimilar to thepeak
observed at 171 ppm in APSP and PAPSP which can be attributed to the carboxyl carbon (C-6),
in the oxidized anhydroglucose unit of the cellulose chain formed after treatment with acid and
persulfate respectively This peak is not seen in PSP and is of higher intensity in Cu-APSP than
APSP indicating that adsorption of copper has caused changes in the c=o0 and c-o content as
evidenced by XPS spectra. Similarly the peak at 93 ppm in Cu-APSP is attributed to C-1 of the
terminal a-D-glucose unit that is usually present in oxidized cellulose .Moreover the peaks are
seen to be sharper in Cu-PSP, APSP, Cu-APSP, PAPSP, Cu-PAPSP probably due to binding of
Cu(II), and oxidation by acid and persulfate respectively which result in more ordered

structures.
3.4. Mechanism.

In this work, several different modifications have been applied to improve/ modify the
functional groups of palm shell powder and enhance the uptakes of metal ions. On the basis of
FT-IR spectra as well as kinetic and isotherm modeling, the adsorption of Cd*", Zn**, Cu*" and
Hg®" on the adsorbents could be considered to be via (1) Surface active functional groups like
amine and carboxyl involving valence forces through the exchange of electrons, complexation,
coordination and/or chelation and (2) Intraparticle diffusion into the micropores. The first step
dominates at low concentrations while the latter step at high concentrations of Cd*", Zn*", Cu*"
and Hg”". These speculations are in agreement with the reported mechanisms [61-63].

Valeria et al. have reported that cadmium and zinc in aqueous solutions exist as Cd*" and
Zn*'in solution till pH 8 and 7 respectively, beyond which the metal hydroxides starts
precipitating in [64].

Hence, the probable mechanism by which M**are bound to carboxyl groups is:
2(—COOH) + M?* & (—=C00), — M + 2H*
2(—COO0OH) + M(OH), < (—C00), — M(OH) + H* + H,0
(—COOH) + M(OH)* & (—C00) — M(OH) + H*
The binding mechanism of M*" with phenolic groups could be:
2(—CgHs — OH) + M?* & (=C¢Hs — 0), — M + 2H*
(—Cg¢Hs — OH) + M(OH)* & (—C¢Hs — 0) — M(OH) + H*
A similar type of mechanism has been proposed for chromium adsorption onto agro-

waste materials by Bernardo et al. [65]. Cd*", Zn®", Cu*" and Hg*'were considered to be
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adsorbed due to binding with amino groups by electrostatic interaction as follows:
2(—NH,) + M2+ & (=NH), — M + 2H*
(—NH,) + M?* &= (=N — M) + 2H*
(=NH;) + M(OH)* & (—NH) — M(OH) + H*
(—NH;) + M(OH), < (—NH), — M(OH) + H* + H,0

H+

H' H'
Mo+ Mo+ Mot
Pores
; K\ \‘é( AN

\ \ \ \ \ \ A U U U T T U Y T \‘ \ \ \ \
\ N\ \ \ \ ' Ligno-cellulosic Agrowaste \ \ \ \ \
A R N N N N VA VA A A Y

v m Metal Binding .., _ Cu’", Cd?",
Functional groups Zn?*, Hg?*

Scheme 3.1.Mechanism for binding of divalent metal ion

The XPS spectra confirmed the presence of Hg’ and Hg*" on the surface of PSP after

mercury adsorption suggesting that reduction of Hg*" to Hg" took place on PSP surface. This

could be due to the oxidation of lignin aromatic carbons (aldehydic, phenolic and carboxyl

groups) by Hg(Il) and formation of alcoholic sites, carboxylic sites, CO, and elemental mercury.

Hg™" +2¢ — Hg’ E’=+0.85V
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Scheme 3.2.Redox mechanism for mercury

E.I. El-Shafey reported reduction of Hg(II) to Hg(I) using sulfuric acid treated rice husk
while M.Cox et al. reported reduction of Hg(II) to Hg(I) and Hg(0) using sulfuric acid treated
flax shive[59, 60]. However there have been no literature reports on reduction of Hg(Il) using
virgin lignocellulosic materials though there have been reports on reduction of Cu(Il) to Cu(0)
and Cr(VI) to Cr(IIl) [57, 66]. Xin Huang et al have studied the adsorption of Hg(II) onto
bayberry tannin-immobilised collagen fiber wherein they have reported the adsorption
mechanism to be only chelation of Hg(II) [67]. Reduction of Hg(I) to Hg(0) has been reported

on organic matter present in soil, fungi and other microorganisms [68-72].
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3.5. Conclusions.

The prepared adsorbents show potential as effective systems for the removal of trace
levels of metal ions from aqueous systems. Potentiometric, FT-IR and XPS studies reveal that
carboxyl, amino, hydroxyl, lactonic and phenolic groups on PSP seem to be responsible for
mercury adsorption. XPS studies showed different binding energies for Hg”" and Cu®" on the
adsorbents under study indicating different types and degrees of chemical interaction of mercury
and copper with surface functional groups. XPS studies also indicate that Hg(II) was reduced to

Hg(0) on PSP surface and was adsorbed onto it by physisorption.

Sorption isotherms of the metal ions on the adsorbents were studied and modeled using
Freundlich, Langmuir, Temkin, Dubinin-Radushkevich (DR), Elovich,Flory-Huggins, and
Halsey isotherms.The adsorption data of the metal ions were best fit by Langmuir and Freundlich

models.

Pseudo second order kinetics describes the overall sorption preocess well while
intraparticle diffusion of the metal ion from the liquid phase to the adsorbent surface might be
having some role up to variable extents in deciding the rate processes. The sorption process is
exothermic, spontaneous and accompanied by decrease in entropy.

Adsorption of metals is thus a complex process that is based upon a range of mechanisms
which differ according to the type of adsorbent, the degree of processing it has undergone and
also the adsorbate. The different mechanisms which play a role include ion exchange, chelation
and physisorption.In the case of mercury reduction of divalent mercury to elemental mercury
also seems to play a role in the case of PSP.

The data obtained from column studies have shown good agreement with the predicted
results obtained by application of Thomas model and Yoon and Nelson model as evident from
the low value of standard deviation.

Adsorbent regeneration and metal recovery indicate the advantage of not producing any
sludge. Thus based on the good uptake capacity, rapid kinetics, regenerability and low cost, the
adsorbents under study prepared from palm shell appear to be promising for the removal of
cadmium and zinc from aqueous solutions. Interestingly the adsorption capacity of 9AAC and
PAPSP were found to be almost similar or sometimes lesser for 9AAC, thus proving that PAPSP

is a more economical and efficient adsorbent as compared to 9AAC.
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4.1. Introduction

Among the several oxidation states(di-, tri-, penta- and hexa-) of chromium, trivalent chromium
together with the hexavalent state can be mainly present in the aquaticenvironment [1]. Although
trivalent chromium is less toxic than hexavalent chromium, a long-term exposure to trivalent chromium
is known to cause allergic skin reactions and cancer [2]. As a result, the total chromium level in the
effluent is strictly regulated in many countries.Hexavalent chromium species are strong oxidants that act
as carcinogens, mutagens, and teratogens in biologicalsystems. Hexavalent chromium exists in water as
oxyanions such as chromate (HCrO,) and dichromate (Cr,0;%). Itsspeciation is dependent on the pH. It
causes diseases such as epigastric pain nausea, vomiting, severe diarrhea, andhemorrhage by ingestion.
The maximum allowed contaminant drinking level for the drinking water is 0.05 mg/L [3].

Several inexpensive sorbents have been tested in the removal of hexavalent chromium as given
in Tablel.3 of chapter 1. Most reports claim that the Cr®* was removed from aqueous systems by
anionic adsorption [4-24]but it has been newly explained that these findings were misinterpreted due to
errors in measuring chromium species in aqueous phase, insufficient contact time required for
equilibrium, and the lack of information about the oxidation state of the chromium bound on the
biomaterials [25].Someresearchers have reported that the removal of Cr®*was partly through reduction,
as well as anionic adsorption,and the partial reduction could take place only under stronglyacidic
conditions (pH < 2.5) [26-31].

Therefore the aim of this study is to i) determine the influence of the various parameters on the
adsorption of hexavalent and trivalent Cr, ii) Evaluation of the adsorption capacity of the adsorbents by
studying the equilibriumadsorption isotherms of Cr®".iii) Fitthe equilibrium data to five different
isotherm models,and obtain the values of parameters of the isotherms. iv) Obtain breakthrough curves
using column adsorptionand fit the data to various column models and v) Use XPS and FT-IR
spectroscopic techniques to gain insight into the mechanism of adsorption of hexavalent chromium onto
the adsorbents under study.

4.2 .Material and Methods.

4.2.1. Batch Uptake.
A stock solutions of Cr®* and Cr® were prepared by dissolving 5.13 and 2.83 g of
CrCl3.6H,0and K,Cr,O;(E-Merck) respectively in slightly acidified double distilled water and making
upto 1L to give 1000 mg/L of Cr®" and Cr®*solutions. Working standards were prepared by diluting
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different volumes of the stock solution to obtain the desired concentration. Batch adsorption
experiments were conducted as discussed in Chapter 3.

At the end of the predetermined time intervals, the suspensions were filtered and the filterate was
analysed to find the uptake of chromium by the adsorbents under study. The Cr®*concentration in the
filterate was analysedspectrophotometricallyby UV spectrophotometer (Elico SL177) at 540 nm after
usingdiphenylcarbazidecomplexing agent, while the total chromium concentration was determined by
ICP analysis (model). The Cr(Ill) concentration was obtained from the differencebetween the total Cr
and Cr(VI) concentrations in the filterate.

4.3.Results and Discussion

4.3.1. Uptake studies.

4.3.1.1. pH dependence.

The pH of the medium from which adsorption is taking place is an important controlling parameter in
heavy metal adsorption process. Its effect on the removal of Cr®*/ Cr**ion (initial concentration 100ppm)

was studied by varying pH from 1 to10.
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Operating parameters: 180 rpm,100ppm of cré*/ Cr3+, 0.1g adsorbent, time 240 min, temperature 30 °C, pH 1-4
Figure 4.1.Effect of pH, time, dose, initial concentration of Cr®*/ Cr**

Cr¥ predominates at pH<3.0 whereas at pH>3.5, hydrolysis of aqueous Cr® yields
trivalentchromium hydroxy species [CrOH?*, Cr(OH),", Cr(OH)sand Cr(OH), ] [32]. Hexavalent

chromiumexists primarily as salts of chromic acid (H,CrO,4), hydrogenchromate ion (HCrO, ) and
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chromate ion (CrO,*),depending on the pH. H,CrO, predominates at pH’s less than about 1.0,
HCrO, at pH’s between 1.0 and 6.0, and CrO,* at pHs above about 6[33].

Figure 4.1 shows that for all the adsorbents under study adsorption of Cr®* ionwas maximum at
~pH 1, decreased slightly till pH 3 and then remainedconstant for the remaining range of pH studied. In
the case of Cr¥*maximum adsorption was observed at pH 1 with slight decrease in adsorption till pH4
observed for APSP, PAPSP and MPSP. On the other hand for PSP and 9AAC a slight increase in
Cr¥ adsorption was observed as pH was increased from 1 to 4,whilethe increase in adsorption was found
to be significant for SAPSP.Similar reports of optimum adsorption at pH 4 for trivalent chromium are
available in literature[34].

At low pH conditions, the amino (—NH>) phenolic and carboxyl groups may become protonated, thus
making the biomass more positively charged resulting in electrostatic attraction of the Cr®* species.The
acid chromate ion species (HCrO4") is reported to be the major form of Cr®* at this range of pH value of
1-4[35, 36].The phenolic groups, carboxyl and amino groups may contribute to Cr** binding at low pH
which may be attributed to competition of chromium (I11) species with H" or Hz0" ions for the surface
functional groups as evidenced by considerable adsorption of Cr** at low pH in the case of
APSP,PAPSP and MPSP and maximum adsorption in the case of SAPSP,PSP and 9AAC. As pH
increases from 1 to 4, deprotonation of these functional groups leads to a slightly increasednegative
charge on the biomass resulting in repulsionof anionic Cr®* species, while positively charged Cr®*
experiences increasedattraction to the biomass.At higher pH values (>4.0) formation of chromium
hydroxide starts, resulting in reduced adsorption.

4.3.1.2. Contact time dependence.

Contact time variation shows that equilibrium is achieved faster (80 min) when SAPSP & 9AAC was
used as the adsorbent as compared to other adsorbents under study (PSP, SAPSP, PAPSP and MPSP)
where equilibrium was achieved in 150 min (Figure 4.2) in case of Cr®" whereas all the adsorbents

showed similar trend for Cr®* adsorption and equilibrium was achieved in 120 min.
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Figure 4.2.Effect of contact time of Cr®*/ Cr**

The rate of adsorption is very fast initially with about >95% of Cr®* being removed within few
minutes followed by a decreased rate with the approach of equilibrium when compared with slow rate of
adsorption of Cr** with 40-90% in 120 min. The removal rate is high initially due to the presence of free
binding sites which gradually become saturated with time resulting in decreased rate of adsorption as
equilibrium approaches. This indicates that the adsorption is mainly through surface binding. Similar
observations were made by Das et al [37].

4.3.1.3. Dosagedependence.
The effect of dose of adsorbents under study on the removal of Chromium [Cr®*& Cr®*] is shown in

Figure 4.3, which illustrates the adsorption of Chromium ion with change of the adsorbent dose from
0.02 to 0.12g.

125



%09 oy 27 cr

2254 204

20.0 4

15

1754

10

g, (mg/g)

15.0 4

54
1254
100 T T T T T 1 0 T T T T T 1
0.02 0.04 0.06 0.08 0.10 0.12 0.02 0.04 0.06 0.08 0.10 0.12
Dose (g)
—=— PSP —s— APSP SAPSP —%— PAPSP 9AAC —<«— MPSP

Operating parameters: 180 rpm,100 ppm of cré/ Cr3+, time 240 min, temperature 30 °C, pH 1
Figure 4.3.Effect of initial concentration of Cr®*/ Cr**

As inferred from Figure4.3, for a fixed metal initial concentration, increasing the adsorbent dose

provided greater surface area and availability of more active sites [38], thus leading to the enhancement
of metal ion uptake for both Cr®* and Cr*.

4.3.1.4. Concentration Variation.

Variation in initial concentration of Cr®*/ Cr**as shown in Figure 4.4 showed similar trend. In
case of Cr®" maximum adsorption capacity was found to be higher than for Cr**.
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Figure 4.4.Effect of initial concentration of Cr®*/ Cr**
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4.3.1.5. Temperature variation.
Temperature studies showed (Figure 4.5) almost the same trend for all the adsorbents under

study. From the figure it can be seen that uptake decreases as temperature increases indicating that the
mechanism of adsorption is exothermic in nature for both Cr®*/ Cr®".
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Operating parameters: 180 rpm,1000 ppm of crd/ Cr3+, 0.1g adsorbent, time 240 min, pH 1

Figure 4.5. Effect of temperature on uptake of Cr®*/ Cr®" ions by PSP, MPSP, APSP, SAPSP, PAPSP
and 9AAC

4.3.2. Adsorption Kinetics.
Adsorption of Cr®*/Cr** ions onto PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP was carried
out for 240 min to ensure complete attainment of equilibrium. The kinetic models of Pseudo First order,
Pseudo Second order, Intraparticle diffusion, Bangham, Elovich and Liquid film diffusion models were

studied and the kinetic constants for the adsorption of chromium by all the adsorbents under study are
presented in Table 4.1.
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Table 4.1. Kinetic parameters

cr/cr®t PSP APSP SAPSP PAPSP 9AAC MPSP

ge (exp) 24.87/19.00 24.82/ 20.95 24.68/ 24.40 24.74/ 23.35 24.77/ 18.78 24.71/ 16.50
Pseudo 2"order
q.(mg.g™) 24.630/ 18.195 | 24.845/21.263 | 24.771/21.061 | 24.808/25.006 | 62.112/ 16.667 | 24.857/17.343
K, (g.mgmin’ 0.058/0.054 0.104/0.008 0.082/0.005 0.099/0.003 0.012/0.004 0.042/0.004
)
r’ 1.000/ 0.999 1.000/0.999 1.000/ 0.99 1.000/ 0.999 0.999/0.995 0.999/0.99
SD 0.007/0.013 0.005/0.010 0.004/0.014 0.005/0.015 0.001/0.018 0.015/0.015
Lagergren
q.(mg.g™) 0.754/5.879 1.219/7.262 0.927/10.385 1.219/18.892 1.064/ 8.404 1.833/ 15.354
K, (min™) -0.016/-0.022 | -0.043/-0.026 | -0.029/-0.025 | -0.041/-0.029 -0.027/-0.34 | -0.006/-0.032
r’ 0.966/ 0.934 0.969/ 0.896 0.991/0.941 0.975/ 0.958 0.986/ 0.934 0.997/ 0.955
SD 0.068/ 0.025 0.167/0.032 0.062/ 0.087 0.144/0.078 0.067/0.082 0.007/0.041
Intra Particle Diffusion
Kip(mg/g/min) 0.041/0.342 0.012/0.230 0.024/0.449 0.013/0.739 0.034/0.874 0.052/ 0.527
r’ 0.927/0.847 0.821/0.954 0.889/ 0.960 0.859/ 0.946 0.898/ 0.929 0.982/ 0.920
SD 0.049/ 0.087 0.024/0.066 0.037/0.074 0.023/ 0.092 0.050/ 0.076 0.030/ 0.087
Elovich
B (g.mg?) 3.983/0.637 3.478/1.074 | 4.429/0521 | 3.475/0.312 | 3.788/0.260 5.273/0.421
a (mg.g 'min’ 2.562E+93/ 6.800E+80/ 5.934E+103/ 3.945E+80/ 1.218E+88/ 1.89E+124/
D! 1896285.996 5.368E+16 305002.297 388.126 2.000 124.328
r’ 0.972/0.913 0.859/ 0.906 0.941/0.963 0.865/ 0.964 0.959/0.959 0.933/0.977
SD 0.051/0.063 0.047/0.073 0.069/ 0.056 0.143/0.076 0.066/ 0.097 0.062/ 0.044
Liquid film diffusion model
Kep 0.029/ -0.022 0.043/-0.026 0.038/-0.025 0.029/-0.029 0.036/-0.033 0.025/-0.032
r’ 0.892/0.934 0.905/ 0.895 0.981/0.940 0.904/0.958 0.969/0.934 0.886/ 0.955
SD 0.074/0.073 0.082/0.073 0.050/ 0.042 0.094/0.041 0.041/0.051 0.090/ 0.055
Bangham

Kam -113.37/ - -113.39/ - -113.46/ - -113.44/ - -113.72/ - -113.72/ -
126.10 120.38 123.75 122.31 132.28 131.44
a 4.660E-05/ 4.46E-05/ 3.98E-05/ 4.51E-05/ 4.80E-05/ 4.29E-05/
4.41E-04 2.60E-04 5.26E-04 7.70E-04 0.001 7.84E-04
r’ 0.840/0.738 0.616/ 0.951 0.768/ 0.907 0.625/ 0.874 0.809/ 0.840 0.983/ 0.808
SD 0.002/ 0.028 0.004/0.006 0.002/ 0.017 0.004/0.020 0.003/ 0.057 0.001/0.040

The pseudo second order kinetics provided the best fit for the kinetic data at optimumpH. The g

values were very close to the experimental ge value and correlation coefficient values were 0.995-1.00
for PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP for both Cr** and Cr®*. This suggests that the rate
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limiting step in adsorption of chromium is chemisorption involving valence forces through the exchange

of electrons between sorbent and sorbate[39, 40], complexation, coordination and/ or chelation.
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Operating parameters: 180 rpm,100ppm of cré/ Cr3+, 0.1g adsorbent, time 15-240 min, temperature 30 °C, pH 1
Figure 4.6. Kinetics for Cr®* and Cr®* by PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP
In pseudo first order model the geexpy Values were much higher than g fitted values (Figure 4.6)
for both Cr®* and Cr®*. The large discrepancies show that the reaction cannot be classified as pseudo
first order although this plot has reasonably good correlation coefficient from the fitting process. This
underestimate of the amount of binding sites is probably due to the fact that g, was determined from the
y-intercept (0, 1). This intercept is affected strongly by the short term metal uptake, which is much
lower than equilibrium uptake [41]. This has been observed by several other workers [42-44]. This
could be due to boundary layer controlling the beginning of the adsorption process [44]. Elovich
model’s correlation coefficients (0.859-0.977) provided a bad fit to the experimental data and hence we
can not predict any meaningful information or any definite mechanism. The Liquid film diffusion model

is applicable when flow of the adsorbate from the bulk liquid to the surface of the adsorbent determines
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the rate constant. The curves did not pass though origin as required by the model but very small
intercepts indicates that diffusion of chromium from the liquid phase to the adsorbent surface might be
having some role in deciding the rate processes. The Weber and Morris adsorption kinetic model was
plotted using the equation given in Chapter 3 Table3.1.

The plots obtained for PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP do not pass through
origin implying that intraparticle diffusion is not the only operative mechanism.The intraparticle
diffusion rate is fastest in PSP &APSP, the order being APSP~PSP>SAPSP>MPSP>PAPSP>9AAC for
Cr¥: APSP~PAPSP>SAPSP>9AAC>PSP>MPSPfor Cr®*as evident from intraparticle diffusion rate
constants. Finally, in order to further confirm the occurrence of intraparticle diffusion, Bangham
equation (Chapter 3 Table3.1) was applied to the adsorption data. The double logarithmic plots obtained
with very less correlation coefficients (>0.616) for both Cr®* and Cr¥*indicated very less contribution of
pore diffusion towards adsorption process. The lowest r* value for 9AAC is in agreement with the
results of intraparticle diffusion. The not so linear curves indicated the diffusion of adsorbate into pores
of the sorbent is not the only rate controlling step.

Adsorption capacity of the adsorbents for Cr®" washighest at pH 1, whereas Cr**adsorption was
highest at pH4 which is consistent with results of others [45].Initial rapid uptake implies the binding of
adsorbate ions on the surface of adsorbents under study throughproton exchange at optimum pH(pH 1)
as Cr®" occurs in its anionic form and preferably bind at pH1.Later on slower adsorption might be due to
intraparticle diffusion, and diffusion of chromium from the aqueous phase to the adsorbent due to weak
acidic and basic groups such as carboxyl, hydroxyl, amino groups at pH >1.

4.3.3. Adsorption Isotherms.

For modeling ofchromiumuptake Freundlich, Langmuir, Temkin, Dubinin-Radushkevich (DR), Flory-
Huggins, Elovich and Halsey isotherm models were employed. Adsorption isotherms of the type gevsCe
were also used to verify the isotherm models. The values of model constants along with their correlation

coefficients, r* and SD values for all the systems studied are presented in Table 4.2.
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Table 4.2. Isotherms parameters for different adsorbents Cr®*/ Cr®*

crefrert PSP APSP SAPSP PAPSP 9AAC MPSP
Freundlich

Gecexp) (MQ/Q) 24.87/19.00 | 24.82/20.95 | 24.68/24.40 | 24.74/23.35| 24.77/18.78 | 24.71/16.50

Ke(mg.g ) (dm’/mg)™" 5.08/ 1.47 3.66/1.13 4.36/1.88 3.54/3.45 3.84/2.71 4.31/1.49

n 1.37/1.00 1.00/ 1.49 1.07/1.85 0.96/ 2.98 0.93/2.53 1.01/1.69

r’ 0.997/0.959 | 0.995/0.948 | 0.991/0.989 | 0.999/0.993 | 0.996/0.985 | 0.995/0.976

SD 0.038/0.013 | 0.044/0.031 | 0.056/0.054 | 0.034/0.044 | 0.038/0.062 | 0.046/0.083

Langmuir

K. (dm®.mg™) 0.164/0.006 | 0.071/0.004 | 0.075/0.008 | 0.051/0.034 | 0.073/0.012 | 0.107/0.006

Om (Mg.g™) 289/ 138 303/ 133 284/ 149 313/ 137 262/ 136 249/ 154

AG (kJ.mol ™) -4.71/-13.32 | -6.88/-14.31 | -6.72/12.67 | -7.73/-8.79 | -6.79/-11.49 | -5.79/-13.41

r’ 0.993/0.985 | 0.910/0.981 | 0.987/0.984 | 0.994/0.996 | 0.998/0.960 | 0.983/0.991

SD 0.002/0.054 | 0.002/0.046 | 0.001/0.030 | 0.006/0.057 | 0.003/0.005 | 0.002/0.088
Temkin

-AH (kJ.mol ™) 7.346/7.633 | 10.443/7.670 | 10.357/8.726 10.983/ | 9.755/9.418 [ 8.975/9.292

11.741

K+ (dm®.mg™) 0.319/0.146 | 0.333/0.072 | 0.440/0.227 | 0.324/0.213 | 0.391/0.22 | 0.468/0.115

r’ 0.995/0.995 | 0.988/0.993 | 0.960/0.956 | 0.982/0.963 | 0.973/0.961 | 0.953/0.939

SD 0.077/0.036 | 0.031/0.068 | 0.082/0.054 | 0.023/0.071 | 0.045/0.025 | 0.073/0.069

DR

Jm (Mg.g ™) 187/ 167 229/ 166 216/ 178 221/ 174 235/ 173 253/ 179

E? (KJ) 12.46/10.44 | 10.72/11.94 | 14.85/19.92 | 11.21/15.04 1.29/1.19 | 12.82/10.75

r’ 0.956/0.957 | 0.972/0.967 | 0.939/0.960 | 0.954/0.959 | 0.971/0.954 | 0.975/0.967

SD 0.014/0.092 | 0.072/0.093 | 0.051/0.074 | 0.021/0.077 | 0.075/0.051 | 0.062/0.050
Halsey

Ky (mg.g ) (dm*/mg)™™ 0.823/0.751 | 0.716/0.777 | 0.758/0.388 | 0.699/0.416 | 0.701/0.332 | 0.745/0.359

Ny -0.27/-0.95 | -0.33/-0.95| -0.29/-1.03 | -0.34/-1.04 | -0.32/-1.11| -0.29/-0.69

r’ 0.997/0.994 | 0.995/0.999 | 0.991/0.994 | 0.997/0.997 | 0.996/0.996 | 0.995/0.997

SD 0.087/0.090 | 0.101/0.046 | 0.093/0.079 | 0.078/0.032 | 0.088/0.052 | 0.071/0.028

Flory-Huggins

Key (Mg.gH)(dm®/mg)™ | 1.026/1.174 | 1.040/3.871 | 1.034/1.426 | 1.043/1.374 | 1.042/1.384 | 1.039/1.143

Ne 0.998/2.307 | 0.996/2.528 | 0.997/2.558 | 0.996/2.634 | 0.995/2.607 | 0.996/3.282

r? 1.000/0.999 | 1.000/1.000 | 1.000/0.990 | 1.000/0.986 | 1.000/0.992 | 1.000/0.998

SD 0.001/0.025 | 0.001/0.002 | 0.001/0.099 | 0.001/0.060 | 0.001/0.072 | 0.001/0.087
Elovich

Jm (Mg.g ™) 52.01/1.29 | 21.57/152 | 21.98/1.81 16.45/1.74 [ 20.29/0.63 18.73/0.89

Ke (dm®.mg™) 1.627/ 2.113/ 0.651/ 1.462/ 1.006/ 1.008/

9.23E+125 8.96E+55 5.19E+89 7.44E+95 1.37E+236 7.89E+125

131




r’ 0.994/0.994 | 0.997/0.924 | 0.988/0.985 | 0.995/0.967 | 1.000/0.911 | 0.999/0.988

SD 0.043/0.046 | 0.006/0.068 | 0.015/0.071 | 0.012/0.089 | 0.001/0.019 | 0.003/0.084

The value of n=1 for the Freundlich model indicates favorable adsorption for Cr®* whereas in
case of adsorption of Cr** only PSP was having n~1 others were having higher n values. The parameters
Ky (equilibrium sorption constant) and gmax were calculated from the intercept and slope of the plot of
Celge Versus Ccof Langmuir isotherm model. Based on the correlation coefficient r* and standard
deviations for Langmuir it varied from 0.910-0.998 for Cr®* and 0.960-0.996 for Cr®* with very less SD
values. Langmuir monolayer adsorption capacity was found in good agreement with the experimental
adsorption capacities.Adsorption of Cr®" was found to be 2 times higher than adsorption of Cr®"
according to Langmuir maximum adsorption capacities on all the adsorbents. The order of preference of
adsorbents to metal ion was found to be PAPSP>APSP>SAPSP~PSP>9AAC>MPSP for Cr®* and
MPSP~SAPSP>PAPSP~APSP~PSP~9AAC for Cr¥*. The maximum adsorption capacities found with
these adsorbents were found to be comparable with literature (Chapter 1 Table 1.3) and in some cases
higher than reported ones.

The correlation coefficients of Temkin Model (0.953 to 0.995 for Cr®* and 0.939 to 0.995 for
Cr*) indicate a satisfactory fit of the model to the experimental data. The variation of adsorption
energy, AQ (7.346, 10.443, 10.357, 10.983, 9.755 and 8.975 for PSP, APSP, SAPSP, PAPSP, 9AAC
and MPSP respectively in the case of Cr®" and 7.633, 7.670, 8.726, 11.741, 9.418 and 9.292 for PSP,
APSP, SAPSP, PAPSP, 9AAC and MPSP respectively in the case of Cr** is positive for all the sorbents
under study, which indicated the adsorption process to be exothermic.

The Dubinin—-Radushkevich model is applied in the form of linear equation as given in Chapter 3
Table3.1. The adsorption energy values calculated for Cr®*are (12.462,10.715, 14.850, 11.207, 1.286
and 12.820 KJmol™) and for Cr®* (10.438, 11.939, 19.924, 15.044, 1.198 and 10.751KJmol™) on PSP,
APSP, SAPSP, PAPSP, 9AAC and MPSP respectively. The magnitude of E is useful for estimating the
mechanism of the sorption reaction. In case of E < 8.0 kJ/mol, physical forces may affect the sorption;
for E in the range 8-16 kJ/mol, ion exchange is the working mechanism, while for E>16 kJ/mol sorption
may be dominated by particle diffusion [44, 46].1t is thus evident from D-R model that for 9AAC
physisorption is the predominant mechanism, while for PSP, APSP, SAPSP, PAPSP and MPSP ion-
exchange is the predominant mechanism.

Multilayer adsorption is generally discussed by the Halsey equation and is found to fit well with
the experimental data having r? (> 0.991 and 0.994 for Cr®"/ Cr**) [38] indicating that the mechanism
may be multilayer sorption for adsorbents under study while the low values of Ky suggest that

multilayer sorption might be playing only a small role.The Flory-Huggins model was used to assess the
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isotherm data. From the linear plots of log(6/Cy) versus log(1-6) for chromium adsorption on the
adsorbents under study and the correlation coefficient values (r* =1.00), it is apparent that the model
shows good fits for the adsorbent under study. However the negative values of n and low values of kry
imply that the model cannot be used to describe the adsorption data.

4.3.4. Thermodynamic Parameters.
The thermodynamic parameters of the sorption process could be determined from the experimental
data obtained at various temperatures using the equations:
AG® = AH® — TAS®
The values of AH°and AS°can be calculated from the slope and intercept of the plots of AG® against
1/T (Figured.7).
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Operating parameters: 30-70 °C, 240 min, pH 1, 1000 ppm of cré/ Cr3+, 0.1g adsorbent, 180 rpm.
Figure 4.7. Thermodynamic studies

Table 4.3. Thermodynamic Parameters for Chromium ions by PSP, APSP, SAPSP, PAPSP, 9AAC
and MPSP

crfcrt
AG (KJ/mol) AS (KJ/molK) AH (KJ/mol)
PSP -28.439/ -48.113 0.082/ 0.094 -3.525/ -19.621
APSP -31.425/ 58.613 0.088/0.110 -4.772/ -25.108
SAPSP -29.323/ -39.861 0.083/ 0.081 -4.182/ -15.173
PAPSP -29.029/ -43.819 0.082/ 0.087 -4.165/ -17.392
9AAC -31.912/ -46.688 0.087/0.093 -5.562/ -18.473
MPSP -28.708/ -48.121 0.083/ 0.094 -3.567/-19.629
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The negative value of AH® indicates that the adsorption of Cr®*/ Cr** on PSP, APSP, SAPSP,
PAPSP, 9AAC and MPSP is exothermic. Generally the absolute magnitude of the change in energy for
physisorption is between (-20 and 0 KJ/mol); chemisorption has a range of (-400 and -80 KJ/mol). The
negative value of AG® in Table 4.3 indicates that sorption of Cr®*/ Cr¥*ion by PSP, APSP, SAPSP,
PAPSP, 9AAC and MPSP to be physisorption and is spontaneous and thermodynamically favorable
[47]. Also the AG® values become less negative with increase in temperature suggesting that adsorption
is favored at lower temperatures and hence is exothermic. The positive values of AS° suggest increased

randomness during adsorption and a high affinity of the adsorbent towards the adsorbate.

4.3.5. Fourier Transform Infrared Spectroscopy.

The absorption bands of FTIR spectra listed in Table 4.4reveal the changes in absorption bands
of the surface functional groups of PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP after chromium
adsorption.

The metal loaded adsorbents showed a shift in the absorption frequencies of OH group
indicating the binding of chromium to the —OH groups present in the adsorbents. The intensitiesof the
peaks at ~1430, ~1250, ~893 and ~840cm* decreased whilethose at 1635 and 1556cm * increased. The
peaks at 1430 and1250cm™* were attributed to the C—O—CH; (methoxyl) deformationand C—OH
(hydroxyl) bending of phenolic structure in lignin and those at 893 and 840 cm™* were assigned to the
out-of-plane CH bending vibrations of lignin (Table 4.4) [48-50]. The decreases in the intensities of
these peaks indicated the oxidation of lignin in the adsorbents under study upon Cr®* reaction.
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Figure 4.8. FTIR spectra for Cr® and Cr** loaded adsorbents

According to Elovitz and Fish[51]the oxidation of phenols leads to the formation of quinones
containing carbonyl groups. Further oxidation of quinones may lead to the formation of carboxylate
anions [52]. Thus, upon Cr®" reaction, the increasing intensities at 1700 and 1556cm ™ were attributed to

the formation of carbonyl and carboxyl groups in the adsorbents under study.
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Table 4.4. Typical Absorption frequencies and Carbonyl stretching frequencies of Infra red spectra for

free and metal loaded adsorbents

PSP- APSP- SAPSP- PAPSP- 9AAC- MPSP- Assignment
cr¥icr® cr¥icr® cr¥icr® cr¥icrt cr¥icrt cr¥icrt
3642/ 3438 3311/ 3618 3518/ 3615 3627/ 3601 -/- 3344/ 3463 -N-H, -O-H stretching
3016,2891/ 2913,2861/30 | 3023,2894/30 | 3076,2922/30 | 2979,2880/29 | 2914,2836/29 -CHg, -CH, symmetric stretch
2886,2821 07,2886 88,2908 87,2895 86,2870 88,2885
2335/ 2347 2361/ 2347 2357/ 2356 2348/ 2355 2361/ 2356 2355/ 2359 Free CO,
1722/ 1756, 1719/ 1769, 1776, 1711/ 1707/ 1713 -/- 1752/ 1717 -C=0 stretch for acids or
1717 1717 1727 aldehyde
1556/ 1589 1573/ 1573 1582/ 1573 1559/ 1571 1512/ 1573 1602/ 1589 -C=0& C=C Aromatic stretch for
cellulose/ N-H bending of amide
1437/ 1487, 1445/ 1496, 1432/ 1444 1431/ 1430 1480,1435/ 1451/ 1434 -CH,- stretch/ -C=C- Aromatic
1435 1435 1496, 1432 stretching
1346/ 1354 1346/ 1355 1361/ 1367 1354/ 1349 1358/ 1342 1365/ 1345 -C-H stretch/ N-H bending
1291/ 1293, 1242/ 1274, 1260/ 1243 1277/ 1288, 1292/ 1290, 1258/ 1290, -C-0 bending of carboxylic acids/
1229 1213 1227 1201 1229 phenolic O-H stretch/ N-H
bending
1224/ 1152 1126/ 1175 -/- 1221 1236 -/- -O-H stretch (2O Alcohol), -C-O-
C- stretching
1024/ 1063 1060/ 1046 1041/ 1045 1037/ 1060 1049/ 1060 1042/ 1062 -C-H stretch, -C-O stretch (1°
Alcohol)
849/ 831 838/ 841 858/ 853 838/ 841 850/ 861 837/ 831 -C-H out of plane bending
785, 507/ 809, | 798,508/ 801, | 718,525/ 771, | 786, 516/ 780, | 793, 518/ 797, | 801, 507/ 778, Cr-O bending vibrations
512 501 519 520 503 526

The suppression of the peaks located at 1450-1750 cm™ and the decrease of the ratio of the

COOH and COO- groups intensities canbe observed. Also there is a shiftin the frequencies of the
absorption band of both C=0 and C-O in carboxyl group (-COOH) due to metal binding. The C-O band
shifts to higher frequencies 1217-1289 cm™probably due to high electron density induced by the
adsorption of chromium on the adjacent carbonyl groups [53, 54]. Thus carboxylic groups are involved
in sorption of chromium as seen by comparison of IR spectra of the adsorbents and the chromium
loaded-adsorbents. The interaction between chromium and carboxylic group of the adsorbent causes a
diminution of the distance between C=0 and C-O stretching peaks [55].A decrease in the ratio of the
COOH and COO-groups intensities can also be observed. The carboxyl and carbonyl groups may
further provide the binding sites for Cr®* resulting from Cr®* reduction. These observations suggest that
Cr®" induces an oxidation of lignincomponents which is not observed in Cr** loaded spectra and that the

retention of Cr ions occurs througha complexation reaction involving carboxylate moieties. Similar

136



observations were made by Dupont et al.[56].After Cr®* adsorption intensity of the peak around 1630
cm™ (C=0 chelate stretching) increased.

4.3.6. X-Ray Photoelectron Spectroscopy.

Figure 4.9depicts the XPS spectra for the adsorbents under study after chromium adsorption. Table

4.5summarizes the identification of the bands observed in Figure4.9.
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Figure 4.9. XPS spectra

It is also evident from the table that the five modified adsorbents of palm shell powder explored
in this study have different amounts of carboxyl groups, differing by a factor up to 10. Furthermore,
XPS results (Figure4.9 and Table 4.5) also showed an increase of carboxylate groups after

Crf*adsorption.
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Table 4.5.Summary of binding energy and area ratios of pristine and Cr-loaded adsorbents

Sample Proposed components Binding Energy FWHM Relative Quantity
Surface eV eV %
C1s Valence State
PSP C-(C, H) graphitic C 284.661 2.310 0.6906
C-(O, N, H) phenolic, alcoholic, etheric 285.984 1.774 0.1871
C=0, 0-C-0, COOR -carbonyl or quinine | 287.200 2.495 0.1223
Cr-PSP C-(C, H) 284.604 2.470 0.2820
C-(OH, OR) 286.626 2.224 0.5119
O=C-0 carboxy!l or ester 288.356 2.425 0.2061
APSP C-(C, H) 284.647 2.462 0.6716
C-(OH, OR) 286.599 2.074 0.2112
0=C-0 288.577 2.605 0.1172
Cr-APSP C-(C, H) 284.696 2.027 0.2219
C-(OH, OR) 287.172 2.087 0.6459
0=C-0 288.791 2.552 0.1239
SAPSP C-(C,H) 284.524 2.264 0.5272
C-(OH, OR) 286.342 1.894 0.2499
0=C-0 288.073, 289.791 1.973, 2.181 0.1471, 0.0758
Cr-SAPSP C-(C,H) 282.615 2.189 0.3139
C-(C, H) 284.600 2.724 0.4839
C-(OH, OR) 286.573 2.938 0.2019
PAPSP C-(C, H) 284.590 2.051 0.6297
C-(OH, OR) 286.071 2.204 0.2552
C=0, 0-C-0O, COOR 287.979 1.527 0.0817
0=C-0 289.308 1.424 0.0334
Cr-PAPSP C-(C, H) 284.631 2.542 0.6439
C-(OH, OR) 286.903 2.251 0.2379
C=0, 0-C-0O, COOR, 0=C-0O 288.830 2.510 0.1179
9AAC C-(C, H) 284.507 2.336 0.5552
C-(OH, OR) 286.511 2.284 0.2822
C=0, 0-C-0O, COOR 288.384 2.572 0.1155
C=C, occluded CO, = electrons in | 290.295 3.464 0.0471
aromatic ring, CO,
Cr-9AAC C-(C, H) 284.607 2.325 0.3610
C-(OH, OR) 285.755 2.352 0.1744
C=0, 0-C-0, COOR 287.709 2.360 0.0829
MPSP C-(C, H, R), C-(C, H) 284.624 2.460 0.5456
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C-(OH, OR) 286.116, 286.346 1.718, 2.120 0.2137,0.1311
C=0, 0-C-0, COOR 0=C-0O 288.517 2.491 0.1095
Cr-MPSP C-(C,H, R), C-(C, H) 284.600 2.265 0.4149
C-(OH, OR) 286.044 2.970 0.4189
C=0, O-C-0 COOR 287.993 3.355 0.1661
O1s Valence State
PSP C=0, C-O (Lactones, phenolic and | 531.400 2.050 0.4424
etheric)
Singly bonded oxygen C-O 532.846 2.072 0.5576
Cr-PSP C=0, C-O (Lactones, phenolic and | 532.261 3.015 0.5219
etheric)
Singly bonded oxygen C-O 534.258 3.038 0.4819
APSP C=0, C-O (Lactones, phenolic and | 531.770 2.606 0.8160
etheric)
Singly bonded oxygen C-O 533.570 2.394 0.4796
Cr-APSP C=0, C-O (Lactones, phenolic and | 532.068 2.568 0.6411
etheric)
Singly bonded oxygen C-O 534.179 2.696 0.5067
SAPSP C=0 (Carboxylic acid) 532.209, 534.596 3.492, 3517 0.8032, 0.1968
Cr-SAPSP C=0, C-O (Carboxylic acid, etheric, | 530.624, 532.541 2.964, 3.082 0.6129, 0.3871
lactonic, anhydrides, pyrones and phenols)
PAPSP C=0, C-O (Carboxylic acid, etheric, | 531.656 2.449 0.4576
lactonic, anhydrides, pyrones and phenols) | 533.388 3.347 0.5424
Cr-PAPSP C=0, C-O (Carboxylic acid, etheric, | 529.984 2.771 0.5679
lactonic, anhydrides, pyrones and phenols) | 531.841 3.095 0.4320
9AAC C=0, C-O (Carboxylic acid, etheric, | 533.080 3.389 0.8437
lactonic, anhydrides, pyrones and phenols)
Occluded CO, chemisorbed CO,, O, and | 535.638 3.618 0.1563
H,O
Cr-9AAC C=0, C-O (Carboxylic acid, etheric, | 531.691 2.643 0.4701
lactonic, anhydrides, pyrones and phenols) | 533.576 2.790 0.5299
MPSP C=0, C-O (Carboxylic acid, etheric, | 531.367 2.440 0.3795
lactonic, anhydrides, pyrones and phenols) | 532.931 2.978 0.6205
Cr-MPSP C=0, C-O (Carboxylic acid, etheric, | 531.990 2.576 0.5219
lactonic, anhydrides, pyrones and phenols) | 533.503 2.916 0.4781
N1S
PSP C-N-C (pyrrolic nitrogen, pyridines) 399.839, 1.492, 0.6129,
398.597, 1.512, 0.2141,
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400.846 1.258 0.1729

Cr-PSP C-N-C (pyrrolic nitrogen, pyridones) 400.382, 401.790 1.366, 1.368 0.4569, 0.5430
APSP C-N-C (pyrrolic nitrogen, pyridones) 399.98, 400.075 1.228, 1.468 0.3556, 0.2780
Quartenary nitrogen, protonated pyridinic | 401.278 1.908 0.3664

ammonium ions, nitrogen atoms replacing

carbon in graphene

Cr-APSP C-N-C (pyrrolic nitrogen, pyridones) 400.622 1.044 0.4709
Oxidised nitrogen functionalities or NO, | 402.245 1.000 0.5290
groups

SAPSP C-N-C (pyrrolic nitrogen, pyridones) 399.797 1.366 0.3883
Quartenary nitrogen, protonated pyridinic | 401.477 1.941 0.6118

ammonium ions, nitrogen atoms replacing

carbon in graphene

Cr-SAPSP C-N-C (pyrrolic nitrogen, pyridones) 399.279 1.051 1.000
PAPSP C-N-C (pyrrolic nitrogen, pyridones) 398.584, 399.774 1.097, 1.319 0.2677, 0.4869
Quartenary nitrogen, protonated pyridinic | 401.074 1.032 0.2454

ammonium ions, nitrogen atoms replacing

carbon in graphene

Cr-PAPSP C-N-C (pyrrolic nitrogen, pyridones) 399.483 1.047 1.000

9AAC C-N-C (pyrrolic nitrogen, pyridones) 397.686, 400.803 1.516, 1.596 0.3000, 0.3745
Oxidised nitrogen functionalities or NO, | 402.300 1.639 0.3255
groups

Cr-9AAC C-N-C (pyrrolic nitrogen, pyridones) 399.800 0.841 1.000

MPSP C-N-C (pyrrolic nitrogen, pyridones) 398.703, 400.000 1.889, 1.679 0.2787, 0.5613
Quartenary nitrogen, protonated pyridinic | 401.606 1.570 0.1599

ammonium ions, nitrogen atoms replacing

carbon in graphene

Cr-MPSP C-N-C (pyrrolic nitrogen, pyridones) 400.085 1.497 1.000

The presence of adsorbed chromium has been detected on the metal loaded adsorbents, and the

Cr2p peaks have been analyzed. It consists of two contributions corresponding to 2p1/2 and 2p3/2
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energy levels respectively as shown in table 4.6. The two contributions of Cr2p peaks are at
577.2,577.6,577.3, 5775, 577.2, 577.8 eVand 587.2, 588.0,586.9,587.5, 587.2, 588.0eV for
PSP,APSP,SAPSP, PAPSP, 9AAC and MPSP respectively. These values compare well with the binding
energy of Cr**[56]. The slight difference between the Cr 2p1/2 peaks (586.8-587 eV) Cr2p3/2 peaks
(577.2-577.7 eV) is attributed to different chemical environments. The Cr2p peaks which appear at
579.6, 579.2, 580.4,578.9,579.98, 581.7and 583.0, 586.2, 583.6, 585.8, 583.3, 585.2eV indicate the
presence of hexavalent chromium and that reduction is not still complete. Similar observations were
made by Dupont et al. [56].

Table 4.6.Summary of binding energy, area ratios, spin orbit splitting of Cr-loaded carbons

Sample Proposed components Binding Energy FWHM Relative Quantity% | Spin orbit
Surface eV eV splitting
Cr-PSP Cr2p 3/2 Cr** 577.210, 587.292 3.791, 3.193 0.3700, 0.1571 10.08
Cr2p 1/2 Cr** 583.048 3.897 0.2579
Cr2p3/2 Cr®* 579.596 3.582 0.2149
Cr-APSP Cr2p 3/2 Cr** 577.574, 588.019 1.590, 1.645 0.4059, 0.1480 10.5
Cr2p 1/2 Cr** 586.227 1.872 0.2320
Cr2p3/2 Cr® 579.200 1.192 0.2129
Cr-SAPSP | Cr2p 3/2 Cr* 577.246, 586.852 3.393, 3.268 0.3659, 0.1711 9.6
Cr2p 1/2 Cr** 583.611 4.025 0.2659
Cr2p3/2 Cr®* 580.424 3.146 0.1980
Cr-PAPSP | Crzp3/2Cr® 577.518, 587.514 1.357, 1.682 0.4469, 0.1461 10.0
Cr2p 1/2 Cr** 585.803 1.590 0.1940
Cr2p3/2 Cr®* 578.860 1.144 0.2130
Cr-9AAC Cr2p 3/2 Cr** 577.274, 587.224 2.843, 3.070 0.3419, 0.1671 10.0
Cr2p 1/2 Cr** 583.290 3.601 0.2279
Cr2p3/2 Cr® 579.856 3.649 0.2630
Cr-MPSP Cr2p 3/2 Cr** 577.796, 588.053 3.931, 3.912 0.3739, 0.1591 10.3
Cr2p 3/2 Cr®* 581.715 4.875 0.2470
Cr2p1/2 Cr¥ 585.253 5.142 0.2210

XPS results also showed the presence of Cr¥*(~40-50%) on Cr**loaded adsorbents. The carboxyl
and carbonyl groups may further provide the binding sites for Cr¥resulting from Cr®*reduction. This is
also supported by the fact that the adsorption capacity of all the adsorbents under study is greater for
Cr® than Cr®*. This observation is in agreement with the ICP analysis, which showed that almost no Cr*"
can be detected in the supernatants of the contacted solutions suggesting that the reduced Cr**is also

strongly adsorbed at pH1 leading to maximum adsorption of total Cr at pH 1.Low pH also accelerates
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the redox reactions in aqueous and solid phases, since the protons participate in these reactions as Eq.
(D).

HCrO; + 7H* + 3e™ & Cr3* + 4H,0 1)

An increase in the O/C ratio is also observed from the XPS data which can be attributed to the
conversion of C1 into C2 andC3 carbon types and generation of oxidized functional groups like
alcoholic and carboxylic sites as also evidenced by IR spectral analysis. This interpretation is supported
by thestudies of Pizzi[57] and Ostmeyer and Elder [58].

4.3.7. Column studies.

The column breakthrough curves for chromium adsorption by adsorbents under study are shown
in Figure 4.10. The effluent concentration is seen to have the typical ‘S’ shape. A total of ~ 2.3 L of
1000 mg/L metal ion solution was passed through the column containing 5 g of adsorbent under
study.Cr*adsorption in column mode showed adsorption upto155, 388, 375, 356, 164,162 bed volumes
for PSP, APSP, SAPSP, PAPSP, 9AAC, MPSP respectively and 144, 347, 325, 335, 312, 131bed
volumes for PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP respectively for Cr**.

1.0+ CrvI 1.0+ crin

C/C, (mg/L)

eI o
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 450
Number of Bed Volumes

PAPSP 9AAC ——— MPSP

———PSP——— APSP SAPSP

Figure 4.10. Column studies

Thomas and Yoon—Nelson models were also applied to the column adsorption data at a flow rate
of 1 mL/min at an initial metal ion concentration of 1 g/L and bed height 5 cm with all the adsorbents
under study.Thomas rate constant (kn) and bed capacity (gn) were calculated and are presented in
Table 4.7.
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Figure 4.11. Column Modeling studies for Cr*& Cr**

The theoretical predictions based on the model parameters are compared in Figure 4.11 with the
observed data. Similarly, from the plot of sampling time (t) versus In[C¢/(Cy—C¢)], the Yoon and Nelson
constant Kyy and t (the time necessary to reach 50% of the retention) were calculated and are shown in
Table 4.7. The well fit of the experimental data on to the Thomas and Yoon-Nelson model indicate that

external and internal diffusion will not be the limiting step.
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Table 4.7. Column Isotherms parameters for different adsorbents

crt/ PSP APSP SAPSP PAPSP 9AAC MPSP
Cr3+
Thomas Model

Krn 0.000007/ 0.000003/ 0.000003/ 0.000003/ 0.000006/ 0.000006/

0.000006 0.000002 0.000002 0.000002 0.000002 0.000008
do 61.739/ 58.097 225.910/ 226.406/ 206.349/ | 61.312/213.084 62.080/ 51.531

216.514 224,771 220.310
r’ 0.937/0.938 0.986/ 0.982 0.976/ 0.980 0.984/0.985 0.938/0.985 0.935/ 0.969
SD 0.086/ 0.090 0.045/ 0.054 0.093/ 0.085 0.066/ 0.025 0.086/ 0.043 0.063/ 0.077
Yoon & Nelson Model
Kyn 0.007/ 0.006 0.002/ 0.002 0.003/ 0.002 0.003/ 0.002 0.006/ 0.002 0.006/ 0.008
to.5(exp) 225/ 300 1050/ 1175 1100/ 1125 1050/ 1100 225/ 1075 225.000/ 250
to.5(cal) 309/ 291 1129/ 1157 1133/ 1124 1033/ 1102 307/ 1065 310/ 257
r’ 0.938/0.938 0.986/ 0.982 0.975/ 0.980 0.984/0.985 0.938/0.985 0.934/0.969
SD 0.086/ 0.090 0.091/ 0.054 0.096/ 0.085 0.066/ 0.025 0.086/ 0.043 0.064/0.077
Wolborska Model

B 0.509/ 0.416 0.662/ 0.571 0.680/ 0.581 0.662/ 0.529 0.474/0.538 0.479/ 0.461
No 154424/ 182606 | 441653/ 483688 | 430902/ 472726 | 408938/ 486223 | 165709/ 476453 | 165752/ 134924
r’ 0.789/0.796 0.950/ 0.946 0.923/0.932 0.949/0.954 0.788/0.944 0.782/ 0.866
SD 0.062/ 0.096 0.082/ 0.060 0.077/0.091 0.089/0.023 0.067/ 0.057 0.084/0.093

From the equations in Chapter 3 Table3.1 it is evident that the characteristic parameter
associated with Thomas and Yoon and Nelson models vary but both the models predict essentially same
uptake capacity and C/Cy values for a particular experimental set of data. Hence same r? and SD values

were obtained as also suggested by Baral et al. [59].

4.3.8. Desorption.

The XPS results indicate that about 50% of Cr is present as Cr®" and the rest as Cr®*. As
mentioned previously, ICP analysis was done to find the total Cr remaining in solution during the course
of our adsorption studies. There was negligible difference in total chromium(obtained from ICP) and
Cr® concentration(obtained from diphenylcarbazide method) due to the fact that Cr®* was also retained
almost quantitatively at pH1as indicated during pH studies. This led us to believe that complete
reduction of Cr®"to Cr** was taking place by the adsorbents under study as observed in many reports
available in literature[60]. Theanalysis thus not gives us a clue of only partial reduction Cr**.So no
attempt was made to study the desorption of Cr as we felt that chromium present in the adsorbents under

study need not be separated since the end product is a Cr** salt[61].
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The partial reduction of Cr°*to Cr¥*by the adsorbents under study was identified only from XPS
studies, the results of which were unfortunately obtained only when we had almost come to an end of
the compilation of this report. So further studies need to be done regarding desorption of Cr from the
adsorbents under study and also to try to achieve complete reduction using a suitable desorbent as
achieved by Luis K. [29].

4.4.Mechanism.

The aqueous phase pH governs the speciation of metals and also the dissociation of active
functional sites on the sorbent. In this study, the pH values of initial solutions were adjusted to below
4.0 and the acidic chromate ion species (HCrO4) was the major form of Cr®" at this pH range [62]. At
low pH conditions, there is easier protonation of functional groups such as amino, carboxyl and
sulfonate groups of biomaterials making the adsorbent material surfaces more positive [63,
64].Furthermore, the point of zero charge (pHzpc) of the adsorbents under study was determined to be
about in the range 3.5-4.0, suggesting that the adsorbents have a large surface charge density at pH 1,
resulting in a strong electrostatic attraction between theadsorbents and the anionic adsorbates.

This results in the removal rate of Cr®*in the aqueous phase being faster, since the binding of
anionic Cr®'species with the positively charged groups is enhanced as a result of electrostatic
interaction.Thus, Cr®*sorption, similar to other metals, could easily be attributed to ion exchange,
surfacecomplexation, and precipitation.The reason being reduction of Cr®*to Cr**could not be evidenced
by the presence of Cr** in solution as observed by other researchers. However, low pH is also known to
accelerate the redox reactions in aqueous and solid phases, since the protons participate in these
reactions as[65].The chromium reduction can take place through variousreactions, mainly the following;

CrO3~ + 8H* 4+ 3e~ & Cr3* +4H,0 E’=1.48V
HCrO; + 7H* + 3e™ & Cr3* +4H,0 E’=1.35V
H,CrO, + 6H* + 3e™ & Cr3* + 4H,0 E’=1.33V

The electron donor groups of the biomass reduce Cr®*to Cr®*. After that, Cr¥*forms complexes
with the adsorbent materials under study.Furthermore,XPS analyses suggested the presence of both
Cr¥and Cr®" species on the adsorbent surfaces. This suggests that Cr®* anions were easily adsorbed on
the adsorbents by electrostatic interaction and were reduced to Cr®* ions on the biomass surface.The
adsorption of Cr¥*was also found to be quantitative at low pH probably due to chelation of Cr¥*with
hydroxyl and phenolic groups. After reduction, either Cr**was occluded in the solid phase or slow to

diffuse back to aqueous phase that Cr®* was undetectable in the filterate.FT-IR observations also suggest
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that hexavalent Cr induces an oxidation of lignin components and that the retention of Cr ions occurs

through a complexation reaction involving carboxylate moieties.

Cr3

HCrO,

Meso pore
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E
A
M eso pore Micro pox
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D Functional Groups: Carboxylic acids, Amines, Phenols, Aldehydes

Figure 4.12.Mechanism for Cr®* and Cr** adsorption and reduction of chromium involved

The adsorption process thus probably involves three steps as depicted in Figure 4.12: (1) the
binding of anionic Cr®* ions with the positively charged groups present on the biomass surface; (2) the
reductionof Cr®* to Cr®* by adjacent electron-donor groups; (3) the formation of complexes of the Cr**
with adjacent groups capable of Cr-binding. This statement was consistent withthat of Park et al. [66-
68].
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5.1. Introduction

Biomaterials have also been investigated for their potential use in the remediation and/or
recovery of uranium from aqueous solutions, high salt concentration solutions, acid mine drainage,
and uranium process solutions (Tablel.1 of chapterl) [1-8]. For uranium uptake, biosorbents of
different origins viz., bacteria, fungi and plant biomass showing efficient metal uptake (>15%
loading capacity) across the pH range 4-5.5 are common [9-11]. Yang and Volesky have
investigated the interactions of uranyl cations with Sargassum seaweed, and they have modeled the
interactions of proton exchange with uranyl cations [4]. In addition they have investigated the effect
of pH on adsorption, which showed a pH-dependent trend and an increase in binding with an increase
in pH. Jansson-Charrier et al. investigated the adsorption of uranium ions onto chitosan and found
that it was effective in the treatment of leachates from mines [6]. Psareva et al. have investigated the
sorption of uranium onto cork biomass [7]. Whereas, Liu et al. have studied the effects of cations and
anions on the biosorption processes for uranium and found little or no effect from various cations and
anions [8]. To the best of our knowledge there are no reports in the literature on biomass exhibiting
good performance (>15% loading capacity) at low pH(~1). Hence use of these biosorbents for
biosorption technology in treating such wastewaters becomes technically non-feasible. Furthermore,
although studies on the biosorption of uranium have been performed, the investigation into the
mechanism(s) of biosorption has not been studied to any great extent.

Spectroscopic techniques have been a valuable aid in determining functional groups that are
responsible for metal binding. Parsons et al have investigated the mechanism of uranium adsorption
onto alfalfa biomass and have found that the primary functional group on alfalfa biomass responsible
for the binding of uranyl cations from aqueous solution was the carboxyl functionality [12]. Several
investigations have shown that U(IV) is formed during the adsorption of U(VI) [13-15]. However no
investigation on speciation of uranium on biomass has been reported.

The objectives of the study were:

1) To explore the potential use of palm shell and palm shell based adsorbents for

adsorption of uranium.

2) To study the influence of various parameters on adsorption.

3) To understand the adsorption mechanism through XPS and FT-IR spectroscopic

techniques.
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5.2. Material and Methods.

5.2.1. Batch Uptake.

A stock solution of U™ was prepared by dissolving 2.11 g of uranyl nitrate (Sulab) in
slightly acidified double distilled water and making upto 1L to give 1000 mg/L of uranyl
solution. Working standards were prepared by diluting different volumes of the stock solution to
obtain the desired concentration. Batch adsorption experiments were conducted as discussed in
Chapter 3.

At the end of the predetermined time intervals, the suspensions were filtered and the
filterate was analysed to find the uptake of uranium by the adsorbents under study. The U®*
concentration in the filterate was analysed spectrophotometrically by UV spectrophotometer

(Elico SL177) after using Arsenazo as complexing agent [16].

5.3. Results and Discussion.

5.3.1. Uptake studies.
5.3.1.1. pH dependence. The effect of pH on the removal of uranyl ion (initial concentration
100ppm) was studied in the range 1 to 10.

Figure 5.1 shows that adsorption of uranyl ion was not much dependent on pH.
Maximum adsorption occurs at pH 1 for all the adsorbents under study, followed by slight
decrease till pH 5 and then remains constant for the remaining range of pH studied. However the
percent adsorption varies to a maximum of around 6% in the entire pH range studied.

E. M. Saad et al. reported that the uptake of uranyl (II) ions is low at acidic pH<5. The
protonation of the available active sites (amino acids, hydroxyl and carboxyl groups) in the date
pits most likely inhibit their binding towards the uranyl (11) ions as reported earlier by the same
group [17-19] for the solid sorbent polyurethane foams thus lowering the UO,** ions uptake from
the aqueous media [20].

The maximum uranium adsorption at pH 1 suggests that electrostatic forces cannot
explain the adsorption mechanism and that covalent bonding contributes significantly to the
adsorption. However, the high extent of adsorption that occurs at higher pH values is likely due
to a range of adsorption reactions because the aqueous speciation of uranium is so complex in

this pH range.
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Figure 5.1. Effect of a) pH, b) time, c) dose, d) initial concentration of U®*

The predominate species in acidic solution up to pH =4.8 is UO,?* [21, 22]. The uranyl
ion does not exist in the free state above pH 4, with uranyl hydroxide and uranyl-carbonate
complexes dominating above pH 5, suggesting the adsorption of other uranium complexes to a
significant extent. The relatively high extent of adsorption under these high pH conditions is
likely caused by adsorption of the uranyl aqueous complexes themselves onto the adsorbent
surface. The pK; values of the protonation of the different functional groups in the adsorbents
under study may account for the observed trend. The uptake at acidic pH could be attributed to
the reducing action of aldehydes.
5.3.1.2. Contact time dependence. Contact time variation shows that equilibrium is achieved
faster (30 & 80 min) when 9AAC & APSP was used as the adsorbent as compared to other
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adsorbents under study (PSP, SAPSP, PAPSP and MPSP) where equilibrium was achieved in
180 min (Figure 5.1). The rate of adsorption is very fast initially with about 96% of total uranium
being removed within few minutes followed by a decreased rate with the approach of
equilibrium. The removal rate is high initially due to the presence of free binding sites which
gradually become saturated with time resulting in decreased rate of adsorption as equilibrium
approaches. This indicates that the adsorption is mainly through surface binding. Similar
observations were made by Das et al [23].

5.3.1.3. Amount of adsorbent variation. The effect of dose of adsorbents under study on the
removal of uranium is shown in Figure 5.1, which illustrates the adsorption of uranyl ion with
change of the adsorbent dose from 200 to 1000 mg. As inferred from Figure 5.1, for a fixed
metal initial concentration, increasing the adsorbent dose provided greater surface area and
availability of more active sites [24], thus leading to the enhancement of metal ion uptake.
Adsorption increased from 98 to >99% with increase in adsorbent dose.

5.3.1.4. Temperature variation. Temperature studies showed (Figure 5.2) almost the same trend
for all the adsorbents under study. From the figure it can be seen that uptake decreases as
temperature increases indicating that the mechanism of adsorption is exothermic in nature for all

the adsorbents under study.
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Operating parameters: 180 rpm, 0.1g adsorbent, time 240 min, optimum pH
Figure 5.2. Effect of temperature on uptake of uranyl ions by PSP, MPSP, APSP, SAPSP,
PAPSP and 9AAC
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5.3.2. Adsorption Kinetics.

Figure 5.3 shows the adsorption kinetics conducted at pH 1 for U®* removal by PSP, APSP,
SAPSP, PAPSP, 9AAC and MPSP. Adsorption of U®* ions onto the adsorbents under study was
carried out for 240 min. to ensure attainment of equilibrium. The kinetic models of Pseudo First
order, Pseudo Second order, Intraparticle diffusion, Bangham, Elovich and Liquid film diffusion
models were studied and the kinetic constants for the adsorption of mercury by all the adsorbents

under study are presented in Table 5.1.
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Operating parameters: 15-240 min, pH 1, 100 ppm of U®*, 0.1 g adsorbent, 30 °C, 180 rpm.

Figure 5.3. Kinetic studies
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Table 5.1. Kinetics parameters for uranium adsorption

pH1
PSP APSP SAPSP PAPSP 9AAC MPSP
0 (eXp) 24.714 25.000 24.920 24,996 25.000 24.802
Pseudo 2" order
e (Mg.g?) 22.629 25.056 25.044 21.286 62.112 24,944
K, (g.mgmin™) 0.154 0.104 0.031 0.047 0.094 0.028
r’ 0.999 1.000 1.000 1.000 0.999 0.999
SD 0.017 0.005 0.008 0.007 6.24E-04 0.016
Lagergren
e (mg.g™) 4.604 1.223 1.971 1.546 1.197 1.545
K, (min™) -0.035 -0.043 -0.023 -0.021 -0.129 -0.018
r’ 0.795 0.970 0.942 0.989 0.986 0.954
SD 0.082 0.067 0.101 0.075 0.098 0.111
Intra Particle Diffusion
Kip(mg/g/min) 0.079 0.008 0.049 0.054 0.000 0.070
r? 0.951 0.806 0.976 0.967 0.000 0.921
SD 0.072 0.016 0.030 0.039 0.000 0.082
Elovich
B (g.mg™) 1.907 3.478 1.969 2.204 1.865 2.158
o (mg.g min™) 3.788E+41 3.66E+81 4.32E+43 3.83E+49 7.70E+45 8.89E+47
r? 0.989 0.859 0.964 0.971 0.711 0.981
SD 0.065 0.107 0.119 0.096 0.046 0.079
Liquid film diffusion model
Kep (min™) 0.017 0.043 0.023 0.021 0.129 0.018
r? 0.979 0.970 0.942 0.989 0.987 0.954
SD 0.095 0.085 0.097 0.103 0.106 0.163
Bangham
Kgm (ML.g™.L™ -114.160 -113.179 -113.807 -113.635 -112.841 -113.918
o 1.02E-04 4.43E-05 9.15E-05 8.20E-05 7.28E-06 8.88E-05
r? 0.881 0.616 0.798 0.811 0.455 0.863
SD 0.004 0.004 0.005 0.004 0.001 0.004

The pseudo second order Kinetics provided the best fit for the kinetic data at all pH

values. The g. values were very close to the experimental g. value and correlation coefficient
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values were 0.99-1 at all the pH values for PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP
suggesting rate limiting step in adsorption of uranium could be chemisorption involving valence
forces through the exchange of electrons between sorbent and sorbate [25, 26], complexation,
coordination and/ or chelation.

In pseudo first order model the Qeexp) Values were much higher than . fitted values
showing large discrepancies demonstrating that the reaction cannot be classified as pseudo first
order although this plot has reasonably good correlation coefficient from the fitting process. This
underestimate of the amount of binding sites is probably due to the fact that g was determined
from the y-intercept (0, 1). This has been observed by several other workers [27-30]. This could
be due to boundary layer controlling the beginning of the adsorption process [30].

The curves for Liquid Film Diffusion Model (Table 3.1 Chapter 3) did not pass though
origin as required by the model for all the adsorbents under study but had very small intercepts
(curves not shown) indicating that diffusion of uranium from the liquid phase to the adsorbent
surface might be having some role in deciding the rate processes.

The Weber and Morris adsorption kinetic model was plotted using the equation given in
Table 3.1 (Chapter 3). The plots obtained for PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP do
not pass through origin implying that intraparticle diffusion is not the only operative mechanism.
The intraparticle diffusion rate is fastest in PSP and APSP, the order being
APSP~PSP>MPSP>PAPSP>SAPSP>9AAC as evident from intraparticle diffusion rate
constants. Finally, in order to further confirm the occurrence of intraparticle diffusion, Bangham
equation (Table 3.1 of Chapter 3) was applied to the adsorption data. The double logarithmic
plots obtained with very less correlation coefficients (>0.455) indicated very less contribution of
pore diffusion towards adsorption process. The lowest r value for 9AAC is in agreement with
the results of intraparticle diffusion. The not so linear curves indicated the diffusion of adsorbate
into pores of the sorbent is not the only rate controlling step.

Adsorption capacity of the adsorbents for uranium was highest at pH 1 hence kinetics
was studied at pH1, which is consistent with results of others [31]. Initial rapid uptake implies
the binding of adsorbate ions on the surface of adsorbents under study through proton exchange
at pH 1. Later on slower adsorption might be due to intraparticle diffusion, and diffusion of
uranium from the aqueous phase to the adsorbent due to weak acidic and basic groups such as

carboxyl, hydroxyl, amino groups at pH >1.
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5.3.3. Adsorption Isotherms.
For modeling of mercury uptake Freundlich, Langmuir, Temkin, Dubinin-Radushkevich
(DR), Flory-Huggins, Elovich and Halsey isotherm models were employed. Adsorption
isotherms of the type ge vs Ce were also used to verify the isotherm models. Model fits for all the
isotherms along with experimental data for adsorption of U®* on PSP, APSP, SAPSP, PAPSP,
9AAC and MPSP are presented in Figure 5.4. The values of model constants along with their
correlation coefficients, r* and SD values for all the systems studied are presented in Table 5.2.
Freundlich equation describes adsorption (possibly multilayer in nature) on a highly
heterogeneous surface consisting of non identical and energetically non uniform sites. The value
of n~1 for the Freundlich model indicates favorable adsorption. The Langmuir isotherm model is
basically developed for gas-phase adsorption on homogeneous surfaces of glass and metals and
predicts a single maximum binding capacity. The parameters K. (equilibrium sorption constant)
and qmax Were calculated from the intercept and slope of the plot of C./ge versus C.. Based on the
correlation coefficient r* and standard deviations for Langmuir it varied from 0.958 to 0.999 with
very less SD values. Langmuir monolayer adsorption capacity was found in good agreement with

the experimental adsorption capacities.
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Table 5.2. Isotherms parameters for different adsorbents

PSP APSP SAPSP PAPSP 9AAC MPSP
Qe (exp) (MY/Q) 248.440 248.280 248.364 248.415 248.427 248.280
Freundlich

Ke(mg.gh)(dm®mg)"™ [ 3.739 4.618 5.989 5.207 4.226 5.474

n 0.714 0.893 1.248 1.008 0.770 1.188

r’ 0.989 0.977 0.991 0.988 0.961 0.998

SD 0.045 0.068 0.042 0.048 0.089 0.020

Langmuir

K. (dm*.mg™) 0.157 0.985 0.269 0.395 0.067 0.216

Jm (Mg.g ™) 249.376 253.807 252.525 232.558 244.498 235.849

AG (kJ.mol ™) -4.810 -0.039 -3.407 -2.416 -7.017 -3.979

r° 0.986 0.989 0.972 0.999 0.993 0.958

SD 1.90E-05 9.72E-04 0.001 2.48E-04 0.002 9.91E-04
Temkin

-AH (kJ.mol ™) 3.614 4,551 6.399 4.774 3.715 5.822

Kr (dm®.mg™) 0.639 0.867 0.570 0.869 0.748 0.725

r’ 0.995 0.995 0.994 0.989 0.994 0.978

SD 0.078 0.081 0.085 0.053 0.099 0.086

DR

Jm (Mg.g™) 284.292 256.466 214.862 232.758 304.904 207.265

E% (KJ) 14.041 17.330 12.883 12.918 1.498 15.377

r’ 0.991 0.985 0.964 0.973 0.998 0.953

SD 0.095 0.023 0.093 0.087 0.044 0.022
Halsey

Ky (mg.gH)(dm*mg)*™ | 0.114 0.035 0.006 0.022 0.078 0.010

Ny -0.714 -0.949 -1.248 -1.008 -0.770 -1.176

r? 0.989 0.977 0.991 0.988 0.961 0.998

SD 0.094 0.056 0.098 0.098 0.094 0.046

Flory-Huggins

Key (Mg.g ) (dm*/mg)™ | 0.956 0.983 1.025 1.026 1.016 1.038

Ne -0.994 -0.998 -0.997 -0.997 -0.998 -0.995

r? 1.000 1.000 1.000 1.000 1.000 1.000

SD 4.97E-04 4.06E-04 3.69E-04 7.78E-04 2.57E-04 6.08E-04
Elovich

Om (Mg.g™) 237.461 232.758 208.513 217.022 262.434 198.3434

Ke (dm>.mg™?) 0.846 0.092 0.018 0.419 0.080 0.238

r? 0.986 0.996 0.974 0.978 0.983 0.989

SD 7.39E-04 0.012 0.030 0.079 0.030 0.037
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Figure 5.4. Adsorption Isotherms for U®*

The correlation coefficients of Temkin Model (0.978 to 0.995) indicate a satisfactory fit
of the model to the experimental data. The variation of adsorption energy, AQ = (3.614, 4.551,
6.399, 4.774, 3.715 and 5.822) is positive for all the sorbents under study, which indicated the
adsorption process to be exothermic.

The Dubinin—Radushkevich model is applied in the form of linear equation as given in
Table 3.1 (Chapter 3). The adsorption energy values calculated for U®* on PSP (14.041 KJmol™),
APSP (17.330 KJmol™), SAPSP (12.883 KJmol™), PAPSP (12.918 KJmol™), 9AAC (1.498
KJmol™) and MPSP (15.377 KJmol™). The magnitude of E is useful for estimating the
mechanism of the sorption reaction. In case of E < 8.0 kJ/mol, physical forces may affect the
sorption; for E in the range 8-16 kJ/mol, ion exchange is the working mechanism, while for E >
16 kJ/mol sorption may be dominated by particle diffusion [32, 33]. It is thus evident from D-R
model that for 9AAC physisorption is the predominant mechanism, while for APSP, SAPSP,

PAPSP and MPSP ion-exchange is the predominant mechanism.
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Multilayer adsorption is generally discussed by the Halsey equation and is found to fit
well with the experimental data having r? (> 0.971) [25] indicating that the mechanism may be
multilayer sorption for adsorbents under study while the low values of Ky suggest that multilayer
sorption might be playing only a small role.

The Flory-Huggins model was used to assess the isotherm data. From the linear plots of
log(6/Cyp) versus log(1-0) (Figure not shown) for uranium adsorption on the adsorbents under
study and the correlation coefficient values (r* =1.00) , it is apparent that the model shows good
fits for the adsorbent under study. However the negative values of n and low values of key imply

that the model cannot be used to describe the adsorption data.

5.3.4. Thermodynamic Parameters.
The thermodynamic parameters of the sorption process could be determined from the
experimental data obtained at various temperatures using the equations:
AG® = AH® — TAS®
The values of AH? and AS° can be calculated from the slope and intercept of the plots of
AG? against T (Figure 5.5).
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Operating parameters: 30-70 °C, 180 min, pH 1, 1000 ppm of U, 0.1 g adsorbent, 180 rpm.
Figure 5.5. Thermodynamic studies
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The negative value of AH indicates that the adsorption of U®* on PSP, APSP, SAPSP,
PAPSP, 9AAC and MPSP is exothermic. Generally the absolute magnitude of the change in
energy for physisorption is between (-20 and 0 KJ/mol); chemisorption has a range of (-400 and -
80 KJ/mol). The negative value of AG® in table 5.3 indicates that sorption of uranyl ion by PSP,
APSP, SAPSP, PAPSP, 9AAC and MPSP to be physisorption and is spontaneous and
thermodynamically favorable [34].

Table 5.3. Thermodynamic Parameters for uranyl ions by PSP, APSP, SAPSP, PAPSP, 9AAC
and MPSP

AG (KJ/mol) | AS (KJ/molK) | AH (KJ/mol) r’ SD
PSP -11.862 0.033 -1.854 0.945 0.001
APSP -10.134 0.031 -0.881 0.986 0.003
SAPSP -10.076 0.030 -0.856 0.997 0.002
PAPSP -10.201 0.030 -0.981 0.996 0.002
9AAC -10.941 0.032 -1.396 0.977 0.006
MPSP -10.852 0.031 -1.355 0.997 0.002

Also the AG® values become less negative with increase in temperature suggesting that
adsorption is favored at lower temperatures and hence is exothermic. The positive values of AS°
suggest increased randomness during adsorption and a high affinity of the adsorbent towards the
adsorbate.

5.3.5. FT-IR Spectroscopic Analysis.

FTIR spectra of uranium loaded PSP, APSP, SAPSP, PAPSP and MPSP are presented in
Figure 5.6. The absorption bands of FTIR spectra listed in Table 5.4 reveal the changes in
absorption bands of the surface functional groups of PSP, APSP, SAPSP, PAPSP, 9AAC and
MPSP after uranium adsorption.
The band at 1720-1762 cm™ band is associated with C=0 stretching mode of carbonyls in
carboxylic acids and lactones while 1280-1000 cm™ band is associated with C-O stretching and
O-H bending modes of groups such as phenols and carboxylic acids [35]. Also there is a shift in
the frequencies of the absorption band of both C=0 and C-O in carboxyl group (-COOH) due to

metal binding.
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Figure 5.6. FTIR spectra of uranium loaded adsorbents

The C-O band shifts to higher frequencies 1217-1289 cm™ probably due to high electron
density induced by the adsorption of U(VI) on the adjacent carbonyl groups [36, 37]. This
showed that the carboxyl groups and metal ion were coordinated, which may have been caused
by the oxygen atom of carboxyl groups coordinating with the metal ion and leading to the
shifting of symmetrical stretching vibration of carboxyl groups (vC=0). Similar observations
were also made by Liu and Lin et al. [38, 39].

The band at 1720- 1732 cm™ which is the absorbing band of carboxyl groups almost
disappeared after adsorption of uranium. This can be interpreted by the decarboxylation of
carboxyl groups and the oxidation of quinone groups [41-42]. Thus carboxylic groups are
involved in adsorption of uranium as seen by comparison of IR spectra of the adsorbents and the
uranuim loaded-adsorbents.

The interaction between uranium and carboxylic group of the adsorbent causes a
diminution of the distance between C=0 and C-O stretching peaks [43]. New peaks at wave
numbers of 905-916 cm™ were observed in the uranium treated samples, theses peaks can be
assigned to the asymmetric stretching vibration of UO,%* [44, 45]. This peak was stronger in
APSP, SAPSP, PSP than in MPSP, PAPSP and 9AAC suggesting higher uranium adsorption.
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Table 5.4. Typical Absorption frequencies and Carbonyl stretching frequencies of Infra red

spectra for free and metal loaded adsorbents

PSP-U MPSP-U | APSP-U SAPSP-U PAPSP-U 9AAC-U Assignment

3451 3478 3465 3454 3613 - -N-H, -O-H stretching

2878, 2819 | 2979, 2982, 2893 3092, 2929 | 2990, -CHg, -CH, symmetric stretch

2875 2876 2876

2361 2345 2312 2335 2346 2335 Free CO,

1718 1742 U* | 1752 1751 1688 - -C=0 stretch for acids or aldehyde

1600 1586 1588 1589 1557 1591 -C=0 stretch cellulose/ C=C Aromatic
stretch (skeletal vibration)/ N-H bending of
amide

1487 1466 1482 1483 1415 1482 -CH,- stretch/ -C=C- Aromatic stretching

1420 - - - - - U™

1346 1331 1344 1351 1325 1347 -C-H stretch/ N-H bending

1287 1274 1286 1289 1263 1217 -C-O bending of carboxylic acids/ phenolic
O-H stretch/ N-H bending

1163 1149 1168 - 1194 - -O-H stretch (2° Alcohol), -C-O-C-
stretching

1061 U%* 1051 1063 U%* | 1041 1041 - -C-H stretch, -C-O stretch (1° Alcohol)

888 889 - - - - Anomeric C-H bending of cellulose

819 837 U% | 840 - 830 U** 846 -C-H out of plane bending pentavalent
uranium asymmetric stretch

995 U™, 947 U%, | 962 U*, 948 U™, 950 U, | 950 U®, | U-O bending vibrations v, axial strong band

850,571 852,556 844,570 847,573 853, 569 851,572 of U=0,
Equatorial U-O stretching

Biosorbent | ve-o Vc.o A= vc—o | Biosorbent | ve-o Vc.o A= V¢c=0Vc.0

Uc-o

PSP 1732 1250 482 PSP-U 1718 1287 431

APSP 1720 1229 491 APSP-U 1752 1286 468

SAPSP 1723 1229 494 SAPSP-U 1751 1289 462

PAPSP 1723 1256 467 PAPSP-U 1688 1263 425

MPSP 1727 1238 489 MPSP-U 1742 1274 468

This indicates that part of uranium adsorption occurs by chemical adsorption (complexation) of

uranyl species without reduction. The axial strong bands pertaining to the vas(U=0) vibrational
modes, were found at 995, 947, 962, 948, 950 and 950 cm™, respectively. The two equatorial U-
O stretching bands were at 571, 556, 570, 573, 569 and 572 cm™ respectively [46]. The uranyl

asymmetric stretch for pentavalent uranyl complexes is observed in the IR spectrum at ~800

cm ' and is at significantly lower energy than the hexavalent uranium (~900 cm™') [47].
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5.3.6. X-ray Photoelectron Spectroscopic analysis.

To evaluate adsorption mechanism for adsorption of uranium onto PSP, APSP, SAPSP,
PAPSP, 9AAC and MPSP was analysed by XPS. The XPS survey spectrum consisted of carbon,
oxygen, nitrogen and uranium. Figure 5.7 shows the U 4f spectra of U(VI) adsorbed on PSP,
APSP, PAPSP, SAPSP, 9AAC and MPSP at pH 1.0. The chemical shift in the U 4f7/2 peak
position is directly related to the oxidation state of uranium. Its binding energy decreases as the
oxidation state is decreased from VI to IV. However, uranium V and uranium V1 oxidation states
exist as UO,* and UO,*" ions [48]. As a consequence of this oxygen bonding, the chemical shift
between V and VI states are reported to differ only marginally in the BE scale [49]. Furthermore,
low intensity excitations result in shake-up satellites for both U 4f7/2 and U 4f5/2 states [49], as
a consequence of the change in electrostatic potential during the photoelectron excitation
process. The BE of the U 4f satellite peak is much more sensitive to the valence state than the BE
of the main U 4f peak, so that they can be used as a probe to identify the oxidation state of
uranium [50].

The BE’s and the FWHM’s of the peaks were obtained by a fit which includes four peaks
on a Shirley background. The unusually large FWHM and the asymmetry towards low binding
energies of these peaks suggest the presence of at least three different chemical environments
inducing a different chemical shift. The results from XPS suggest that adsorption of uranyl ion
from an aqueous solution results in a mixture of U(VI), U(V) and U(IV) oxidation states on the
surface of all the adsorbents under study. The intense peaks at about 380 and 392eVcorrespond
to the spin—orbit (L-S) split U 4f7/2 and U 4f5/2 states, respectively. The 4f peak separation was
found to be ~9 to 10 ev for each oxidation state of uranium. However, there also appears satellite
peaks at a few eV slightly higher than the normal BE. Since the spin—orbit interaction separates
these two levels by 10.85 eV, and hence the satellites of 4f7/2 which generally appear in this
energy range are buried in the intense 4f5/2 peak or as a shoulder. These, satellite peaks carry the
valence band information and are a good probe to identify chemical state and understand the
chemical interaction [50]. This is applicable for both the U4f7/2 and U4f5/2 peaks. Since the
spin—orbit interaction separates these two levels by 10.85 eV, and hence the satellites of 4f7/2
which generally appear in this energy range buried in the intense 4f5/2 peak or may appear as

shoulder.
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Figure 5.7. Deconvoluted XPS spectra of U

In the case of U (1V), the 5.8 and 16 eV satellites of 4f7/2 are clearly seen. Pireaux et al.
[51] have reported satellites for U(IV) at 5.8, 8.2 and 16 eV higher binding energy than 4f photo
peak position. The satellite peak observed at 397.0 eV, 397.6 eV which are approximately 7 eV
from the U(415/2) peak, may be attributed to a shake-up transition from the oxygen-derived 2p
band to the U(5f) Fermi level of UO; [50, 52]. The spectra contains two O1s peaks positioned at
~532 and ~534 eV, which can be assigned to terminal OH and sorbed H,O, respectively [53].
The peak position of U(V) was found to be 381.6 eV with FWHM 2.2 eV [49] and the satellite
peaks appear at 7.9-8.1 eV from the main U4f7/2 and U4f5/2 peaks [50].

5.3.7. Column.

The column breakthrough curves for uranium adsorption by adsorbents under study are
shown in Figure 5.8. The effluent concentration is seen to have the typical ‘S’ shape. A total of ~
2.8 L of 1000 mg/L metal ion solution was passed through the column containing 5 g of
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adsorbent under study. As seen from Figure 5.8 the breakthrough for uranium is seen to take
place at 279.3, 147.2, 135.1, 129.1, 179.3 and 239 bed volumes for PSP, APSP, SAPSP, PAPSP,
9AAC and MPSP respectively.
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Figure 5.8. Column studies
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Table 5.5. Column Isotherms parameters for different adsorbents

\ PSP \ APSP \ SAPSP \ PAPSP 9AAC MPSP
Thomas Model
Kria(dm®/(mg min)) 0.00000443 | 0.00000435 | 0.00000389 | 0.00000424 | 0.00000453 | 0.00000503
do (Mg.g™) 184.198 67.310 54.498 37.981 88.609 158.767
r’ 0.980 0.882 0.877 0.818 0.915 0.995
SD 0.074 0.085 0.086 0.093 0.766 0.091
Yoon & Nelson Model
Kyn (min™) 4.43E-03 4.35E-03 0.00389 0.00424 0.00453 0.00503
tos (exp) (min) 950 335 292 189 451 789
to5 (cal) (min) 920.993 336.551 272.494 191.038 443.046 794.035
r 0.980 0.882 0.877 0.818 0.915 0.996
SD 0.073 0.088 0.086 0.093 0.076 0.081
Wolborska Model
B (min™) 0.917 0.423 0.346 0.337 0.509 0.894
No(mg.dm) 348775.700 | 229873.900 | 231018.700 | 199769.200 | 241528.663 | 293228.900
r 0.936 0.724 0.697 0.646 0.774 0.973
SD 0.063 0.067 0.068 0.073 0.095 0.069
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Thomas and Yoon-Nelson models were also applied to the column adsorption data at a flow
rate of 1 mL/min at an initial metal ion concentration of 1 g/L and bed height 5 cm with all the
adsorbents under study. From the linear plots of In[(Co/C)—1] versus Vs (Figure not shown)
Thomas rate constant (k) and bed capacity (grn) were calculated and are presented in Table 5.5.

The theoretical predictions based on the model parameters are compared in Figure 5.9 with the
observed data. Similarly, from the plot of sampling time (t) versus In[C¢/(Co —C¢)], the Yoon
and Nelson constant Kyy and 1 (the time necessary to reach 50% of the retention) were
calculated and are shown in Table 5.5.

The well fit of the experimental data on to the Thomas and Yoon-Nelson model indicate that
external and internal diffusion will not be the limiting step. From the equations in Table 3.1
(Chapter 3) it is evident that the characteristic parameter associated with Thomas and Yoon and
Nelson models vary but both the models predict essentially same uptake capacity and C/Cy
values for a particular experimental set of data. Hence same r? and SD values were obtained as

also suggested by Baral et al. [54].
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Figure 5.9. Column Modeling studies
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5.3.8. Desorption.

Solutions of 0.1 M HCI, 0.1 M EDTA and 0.1 M NH3; have been studied as eluents for
desorption of U®*. From Figure 5.10 it is evident that desorption of U®" from the metal-loaded
adsorbents with 0.1M EDTA resulted in >99% recovery.
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Figure 5.10. Desorption and cycles of adsorption (a) Effect of desorbents (b) Cycles of

adsorption (c) Cycles of desorption

This indicates that ion exchange is involved in the adsorption process [55]. However, the
use of 0.1IM NHs and 0.1 M HCI resulted in >48 and >20 % recovery of U®* respectively. It was
observed that U®* was easily desorbed within 30 min, which would prove highly advantageous
for metal recovery. From Figure 5.10 it is evident that the removal capacity of adsorbents shows
insignificant changes in the second and third cycle. Thus regeneration and reuse of the

adsorbents under study is an economical and efficient method for removal of U®* from water.

5.4. Mechanism.

The possible mechanisms for the removal of uranium include: complexation or chelation
of uranyl or reduced uranous species by organic ligands, adsorption by weak van der waals and
hydrogen bonding. Although sorption onto the adsorbents under study is likely to be responsible
for the initial removal of U from solution, some subsequent surface reduction of U(VI) to U(IV)
occurs. The reduction of uranium occurred concurrently with the oxidation of hydroxyl and

aldehydic groups. Interestingly, U(V) which is not supposed to be stable is seen to be stabilized
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by the reducing groups present in the adsorbents under study.Reduction of uranyl species by the
reducing groups under right pH conditions to relatively insoluble UO, and U(V) and
precipitation could be taking place.

The reduction of [UO,]** to U(IV) is thought to proceed via single electron transfer to
pentavalent uranyl, [UO,]" and further reduction to [UO,] as shown in scheme 5.1.

[UO,]* + & — [UO,]" + & — [UO,]

[UO,]"

[UO,]* [UO,]" [UO,] [UO,]

Reduction

[UO,]**

Oxidation

YA YA ALY\
\ \ \ \ \ \ AW W W U U W W W W § \. \ \ \ \
\ \ \ \ \ ' Ligno-cellulosicAgrowaste \ \ \ \ \

\\\\\\\\\\\\\\\\\\\\\.
U Binding Sites

v m Reducing Functional e E Oxidised Functional
groups - groups

Scheme 5.1. Redox mechanism for uranium adsorbed species

The interaction of uranyl ions with the adsorbents under study can take place as below.
Formation of uranyl carbonyl complexes:
2RCOOH + U0%* - RCOO™ — UO5*—"00CR + 2H*
Oxidation of hydroxyl groups in the adsorbents into carbonyl groups:
> CH - 0OH + U03* - >(C =0+ U0, +2H*
Dehydrogenation of aliphatic hydro-carbonaceous moieties are known to be ‘catalyzed'
by uranium species [56].

RH, + UO%* - R + U0, + 2H*
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5.5. Conclusions

The adsorption potential of PSP, APSP, SAPSP, PASP, 9AAC and MPSP towards
adsorption of uranium was evaluated. The parameters influencing the adsorption process like pH,
dose of adsorbent and agitation time were optimized. Sorption isotherms of U(VI) on the
adsorbents under study were evaluated using Freundlich, Langmuir, Temkin, Dubinin-
Radushkevich (DR), Flory-Huggins, Elovich and Halsey isotherms. The values of E, derived
from DR model suggest ion exchange as the working mechanism for APSP, SAPSP, MPSP and
PAPSP, particle diffusion for PSP while for 9AAC the value suggests physisorption. The AG®
values from Langmuir and thermodynamic calculations indicate physisorption as the major
mechanism for adsorption of uranium. The adherence to pseudo second order kinetic model and
Halsey model indicate multilayer and ion exchange as the mode of adsorption thus justifying our
hypothesis that a range of mechanisms are involved in the adsorption process to different extents
for the adsorbents under study. We have observed for the first time that the adsorption of
uranium takes place by adsorption followed by reduction, the reduced species being both U(IV)
and U(V). The sorption process was found to be exothermic, spontaneous and accompanied by
decrease in entropy.Furthermore data also suggest that the adsorbents under study prepared from
biomass, particularly APSP and PAPSP may be an inexpensive and viable means to remediate
UO,*" from contaminated acidic solutions as till date adsorbents with good adsorption capacity

at low pH(~1) are not available in literature.
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6.1. Introduction.

In the environment, contamination rarely occurs for single metals and is invariably due to
complex mixtures. Nonetheless, routine evaluation of adsorbates is made based on single
adsorbate components. Competitive adsorption on the adsorbent surface can take place where
components with similar properties (i.e., size, polarity, interaction energy) compete for a limited

number of adsorption sites.

Nuclear technology has resulted in release of radioactive isotopes of cesium into
environment. *’Cs is one of the most abundant radionuclides in the nuclear fission having long
radiological half-life (30 years) and can be present along with uranium [1-3]. Its metabolic
similarities to potassium favour its uptake and accumulation by plants after radio-contamination
of water body and ultimately agricultural field. It enters into many food chain pathways to cause
radiation exposure to human being and other ecological biota of the ecosystem [4]. Futhermore
Fe** is known to be present in mining feed solution and also is a major constituent in high and

low level nuclear industry effluents [5, 6].

Thus, a better understanding of the multi-component adsorption from aqueous solutions

is needed.

The removal of heavy metals from industrial wastewaters is gaining significance in the present
context of global ecology. Chromic acid is used in the plating and anodizing operations in the
surface finishing industry. Chromate eventually finds its way to a company’s waste treatment
system through the dumping of the spent plating baths, contaminated rinse waters, and fume
scrubber blow down. Both the spent plating bath and contaminated rinse waters are acidic;
however, they generally differ in the amount of chromate contained. The former is apparently
very concentrated (ranging from 45 to 470 g of Cr®*/L), while the latter can be relatively dilute
and can be further classified as high strength, typical strength, or dilute wastewaters with typical

Cr®* levels of 500, 100, and 20 ppm, respectively [7].

So our objectives were:
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i) To investigate the adsorption ability of the adsorbents under study (PSP, APSP,
SAPSP, PAPSP, 9AAC and MPSP) for Cu, Cd, Zn and Hg in binary, ternary and
quaternary metal solution mixtures

i) To study the effect of the presence of Fe** and Cs* on the adsorption of uranium
using the adsorbents under study

iii) To study the application of the adsorbents under study for the removal of chromium

from chrome plating effluents

6.2. Materials and Methods.

6.2.1. Batch Uptake.

Adsorption experiments were performed in batch mode for Cu?*, Cd**, Zn** and Hg**
(from stock solutions as described in Chapter 3) conducted at 30°C by agitating 0.1 g of
adsorbent with respective metal ion solution in 100mL stoppered conical flasks in a thermostated

rotary mechanical shaker at 150 rpm for 4 hours.

6.2.1.1. Synthetic Mixtures. Binary mixtures contained 25 ppm of each metal ion, ternary
mixtures contained 11 ppm of each metal ion and quaternary mixtures contained 6.25 ppm of
each metal ion. Batch experiments were performed by taking 20 mL of adsorbate solution
containing different mixtures of metal ions under study maintained at pH 4 and 0.1 g of
adsorbent in 25 mL stoppered flasks. The contents were shaken by a thermostated water bath
shaker with a constant speed of 150 rpm at 30°C and the samples were withdrawn at appropriate
time intervals and filtered. The filtrate was analyzed for each of the metals Cu, Cd, Zn and Hg by

AAS at their respective wavelengths.

6.2.1.2. Selectivity Coefficient. The effectiveness of the removal of each metal ion is reflected in
the percentage adsorption and selectivity coefficient as reported in Figures 6.1, 6.2, 6.3 and
Table 6.1 respectively. The selectivity coefficient k was calculated using the equation [8, 9]:

molar fraction of component i in the carbon adsorbed mixture _  q;/(qi+qj)

molar fraction of component i in the aqueous solution mixture o Cri/ (CLi+CLj)

177



6.3. Results and Discussion.

6.3.1. Synthetic Mixtures

6.3.1.1. Effect of competitive heavy metals in binary, ternary and quaternary system (Cu, Cd,
Zn and Hg). In quaternary mixtures PAPSP, APSP, SAPSP, 9AAC and MPSP showed higher
selectivity towards zinc while PSP showed greater preference towards mercury followed by zinc.
SAPSP and PAPSP showed their next preference to copper followed by mercury while APSP,

9AAC and MPSP showed their next preference to mercury over copper.

In ternary mixtures containing Cu, Cd and Hg where zinc was absent all the adsorbents
under study showed higher selectivity towards mercury except for SAPSP which showed
preference to copper over mercury as also seen in quaternary mixtures. Even in solutions
containing Hg, Zn and Cu PSP, MPSP and APSP showed selectivity towards mercury. However,
PAPSP and 9AAC again showed better selectivity towards zinc followed by mercury. SAPSP
showed selectivity towards copper followed by mercury and zinc. Between copper and cadmium
no specific trend was observed with some adsorbents showing selectivity towards copper (PSP,
APSP, MPSP) and some towards cadmium (PAPSP) after Hg and Zn.

In bimetallic mixtures of copper and mercury greater selectivity towards mercury was
observed by PSP, PAPSP, 9AAC and MPSP. PAPSP showed five times higher selectivity for
mercury over copper. On the other hand APSP and SAPSP showed better selectivity towards

copper.

Adsorption studies on binary mixtures containing Cd and Hg revealed that all the
adsorbents under study showed higher selectivity towards mercury as compared to Cd. Similar
studies on binary mixtures containing Zn and Hg revealed that all the adsorbents were selective
towards Zn over mercury. However MPSP had almost equal selectivity coefficient values for Zn

and Hg.

In binary mixtures containing Cu and Cd, the selectivity coefficients were higher for Cu
than Cd in the case of APSP, SAPSP, PAPSP and 9AAC while PSP and MPSP had greater
selectivity coefficient values for Cd. APSP, SAPSP, PAPSP and 9AAC displayed higher

selectivity towards copper in binary mixtures containing Cu and Zn while PSP and MPSP

178



showed greater selectivity towards zinc. On the other hand, in binary mixtures containing Cd and
Zn, PSP, 9AAC, APSP and MPSP showed higher selectivity coefficient for Cd while SAPSP,
PAPSP had higher selectivity coefficient for Zn.

In summary, SAPSP seems to show a clear preference for copper except in quaternary
mixtures where Zn has a slightly higher selectivity coefficient, however the difference is very
less. PSP on the other hand displayed a greater selectivity towards mercury except for binary
mixtures. In binary mixtures probably where individual metal concentrations are higher though
the total metal ion concentration continues to be the same PSP showed a different trend by
displaying greater selectivity towards Cd in the presence of Cu and Zn, a greater selectivity
towards mercury in the presence of Cd and Cu and a greater selectivity towards Zn in Hg-Zn
mixtures. PAPSP showed a clear preference to Zn in quaternary and ternary mixtures and in Cd-
Zn and Hg-Zn binary mixtures. Surprisingly, PAPSP showed six times higher selectivity
coefficient for copper over Zn in their binary mixtures. MPSP seems to show a clear preference
towards mercury in binary and ternary mixtures. However in quaternary mixtures it showed
preference towards Zn. APSP and 9AAC did not show any specific trend in the present studies
with its selectivity coefficients changing in quaternary, ternary and binary mixtures. This
variation in specificity could be because the binding strength of a metal ion to a given adsorbent
depends on various properties of the adsorbent and the adsorbate namely ionic radius, hydrolysis
constant and electro-negativity of the adsorbate as well as the functional groups and porosity of
the adsorbent. It also depends on multiple mechanisms involved in adsorption like ion exchange,
chemisorptions, physic-sorption, dipole interactions, intra-particle diffusion, pore diffusion etc.
However, it is observed that mercury and zinc showed quantitative adsorption (>90%) in binary,
ternary and quaternary mixtures with most of the adsorbents under study. Thus further studies
using different concentrations and adsorption models are definitely warranted to get a clear

picture of the selectivity.
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Table 6.1. Selectivity of binary, ternary and quaternary mixtures of Cu, Cd, Zn and Hg

Binary Mixtures

Cu+Hg Cd+Hg
Cu Hg Cd Hg
PSP 0.720 1508 0.748 1.452
APSP 1297 0.808 0.607 2.368
SAPSP 1125 0.898 0.710 1.621
PAPSP 0576 2978 0.652 2.055
9AAC 0.809 1.261 0.731 1.487
MPSP 0.878 1.143 0.719 1.540
Cu+Cd+Zn
Cu Cd Zn Cu
PSP 1.144 0.563 1.591 0.787
APSP 1.107 0.749 1.257 1.069
SAPSP 0.923 0.799 1.467 1.118
PAPSP  0.450 1.150 3.450 0.666
9AAC 0.808 0.842  1.482 0.799
MPSP 0.980 0.777 1338 0.823
Cu
PSP 1.38E-02
APSP 0.059
SAPSP 0.188
PAPSP 0.124
9AAC 5.96E-03
MPSP 1.09E-02

Zn+Hg Cu+Cd Cu+Zn
Zn Hg Cu Cd Cu Zn
1.054 0.948 0.721 1.457 0.993 1.006
2.816 0.559 1.106 0.910 1.647 0.681
1.672 0.706 1.372 0.774 1.958 0.635
1.019 0.981 1.490 0.734 3.378 0.535
1.161 0.866 1.648 0.688 1.567 0.683
0.965 1.036 0.743 1.401 0.944 1.060
Ternary Mixtures
Cu+Cd+Hg Hg+Zn+Cu
Cd Hg Hg Zn Cu Hg
0.662 2.644 2.385 0.755 0.751 15.966
0.771 1.266 1.299 0.761 1.066 6.724
0.840 1.086 1.029 0.904 1.081 11.567
1.076 1.627 0.938 1.957 0.697 8.531
0.725 1.938 0.889 12.807 0.492 1.590
0.608 2.714 1.730 0.736 0.903 9.669
Quaternary Mixtures
Cu+Cd+Zn+Hg
Cd Zn
2.95E-03 0.033
0.065 0.271
1.78E-02 0.203
0.063 0.227
1.91E-03 0.172
2.75E-03 0.041

Cd+Zn
Cd Zn
1.377 0.755
1.118 0.901
0.777 1.388
0.669 1.925
1.485 0.714
1.535 0.701
Hg+Zn+Cd
Zn Cd
0.957 0.495
1.055 0.481
2.988 0.359
2.901 0.373
12.857 0.366
1.772 0.353
Hg

0.960

0.155

0.133

0.055

9.33E-03

0.027
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Figure 6.2. % Uptake for Ternary Mixtures

% Uptake

% Uptake
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% Uptake

Figure 6.3. % Uptake for Quaternary Mixtures

6.3.1.2. Effect of Fe** and Cs* on uptake of U®*. The effect of co-ions like Fe** and Cs* on the
adsorption of U®* by the adsorbents under study was tested in binary and ternary metal systems.
About 0.1 g of each adsorbent under study was agitated with 25mL of binary or ternary metal
solutions containing equimolar concentrations (1000 mg/L) of UO,**, Cs* and Fe®*" maintained at
pH 1.0, at 30°C. After the established contact time (4 h) was attained, the suspension was
filtered, and filterate was analyzed for the metal concentration. The adsorption processes are
represented by the distribution coefficient K4 where K denotes the distribution of the ion of
interest between the solid phase and the aqueous phase [10].

The obtained results as adsorbed amount of each cation are summarized in Table 6.2. It is
evident from the table that the presence of Cs* and Fe** cations, in binary systems and ternary
systems did not cause any interference in the uptake of U®" and the uptake of all the three ions
was quantitative at high concentrations of all the three ions when present simultaneously (1000

ppm each). Similar observations were made by Sudhir et al [11].
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Table 6.2. Selectivity of Uranium over iron and cesium

% Extraction

U+Fe
PSP APSP SAPSP PAPSP 9AAC MPSP
Fe 97.02 98.82 98.26 98.96 98.56 96.14
U 97.98 98.8 98.54 99.36 98.62 96.86
U+Cs
Cs 98.16 99.18 98.74 99.26 98.82 96.48
U 96.86 98.16 98.38 98.54 97.58 97.02
U+Cs+Fe
Cs 97.56 97.98 97.7 99.02 98.02 96.06
Fe 96.14 97.38 97.14 98.44 97.54 95.18
U 96.38 98.06 97.74 99.06 98.3 95.62
K
U+Fe
Fe 6.611 16.849 11.394 19.131 13.789 5.081
U 9.801 16.566 13.598 31.150 14.393 6.269
U+Cs
Cs 10.769 24.290 15.773 26.927 16.849 5.582
U 6.269 10.769 12.245 13.598 8.164 6.611
U+Cs+Fe
Cs 8.096 9.801 8.595 20.308 10.001 4976
Fe 5.081 7.533 6.893 12.720 8.030 4.049
U 5.425 10.209 8.749 21.176 11.664 4.466
Selectivity Coefficient
U+Fe
Fe 1.482 ‘ 0.983 ‘ 1.193 ‘ 1.628 ‘ 1.044 ’ 1.234
U+Cs
Cs 0.582 ‘ 0.443 ‘ 0.776 ‘ 0.505 ‘ 0.485 | 1.184
U+Cs+Fe
Cs 0.670 1.042 1.018 1.043 1.166 0.898
Fe 1.067 1.355 1.269 1.665 1.453 1.103
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6.3.2. Application to Real Effluent

6.3.2.1. Chrome Plating Effluent. The adsorbents under study were tested for their efficacy to
remove chromium from chromium plating waste water collected from a chrome plating industry
of GIDC, Ankleshwar, India. Exact concentrations of the metals of interest were measured by
ICP analysis. The waste water was acidified using 1M HNOj; to dissolve the precipitates, and pH
of the solution found to be pH 1. Solution was analysed using ICP analysis for finding out the
presence of metal ions and their concentration. Further the acidified chrome plating effluent was
treated with adsorbents under study. A series of flasks containing 25 mL acidified effluent, along
with 100mg adsorbents under study were placed for shaking in a thermostated rotary mechanical
shaker for 180 mins. The amount of metal remaining in the solution was determined by ICP

analysis.

Table 6.3. Composition of the chrome plating effluent sample

Metal ions Conc. (ppm) Metal ions Conc. (ppm) Metal ions Conc. (ppm)
Al 13.0 Ni 10.7 Zn 76.0

K 19.9 Cr 51.8 Ca 214

Mg 35.9 Pb 3.35 Na 480

Cu 7.57 Fe 136.0 Cd 0.5

Hg 0.14 Y, 0.11 As 0.09

A detailed composition of the plating effluent sample collected from chrome plating
industry in GIDC, Ankleshwar, India is presented in Table 6.3. The chromium concentration in
the effluent is 51.8 ppm. The results of the experiments with the percent extraction, K4 value and
selectivity coefficient are shown in table 6.4. It is seen that SAPSP is the most effective
adsorbent capable of removing more than 90% of Fe, Ni, Cd and Cr, more than 80% of Zn, V
and As, 78% of Hg and 64% of Pb. PSP, APSP and SAPSP were able to remove Cr
quantitatively from plating effluent. Selectivity coefficient was found to be highest for Cr over
other metals (103 times over Fe, Ni, Pb and Hg) present in the effluent for APSP.
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6.3.2.2. Environmental relevance. Because chrome-plating rinsewaters are acidic, it is an
advantage that the maximum uptake for chromate by biosorbents is obtainable at pH 1.
Adjustment of the rinse-water pH will thus only require less volume of mineral acid/base
solution. The disadvantage lies in the fact that biosorbent-bound chromate cannot be recovered
completely as chromate but also as Cr(lll). However, unlike other adsorbents reported in
literature wherein the reduced Cr(l1) is observed in solution , in the present study the reduced
Cr(111) remained adsorbed onto the adsorbents under study. Although only tested in laboratory
scale, the removal of chromium from plating waste water using palm shell based adsorbents
appears to be a promising approach APSP seems to be the most promising adsorbent because of
its high chromium selectivity coefficients with respect to Zn, Pb, Hg, Ni and Fe. Thus there is
excellent potential to remove toxic heavy metals from the plating effluent using these adsorbents
under study, providing a viable and cost-effective technology for waste water treatment.
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Table 6.4. Selectivity of Chromium over other inorganic ions present in chrome plating effluent

% Extraction

PSP APSP SAPSP PAPSP 9AAC MPSP

Zn 17.11 11.84 85.92 22.63 16.45 15.79
Cd 40.00 98.00 98.00 98.00 40.00 50.00
Pb 40.29 37.31 64.18 55.22 49.25 40.29
Hg 78.57 21.43 78.57 85.71 92.86 92.86
\% 63.64 90.91 81.82 86.36 90.91 90.91

As 33.33 88.89 88.89 88.89 44.44 66.67
Cu 85.47 99.87 32.63 28.67 2.25 6.21
Ni 91.59 21.49 95.33 45.79 33.64 41.12
Fe 23.38 27.94 93.46 47.79 27.94 31.62
Cr 95.95 99.83 94.98 53.67 44.02 42.08

Distribution ratio Ky

PSP APSP SAPSP PAPSP 9AAC MPSP

Zn 0.052 0.034 1.526 0.073 0.049 0.046
Cd 0.167 12.250 12.250 12.250 0.167 0.250
Pb 0.169 0.149 0.448 0.308 0.243 0.168
Hg 0.917 0.068 0.917 1.500 3.250 3.250
\% 0.438 2.500 1.125 1.583 2.500 2.500

As 0.125 2.000 2.000 2.000 0.200 0.500
Cu 1.470 189.000 0.121 0.100 0.006 0.016
Ni 2.722 0.068 5.100 0.211 0.127 0.174
Fe 0.076 0.097 3.570 0.229 0.097 0.115
Cr 5.917 143.639 4,731 0.289 0.197 0.181

Selectivity Coefficient

PSP APSP SAPSP PAPSP 9AAC MPSP

Zn 114.756 4277.280 3.101 3.960 3.994 3.882
Cd 35.520 11.725 0.386 0.023 1.179 0.728
Pb 35.081 965.260 10.562 0.939 0.810 1.078
Hg 6.4581 2106.720 5.161 0.193 0.060 0.056
\% 13.531 57.456 4.205 0.182 0.078 0.072

As 47.360 71.820 2.365 0.144 0.983 0.364
Cu 4.025 0.760 39.073 2.882 34.231 10.997
Ni 2.174 2098.393 0.927 1.371 1.550 1.042
Fe 77.592 1481.760 1.325 1.265 2.028 1.574
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6.4. Conclusions.

Competetive adsorption in case of binary ternary and quaternary mixtures of Cu, Cd, Zn
and Hg was found in agreement with the adsorption of particular metal ions in Chapter 3 but no
particular trend is been observed. Further in case of uranium adsorbents showed better affinity
towards uranium in presence of its competitive inorganic ions (Fe and Cs). Adsorbents were
found to have satisfying selectivity coefficients for chromium over other adsorbates in chrome
plating effluent.
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7.1. Introduction

Agricultural waste materials as we have seen in chapter 1 and 2 are usually composed of
lignin and cellulose as the main constituents. Other components are hemicellulose, extractives,
lipids, proteins, simple sugars, starches, water, hydrocarbons, ash and many more compounds
that contain a variety of functional groups present in the binding process. Cellulose is a
crystalline homo-polymer of glucose with B1— 4 glycosidic linkage and intra-molecular and
intermolecular hydrogen bonds [1, 2]. Hemicellulose is a heteropolymer of mainly xylose with
B1— 4,4 glycosidic linkage with other substances of acetyl feruoyl and glycouronyl groups [3].
Lignin is three dimensional polymer of aromatic compounds covalently linked with xylans in
hardwoods and galactoglucomannans in softwoods [4, 5]. The functional groups present in
biomass molecules acetamido groups, carbonyl, phenolic, structural polysaccharides, amido,
amino, sulphydryl carboxyl groups alcohols and esters [6, 7]. These groups have the affinity for
metal complexation. Some biosorbents are non-selective and bind to a wide range of heavy
metals with no specific priority, whereas others are specific for certain types of metals depending
upon their chemical composition.

Similar observations of non selectivity or selectivity for a group of metals has been made
by us with the adsorbents under study namely PSP, APSP, SAPSP, PAPSP, 9AAC and MPSP.
Surface modification has become a common technique in providing a material with desirable
functional properties one of which is selectivity.

Chitosan is a linear polysaccharide composed of  (1—4) linked 2-amino-2-deoxy-D-
glucose and 2-acetamido-2-deoxy-D-glucose units. Chitosan is soluble in all organic and mineral
acids and has reduced diffusivity of sorbate due to its low porosity and high crystallinity. It is
biodegradable and has gelling ability. Chitosan, has widely been studied as an adsorbent with
good metal-chelating properties for the removal of various heavy metal ions from water or
wastewater [7, 11-15]. It is generally known that the amine groups in chitosan are the main
binding sites for the heavy metal ions, but the amine groups do not show specific selectivity
toward individual heavy metal species [16]. In recent years, surface modification has become a
popular method for providing a material with desirable properties for practical applications, and

many methods of surface modification have been developed [17,18]. Thanks to its amino groups,
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chitosan is reactive towards many chemicals: this results in a number of chitosan derivatives
having a wide range of uses, and in particular as transition metal chelates [10-17].

Chitosan and its derivatives have been used for removal of metal ions from waste water
[34-44]. The suitability of chitosan and cross-linked chitosan have been studied for adsorption of
mercury [37, 38]. Elemental mercury removal on chitosan, iodine (bromide) or sulfuric acid
modified chitosan has been studied [36]. Limited reports have been found in the literature on
removal of methyl mercury and phenyl mercury using chitosan as an adsorbent. Methyl mercury
adsorption has been studied using chitosan as an adsorbent in a column [34]. Several
investigations were done to modify chitosan to facilitate mass transfer and to expose the binding
sites to enhance the adsorption capacity [45]. Chitosan and chitosan grafted polyacrylamide
beads, thiol modified chitosan have been reported for the adsorption of inorganic mercury [35,
46].

Specificity &

(o)
Speciation
P Toric K pecie Hetero "
H n atoms @ NYO

Many reviews are available in literature regarding adsorption of mercury onto chitosan
[18-20], Table 7.1 also describes the reports available in literature for adsorption of mercury by

different chitosan derivatives along with their maximum adsorption capacities.
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Table 7.1. Chitosan based adsorbents with their adsorption capacity and adsorption parameters

Adsorbent Metal Operating Conditions Max. Ads. References
Temp. pH Cap. (mg/g)
Natural chitosan Hg(ll) 313K 5.0 16.1 [21]
Hg(ll) 313K 6.0 25.3
Hg(I1) 313K 7.0 24.7
Glutraladehyde cross linked Hg(ll) 313K 5 22.3
chitosan Hg(ll) 313K 6 755
Hg(ll) 313K 7 375
Epichlorohydrin cross linked | Hg(ll) 313K 5 16.3
chitosan Hg(ll) 313K 6 30.3
Hg(ll) 313K 7 22.9
Ethylenediamine modified Hg(ll) 298K 5 2.69 [22]
chitosan magnetic Hg(ll) 308K 5 2.45
microspheres Hg(ll) 318K 5 2.19
Hg(ll) 328K 5 1.96
Thiourea-modified magnetic | Hg(ll) - - 625.2 [23]
chitosan microspheres Cu(ll) - - 66.7
Ni(ll) - - 15.3
Hg(11) - - -
Cu(ln) - - -
Ni(ll) - - -
Hg(I1) - - -
Cu(ll) - - -
Ni(ll) - - -
Chitosan Cu(ll) 333K 2.5 135 [24]
Hg(ll) - 357
Cu(ln) 333K 4.5 238
Hg(ll) - 454
Chitosan coated cotton fibres | Hg(Il) 278K - 0.32 [25]
SCCH 278K - -
Hg(ll) 288K - 0.16
288K - -
Hg(ll) 298K - 0.42
298K - -
Hg(ll) 308K - 0.52
308K - -
Chitosan coated cotton fibres | Hg(ll) 278K - 0.28
RCCH 278K -
Hg(ll) 288K - 0.20
288K - -
Hg(ll) 298K - 0.48
298K -
Hg(ll) 308K - 0.38
308K - -
Chitosan Hg(ll) <383K 2 647.4 [26]
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Thiocarbomoyl derivative of | Hg(ll) <383K 2 459.5
chitosan S2 Hg(ll) <383K 5 617.9
Hg(ll) <383K 7 1445.0
Hg(ll) <383K 7 365.3
Thiocarbomoyl derivative of | Hg(ll) <383K 2 459.9
chitosan SC2 Hg(I1) <383K 5 606.9
Hg(ll) <383K 7 1271.2
Hg(ll) <383K 7 330.7
Magnetic chitosan resin Hg(ll) 303K <75 3.060 [27]
chemically modified by a Hg(I1) 313K <7.5 2.688
Schiff’s base cross-linker. Ho(ll) 323K <75 2.520
Hg(ll) 333K <75 2.214
Thiol-grafted chitosan beads | Hg(ll) - 2 - [28]
Hg(ll) - 4 -
Hg(ll) - 4 -
Hg(11) - 5 -
Hg(11) - 7 -
Aminated chitosan bead Hg(ll) - 4 89 [29]
prepared through chemical Hg(ll) - 55 191
reaction Hg(ll) - 7 496
with EDA
Chemically modified Pb(I1) 298K 7 - [30]
chitosan Cu(ll) 298K 7 -
Cd(ln 298K 7 -
HDI-crosslinkeddeacetylated | Cu(ll) 323K 7 - [31]
Chitin Cu(ln 323K 7 -
TMA- Cu(ll) 323K 7 -
crosslinkeddeacetylated Cu(ln) 323K 7 -
Chitin
Coarse chitin - 343K 7 708 [32]
- 343K 7 -
Fine chitin - 343K 7 66 +8
- 343K 7 -
thiourea-modified chitosan Hg(ll) 299K - 6.690 [33]
derivative (TMCD) Hg(ll) 309K - 5.734
Hg(I1) 319K - 5.277
Hg(I1) 329K - 5.107

Most of the studies have been done to optimize sorption performances, especially
sorption isotherms with some suggesting uptake mechanisms, but little has been done on the
identification of the sorption sites and interpretation of the molecular interactions between
sorbent and solute by FTIR and mechanistic modeling using potentiometric titrations. The
ability of mercury(Il) to form a complex with barbital (5,5-diethyl barbituric acid) has been used

as the basis for the separation and determination of barbiturates where barbital was treated with
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excess mercury(ll) to form a chloroform extractable complex [47]. Advantage was taken of the
ability of mercury to form a mercury barbital complex for the determination of mercury [48].
This suggested that more detailed study could be done to find the suitability of grafting barbital
onto chitosan (BC), cross-linked chitosan using glutaraldehyde (G-Chitosan) and Barbital
Glutaraldehyde cross-linked Chitosan (BG-Chitosan) and their use as adsorbents for the removal
of inorganic, methyl and phenyl mercury.
Our objectives were
1) Evaluation of C, BC, CL and BCL for the removal of inorganic mercury (Hg®"), methyl
(CH3Hg?") and phenyl mercury (PhHg®*) and optimization of parameters for their
maximum removal.
i) Detailed studies using spectroscopic, potentiometric techniques as well as kinetic and
isotherm models to understand the mechanism during the adsorption of different forms
of mercury onto C, BC, G-Chitosan and BG-Chitosan.

7.2. Material and method
7.2.1. Sorbent Preparation.

Chitosan flakes (87.6 % deacetylated and molecular weight 5.5 x 10° g/mol) from Sigma
Aldrich were used to prepare chitosan beads. 1 % (w/w) chitosan solution was prepared by
dissolving chitosan flakes in 1 % (w/w) acetic acid solution at room temperature for
homogenizing the mixture for 48 hrs. The homogeneous chitosan solution was injected dropwise
into 0.41 N NaOH solution for the formation of beads. After the formation of beads it was left
overnight in a freezer for hardening (Scheme 7.1). The beads were extensively washed with
distilled water until neutral and then used for the preparation of barbital immobilized chitosan
and for further experimental studies as adsorbent (C).

For the preparation of barbital immobilized chitosan [BC] (Scheme 7.1), a solution of neutralized
beads of chitosan with 1 % sodium barbiturate (dissolved in double distilled water) in the ratio of
1:1 was stirred for 24 h at 50 °C, filtered, washed with double distilled water until neutral and

then left for air drying.
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Scheme 7.2. Cross-linking with Glutaraldehyde and Barbital with glutaraldehyde

A 100mL of 0.1% solution of gultaradehyde was added to 100mL of 1% homogenized solution

of chitosan in 1% acetic acid and allowed to react for 24hrs at 45-50°C to form an imine [G-
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Chitosan] through a Schiff’s base reaction between aldehyde ends of glutaraldehyde and amine
moieties of Chitosan. Glutaraldehyde cross-linked chitosan (G-Chitosan) was then filtered,
washed with double distilled water until neutral and then left for air drying(Scheme 7.2).

Barbital Glutaraldehyde cross-linked Chitosan (BG-Chitosan) was formed by initial
condensation of glutaraldehyde and barbiturate moiety followed by cross-linking with
chitosan(Scheme 7.2).. A 100mL of 0.1% solution of glutaraldehyde was mixed with 100mL of
0.1% solution of freshly prepared sodium barbiturate and were allowed to react at 45-50°C for
24hrs. This solution was added to 100mL of 1% solution of chitosan in acetic acid and stirred for
24 hrs at 50°C, filtered, washed with double distilled water until neutral and then left for air
drying. The barbital glutaraldehyde condensation product (5-(2,4,6-Trioxo-tetrahydro-pyrimidin-
5-ylidene)-pentanal) undergoes cross-linking with chitosan resulting in the formation of BG-
Chitosan. BG-Chitosan was found to be less soluble, hard and had greater swelling capacity

compared to G-Chitosan.

Figure 7.1. Scanning Electron Micrograph of C, BC, G-Chitosan and BG-Chitosan

Scanning Electron Micrograph of G-Chitosan displays an open porous and heterogeneous
structure (Figure 7.1). Crosslinking with BG-Chitosan is seen to bring about conspicuous textural
and morphological changes with BG-Chitosan forming a more compact and rigid structure. The

pores are in the range 100 um in G-Chitosan which reduce in BG-Chitosan to 50 pum.

7.2.2. Batch Adsorption Experiments.

A series of metal sorption experiments were conducted to study the effect of various
parameters i.e. pH, dose and temperature for the removal of inorganic, methyl and phenyl
mercury on C, BC, G-chitosan and BG-chitosan. For each experiment 25mL of Hg*?, CHsHg"
and CgHsHg™ solution of known initial concentration and pH were taken in a 100mL stoppered

conical flask. A suitable adsorbent dose was added to the solution and the mixture was shaken at
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a constant speed. The supernatant was separated from the adsorbent by filtration and analyzed
for the presence of unadsorbed Hg** by CVAAS (MA-5840 analyzer ECIL). All the experiments
were conducted in triplicate and the average results are reported. The mercury uptake by chitosan
was calculated as follows:

Qe = (Ci - Ce)/m; 1)
where, Ci-initial concentration of metal ion mg/L; C. — Equilibrium concn. of metal ion (mg/L);
m — Mass of adsorbent (g/L); ge — Amount of metal ion adsorbed per gram of adsorbent.

The experiments done without adsorbent were treated as blanks and they showed no precipitation

of metal ions occurred under the conditions selected.

7.2.3. Selectivity Studies.

Selectivity coefficient of inorganic mercury over other inorganic cations like copper,
cadmium and zinc were studied by batch procedure for C, BC, CL and BCL. The concentration
of the metals was determined by ICP-AES (Thermo Jarrel Ash, Model TraceScan) at
wavelengths of 409.014 nm. The selectivity of the mercury ions versus another cation was
determined by shaking 100 mg of adsorbent with an aliquot of 10 mL each of 100 ppm of each
individual inorganic ions (Cu**, Cd®*, Zn** and Hg**) were taken at pH 4 to give a total volume
of 40 mL. The selectivity coefficient (S Hg?*/M"™) is defined as

DHg2+

Sto2+ yn+ =
Hg /M DMn+

where DHg?* and DM™ are the distribution ratios of the mercury ion and other inorganic species,
respectively. Distribution ratios were calculated using the formula

i f
li,[n+ - CMl'l+ v

DMn+ == Cf
mn+

where C; M™ and C¢ M™ are the concentrations of inorganic ions in aqueous phase before and
after extraction, v is the volume of the solution, and m is the mass of the adsorbent. The percent
extraction (%E) of inorganic ion is defined as

— Chns

i
WE = M= x 100

i
Mn+
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7.3. Results and discussion

7.3.1. Uptake Studies.

7.3.1.1. pH dependence. Effect of pH was studied as a function of % uptake of the adsorbate
under study (Hg*?, CHsHg"™, CeHsHg™) in the range of pH 1-10, using metal ion concentration
of 0.8mg/L with an adsorbent dose of 4g/L for C, BC, G-Chitosan and BG-Chitosan. There
exists a large number of binding sites on C, BC, G-Chitosan and BG-Chitosan like amine, amide
and hydroxyl groups. The nitrogen atom of the amino group and oxygen atoms of the hydroxyl
groups can bind to a proton or a metal ion by electron pair sharing. The electronegativity of
oxygen being more than that of nitrogen, the donation of lone pair of electrons from the nitrogen
atom will be more facile than the oxygen atom for bond formation with mercury. In the case of
chitosan under highly acidic condition (pH 1-2) there was no sorption of mercury because the
binding sites are protonated which causes repulsion of the approaching mercury cation. As pH
increases (3-7) the sorption of mercury increases because electron rich binding sites are exposed
which allow the metal ions to get bound to the biosorbent [49].
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Initial metal conc. 0.1mg/L, amount of sorbent 4.0g/L, temperature 30°C
Figure 7.2. Effect of pH on uptake of Hg**, CHsHg?*, C¢HsHg?" using C, BC, G-Chitosan and
BG-Chitosan
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Inorganic Hg uptake was found to increase with increase in pH and reach equilibrium at
pH 4 and 7 in case of G-Chitosan, BG-Chitosan respectively. Organic Hg uptake also was found
to increase with increase in pH. Methyl mercury was found to reach equilibrium at pH 5, >8 in
case of G-Chitosan, BG-Chitosan respectively while phenyl mercury was found to reach
equilibrium at pH 6-8, 7 in case of G-Chitosan, BG-Chitosan respectively. This is in contrast to
what is observed in general that adsorption of mercury decreases from pH 6 onwards due to
precipitation [50]. This could be due to the fact that all the mercury species which are likely to
exist in the investigated pH range (0.5-8), might remain in soluble form due to the low
concentrations of mercury studied [51]. Furthermore, considerable uptake of Hg*? is observed
even under acidic pH conditions.

Beyond pH 7 sorption decreases due to precipitation as shown in Figure 7.2. At low and
high pH, hydrogen bonding can also result between metal/mercuric hydroxide to hydroxyl
groups of C, BC, G-chitosan and BG-chitosan. So the total uptake of mercury could be by
electrostatic attraction, hydrogen bonding and weak van der Waals forces.

R—NH, + Ht & R— NHY
R — NH, + Hg?* - R — NH,Hg?*
R — NHf + Hg?* - R — NH,Hg?* + H*

In BC which has an amide group both C-N and C-O bonds possess comparable amounts
of single and double bond character resulting in considerable delocalization of negative charge
on the amide carbonyl oxygen atom causing predominant proton metal ion interactions. As the
pH increases the hydroxyl groups become deprotonated resulting in negative charge

R—OH+ OH” &#R—- 0™ + H,0
R'— 0" + Hg?* &R —0— Hg*

Thus due to stronger electrostatic attraction between the lone pairs of the nitrogen atom
and Hg”" and also the electrostatic attraction between the negatively charged hydroxyl group and
positive or neutral mercury species, adsorption occurs in the pH range 3-7. The adsorption of
Hg?* at low pH values for C was found to be comparatively higher than BC, G-chitosan and BG-
chitosan due to strong electrostatic attraction between the lone pair of nitrogen and Hg?* species
than the competing protons. The adsorption is higher in the case of BC with a concomitant
increase in pH values due to deprotonation of amide groups and formation of covalent bonds
between O, N and Hg.
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7.3.1.2. Contact time dependence. The effect of agitation time on the uptake of Hg*,
CHsHg*?, and PhHg*™ on G-Chitosan and BG-Chitosan is shown in Figure 7.3. Uptake study
with respect to time showed >99% uptake after 3 h for C, whereas BC shows full uptake after 2

h, but the time needed to attain equilibrium is longer when using G-Chitosan than BG-Chitosan.

= C ————— "8
) / / ] — N

] _//._—_.,/' -/./

1

% Uptake

40

20

o T T T y T T T T 1 o .
160 180 20

Time (min)
100

w0 G-chitosan 1 BG-chitosan
R | /// N ./_:/

/./

./l ' s "

) / —/

0
T T T T T T T 1 T T U L S e —]
2 40 c9) 9 100 120 140 160 180 20 40 c) 0 100 120 140 160 180

Tine (min)
—=— Hg —— CH_Hg C,H,Hg

Initial metal conc. 0.1mg/L, amount of adsorbent 4.0 g/L, temperature 30°C, optimum pH
Figure 7.3. Effect of Time on uptake of Hg*?, CHsHg*?, C¢HsHg"™ using C, BC, G-Chitosan and
BG-Chitosan

Hg?* was found to adsorb at a faster rate with higher percentage removal than organic
mercury ions. Since the mercury(ll) ion has a smaller ionic radius, it is possible that mercury(ll)
ions diffuse faster through the adsorbent pores than the bulkier organic mercury. Also Hg*? was
found to adsorb at a faster rate followed by CgHsHg™ and CHsHg™. More than 99% of total
mercury was removed within a period of 120 min using BC, 160 min using C and 180 min using

G-chitosan and BG-chitosan. This rapid initial binding rate suggests an instantaneous binding of
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mercury on surface binding sites followed by slower and non specific binding to other
components.

7.3.1.3. Temperature dependence. The effect of temperature on the sorption of Hg*
CHsHg*?, CeHsHg™ was studied by carrying out a series of experiments at 30-70°C at
equilibrium times of the respective sorbates. Figure 7.4 shows that effect of temperature on
adsorption is different for both the adsorbates. Temperature studies (Figure 7.4) showed
adsorption of inorganic mercury is endothermic in all the cases whereas adsorption of both the
forms of organic mercury showed exothermic nature with all the adsorbents except C
(endothermic).
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Figure 7.4. Effect of Temperature on uptake of Hg*?, CHsHg"?, CsHsHg*? using C, BC, G-
Chitosan and BG-Chitosan
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Uptake of inorganic mercury was found to increase with increase in temperature in the case of
all the sorbents under study C, BC, G-Chitosan and BG-Chitosan but sorption of organic
mercury decreased with increase in temperature for BC, G-Chitosan and BG-Chitosan suggesting
chemisorption mechanism in the latter case [52]. Whereas increase in inorganic mercury
adsorption with increasing temperature might be due to an enhanced rate of intraparticle
diffusion of the adsorbate, as diffusion is an endothermic process. Chemisorption in case of

organomercury can be explained due to the greater softness of organomercury compounds.

7.3.2. Adsorption Isotherms.
The adsorptive capacity of chitosan derivatives used for mercury removal was
determined through adsorption isotherm studies. The Langmuir and Freundlich models were
used to determine the adsorption capacity of mercury on chitosan derivatives and model

parameters are presented (Table 7.2 and Figure 7.5).

From the correlation coefficient values (r?) obtained for the two models, it can be seen
that the Langmuir and Freundlich models cannot be applied to these data. Both Langmuir and
Freundlich models could not be applied to the data obtained for mercury using chitosan based
adsorbents. This could be due to mercury ions penetrating the adsorbent, adsorbing onto amine/
amide sites and forming metal clusters which might block the pores. This might render the active
sites lying in the interior inaccessible for adsorption.A similar behavior was observed by Gregory
et al. during the study of Cd®* ions on porous magnetic chitosan beads [53]. The negative values
obtained for Gibbs free energy, enthalpy and entropy suggest that the adsorption process is

feasible and spontaneous in the case of G-Chitosan and BG-Chitosan.
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Figure 7.5. Freundlich and Langmuir Isotherm plots for C and BC

7.3.3. Adsorption Kinetics.

In order to investigate the possible mechanism of sorption process three kinetic models
were used including Pseudo first order model, Pseudo second order model and Intra-particle
diffusion model. Kinetics was examined for the sorption of Hg®*, CHsHg**, and PhHg?" on
chitosan derivatives under study using a series of measurements extending from 30 min to 240
min at 25 °C (Table 7.2 and Figure 7.6).
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Table 7.2. Isothermal and kinetic parameters for adsorption of inorganic and organic mercury

Kinetics and Isotherms C BC
Hg®* | CHsHg® | CeHsHg® | Hg™ | CHsH | CgHsHg?
+ + gz+ +

Pseudo 1% | ge (Mg/g) 0.0410 | 0.0330 | 0.0650 1.1980 | 0.0100 | 1.0140
order K (min'l) 0.2000 | 0.1000 | 0.2300 0.1500 | 0.0790 | 0.0010

r° 0.9590 | 0.9700 | 0.9520 0.9850 | 0.8170 | 0.9190
Pseudo 2" | ge (Mg/g) 0.0500 | 0.0620 | 0.0540 0.0294 | 0.0023 | 0.00129
order K (g/mgmin) 0.2480 | 0.0670 | 0.2810 0.5090 | 107.70 | 4.1500

r° 0.9680 | 0.8960 | 0.9900 0.9950 | 0.6040 | 0.7130
Intra- Ki(mg/gmin®®) 0.0030 | 0.0030 [0.0440 |0.0020 |0.0008 | 0.0011
particle r° 0.9810 | 0.9790 | 0.9080 0.9860 | 0.9800 | 0.9990
Langmuir | gm (Mg/g) 0.0130 | 0.0100 |0.0250 |0.0040 | 0.0060 | 0.0200

Ka (L/mg) -184.0 [-156.0 |-927.0 |[-887.3 [-735 |[-179.3

r° 0.9300 | 0.9450 | 0.9850 0.9940 | 0.9440 | 0.9560
Freundlich | K¢ 0.455 |0.0002 | 0.004 0.003 4.4x10 | 5.4x107

(mg/g)(dm*/mg)*" ®

N -1.790 | -0.9360 | -8.880 -3.3400 | - -0.9860

0.1790

r° 0.8700 | 0.8670 | 0.9960 0.8010 | 0.7050 | 0.9130

Kinetics and Isotherms G-Chitosan BG-Chitosan
Hg'* | CHsHg™ | CeHsHg™ | Hg™ | CH; | CeHsHg"
Hg+2 2

Pseudo 1% [ ge (mg/g) 0.0170 | 0.0151 [ 0.0190 | 0.0355 | 0.0295 | 0.0478
order K (min™) 0.0090 | 0.0081 0.0102 0.0195 | 0.0018 | 0.0213

r° 0.9170 | 0.9560 0.9290 0.9490 | 0.9590 | 0.9880
Pseudo 9. (Mg/g) 0.0210 | 0.2310 [ 0.2030 | 0.0625 | 0.0591 | 0.0716
2" order K (g/mgmin) 0.5600 | 0.6730 0.4950 0.0001 | 0.0003 | 0.0002

r° 0.9170 | 0.9210 0.9330 0.9100 | 0.9230 | 0.9190
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Intra- Ki(mg/gmin°'5) 0.001 | 0.0008 0.0021 0.0018 | 0.0076 | 0.0082
particle r° 0.9780 | 0.9890 0.9880 0.9920 | 0.9230 | 0.8190
Langmuir | gm (Mg/g) 0.0080 | 0.0089 | 0.0098 | 0.0065 | 0.0072 | 0.0069
Ka (L/mg) 228.10 | 234.50 257.80 240.50 | 189.57 | 314.00
r’ 0.9940 | 0.9800 0.9960 0.9680 | 0.6670 | 0.8190
AG (KJ/mol) -13.70 | -13.75 -13.99 -13.81 | -13.21 | -14.48
Freundlich | K; (mg/g)(dm*mg)™ | 0.0530 | 0.0817 | 0.0919 0.0008 | 0.0001 | 0.0006
N 2.7800 | 3.1400 1.5670 1815 | 2321 | 1513
r’ 0.4760 | 0.5140 0.6780 0.9490 | 0.9590 | 0.8990
iy Hg 0050 CH,Hg CgHgHg
"] —s—Cc ——BC 005 ] —5—C ——BC 07{ —+—C —4—BC
o
5 00 . ooss ] 4 — 04
%’ 0.03 / // 0:0207 /Q/»/ 03
0.02 // 00151 :/ 02
o] / 0.010 a% /u/ ——————— " .
0.00 ‘ . . . . Zzzzi q/‘— ﬁ‘; . . . , 00 ;“gaﬁ‘: ; “‘/ ; \
40 80 120 160 200 240 0 40 B‘Ilzlme (rnlIZr:)) 160 200 240 0 40 80 120 160 200 240
Pseudo 1st Order, Pseudo Second Order,
Hg CH,Hg C,HHg
020 % G-chitosan —e— BG-chitosan - e G-Chit({?e,llf ?G;chiluofﬂ v . oom- —®  G-chitosan —e— BG-chitosan
018 " — 0.200 / D/// 0020 ]
0-16‘/ 01754
g - k‘ -
0.06 4 :':: 1 0.008 - / \
0.041 - 0.004 \ —
002 {>~_ 0.025 4 = o o — . . Q\Q\Q\=
000 . $§&§% = ; . 0.000 ,\n\,\ i—— ] 0000 . . ; \,%\
Time (min)

Pseudo 1st Order, Pseudo Second Order,

Figure 7.6. Different Kinetic plots for C, BC, G-chitosan and BG-chitosan
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Pseudo first order model was fitted with a correlation coefficient of >0.917 for all the
three forms of mercury. Values of regression coefficients are shown in Table 7.2. It is seen that
the rate of adsorption is fast for the adsorbents under study in the case of Hg**, CHsHg?**, and
CsHsHg”" adsorption. However the time needed to attain equilibrium is longer when using C, G-
chitosan and BG-chitosan than BC (120 min using BC, 160 min using C and 180 min using G-
chitosan and BG-chitosan). This could be explained by the presence of a larger number of
functional groups for bonding in the case of BC (potentiometric titrations and FTIR). However
Hg?* was found to adsorb at a faster rate followed by CH3Hg?* and CsHsHg?*. This could be due
to the smaller ionic radius of Hg?* which enables it to diffuse faster than the bulkier CsHsHg**
and CHsHg?*. More than 99 % of total mercury was removed within the period of 180 min. This
rapid initial binding rate suggests an instantaneous binding of mercury on surface sites followed
by slower and non specific binding to other components.

But in the case of Pseudo 2" order rate equation the correlation coefficients were found
to be >0.90. Intraparticle diffusion mechanism was found to be followed by G-Chitosan for all
the three species of mercury but in BG-Chitosan phenyl mercury did not follow intraparticle
diffusion whereas others did with a correlation coefficient >0.92. This suggests that multiple
mechanisms like fast ion exchange, inter and intra-molecular binding and diffusion are operating

in the sorption of mercury on C, BC, G-Chitosan and BG-Chitosan.

7.3.4. FTIR Spectroscopy.

Typical absorption frequencies of FTIR for C, BC, G-Chitosan, BG-Chitosan and
mercury loaded species with their corresponding assignments are summarized in Table 7.3.

The strong broad band in region of 3300 to 3500 cm™ is characteristic of the N-H stretching
vibration in C, BC, G-Chitosan and BG-Chitosan although there is the possibility of overlapping
between the N-H and the O-H stretching vibrations corresponding to pyranose structure. For BC
the FTIR spectra shows a peak at 1654 cm™ specifically for the amide groups indicating the
grafting of barbital on chitosan. The band corresponding to free amino groups is observed at
1632, 1629.95 and 1599.31cm™ for C, G-Chitosan and BG-Chitosan respectively.
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Table 7.3. Typical absorption frequencies of infrared spectra of the C and BC

Sample C/BC C/BC-Hg C/BC-CHs;Hg | C/BC-PhHg Assignment
Wave numbers | 3447/ 3425 3432/ 3449 3445/ 3432 3441/ 3435 N-H & OH Stretching
(cm™) 2929/ 2924 2920/ 2924 2921/ 2924 2921/ 2923 C-H stretching
1632/1654 1599/ 1636 1597/ 1636 1597/ 1637 N-H bending
-/ 1560 -/ 1512 -/ 1511 -/ 1509 N-H bending

1383/ 1380 1384/ 1384 1383/ 1384 1383/ 1382 C-H bending
1074/ 1073 1086/ 1077 1089/ 1024 1090/ 1080 C-N, C-O stretch

Samples G-chitosan G-chitosan- G-chitosan- G-chitosan- Assignment
Hg CHsHg PhHg
Wave numbers | 3434/ 3431 3431/ 3431 3431/ 3427 3431/ 3433 N-H Stretching
(cm-1) 2925/ 2924 2933/ 2933 2924/ 2926 2926/ 2926 C-H stretching
1725/ - 1685/ - 1651/ - 1757/ - C=0Ostretching(Aldehyde)

1629/ 1599 1635/ 1635 1599/ 1618 1637/ 1637 N-H bending
1379/ 1380 1384/ 1384 1384/ 1383 1383/ 1383 C-H bending
-/ 1153 -/ 1155 -/ 1159 -/ 1155 C-N, C-O Stretching
1074/ 1084 1066/ 1070 1068/ 1029 1062/ 1063 C-N, C-O Stretching

But the frequency is shifted to a lower wave number in case of BG-Chitosan due to
consumption of these groups during cross linking of chitosan with 5-(2,4,6-Trioxo-tetrahydro-
pyrimidin-5-ylidene)-pentanal, the condensation product of glutaraldehyde and barbital. A band
at 1725cm™ in G-Chitosan can be attributed to carbonyl groups of unreacted aldehyde functional
groups of glutaraldenhyde which are found to be absent in BG-Chitosan suggesting the
condensation of these aldehydic groups of gltaraldehyde with barbiturate. A new band in BG-
Chitosan at 1153cm™ appeared due to the formation of new C-N bonds after complexation of
glutaraldehyde with barbital and cross-linking with chitosan. This 1153cm™ peak can be
attributed to asymmetric stretching of C-O-C and C-N stretch.

The amide stretching frequency shifts from 1654 cm™ to a lower frequency of 1636 cm™
after mercury adsorption showing the possible interaction of metal linkage with O and N of the
amide group [54]. The FTIR spectra after sorption of mercury on G-Chitosan shows a shift in
1725cm™ band to 1655 and 1700cm™ after mercury binding in case of Hg** and CH3Hg"

respectively suggesting the involvement of carbonyl arising from unbound sites of
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glutaraldehyde in binding of mercury. This behavior is consistent with previous reported results
on uranium removal by chitosan and molybdate removal by cross-linked chitosan beads [55]. A
decrease in transmittance in the wave number region of 3434 to 3431cm™ after mercury sorption
indicates that N-H vibration was affected due to sorption of mercury. In the case of BG-Chitosan
the FTIR data showed that C-N stretching frequency at wave number of 1084cm™ shifted to
1070, 1028, 1062cm™ after mercury sorption suggesting the attachment of mercury to N and O
bond of amide moiety A shift in the band at 1153cm™ to higher wavenumbers was also observed
in BG-Chitosan suggesting that N and O of amide involved in the sorption process. After
mercury sorption there is a large shift in N-H bending absorption frequency from 1599cm™ to
1635cm™, 1618cm™ and 1637cm™ for Hg*™?, CHsHg* and PhHg*? respectively in BG-Chitosan.
A shift in 1074cm™ band to 1066cm™, 1068cm™ and 1062cm™ related to C-N stretching indicates
that nitrogen atoms are main sorption sites in both. Thus all the bands are suggestive of
involvement of bonds with N atoms and C=0 of unreacted aldehyde in the case of G-Chitosan
and C-N and C-O of amide in BG-Chitosan for sorption mercury.

Thus we can conclude that for G-Chitosan sorption sites may be free aldehyde group of
glutaraldehyde which has not been used in cross linking of chitosan and amino groups in
chitosan. In the case of BG-Chitosan the sorption sites could be amide groups of barbital where
mercury can coordinate bidentately to both amide nitrogen and oxygen atoms [56].

Frequencies for N-H stretching and bending were found to decrease after mercury
adsorption in the case of C and BC showing the bonding of Hg** with the N of amine where the
lone pair of electrons of the nitrogen atom was donated to the shared bond between the N and
Hg?* and as a consequence, the electron cloud density of the nitrogen atom was reduced, causing
the shift. Mercury adsorption is found to affect the frequencies of all the bonds with N atoms of
amine and amide, indicating that nitrogen atoms (amine group) are the main adsorption sites for

mercury adsorption on C while in the case of BC it is N and O (amide and amine group).
7.3.5. Data analysis.

Results of potentiometric titration curves are used to generate a simplified mathematical

model using Matlab [57-59].
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Figure 7.7. pK, spectra determined by linear programming analysis

The pK, spectra resulting from fitting the data using weighted mean value calculations

are shown in Figure 7.7 and Table 7.4.

Table 7.4. Three-Site model from pK, Analysis of C & BC Titration Data by Linear

Programming
Ligand Class 1 2
Range of pK, 4.0-7.0 9.7-110
Functional Group Self assembled amine/ protonated amine Hydroxyl/ Amine
Chitosan pK, 10.2 -

Lt 0.0006 mol/g -
BC PK, - 10.2

Lt - 0.0005 mol/g
G-chitosan pKa 4.6 10.0

Ly 0.0067 0.0020 mol/g
BG-chitosan pKa - 9.7

Lt - 0.0009 mol/g
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Surface pK, values for Site 1 falls in the range of 4-7 pK, which have been reported for
amino groups in self-assembled monolayers or protonated amines. Usually high pK, sites (~10)
are attributed to phenolic hydroxyl sites. Since both C and BC do not have phenolic protons, it is
likely that high pK, sites are for CH,OH groups, or for 1° or 2° amines which have pK, values in
the range 9-11. In summary the pK, sites that are observed here are likely to correspond to site 1
amino groups in self assembled monolayers or protonated amines, for site 2 it corresponds to

hydroxyl or amines.

7.3.6. Specificity studies.

The % extraction, distribution ratio and selectivity coefficients of mercury ion with
respect to metal ions like Cu®*, Cd** and Zn** using C, BC, CL and BCL are studied.

Selectivity Coefficient

110 N
88 -
66 -
44
N J_l—/_\
04 ! | ;
Cu Cd Zn
[ kC [ ] kBC [ ] KCL [ ] kBCL

Figure 7.8. % Extraction, Distribution Coefficient and Selectivity coefficient

The obtained results are depicted in Figure 7.8. It is clear from the results that BC shows
good selectivity for mercury (102) as compared to C, CL and BCL in the concentration range
studied. A significant difference between the binding of mercury ion and other competitor metal
ions on the adsorbents under study can be explained on the basis of Pearson’s classification [60]
according to which mercury is the softest of the metals which have been studied and can attach

to soft bases (functional groups) present in the materials under study.
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7.4. Conclusions

New adsorbents C, BC, G-chitosan and BG-Chitosan were prepared. BG-Chitosan was
found more rigid and had more swelling capacity compared to other sorbents under study.
Grafting barbital on C improves the equilibrium time for uptake of phenyl, methyl and inorganic
Hg”" when compared. Mercury adsorption to C, BC, G-chitosan and BG-Chitosan are strongly
pH-dependent. There must be more than one mechanism responsible for mercury removal.
Sorption of all the three forms of mercury showed similar behavior except for the fact that the
process is endothermic for Hg*? and exothermic for CHsHg*?, CgHsHg™. C showed higher
adsorption capacity as compared to other sorbents under study. Amine, amide, amine and
aldehyde, amide groups are involved in binding through complexation, weak van der Waals
forces and electrostatic interactions in C, BC, G-Chitosan and BG-Chitosan respectively. More
than 99 % of total mercury was removed within 160 min suggesting instantaneous binding of
mercury on surface sites followed by slower and non specific binding to other components. Due
to the different nature of the adsorbate-adsorbent system and the low initial metal ion
concentration used comparison with other adsorbents is not possible. Appreciable selectivity was

obtained for mercury with BC as adsorbent.
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8.1. Introduction

Molecular imprinting polymers (MIP) which have the ability for high selective
adsorption of target chemical species from various media are presently of great interest [1, 2]. In
recent years, some imprinting polymers have been prepared and used for selective removal, pre-
concentration and extraction of metal ions [3-20] which are termed as ion imprinting polymers
(1P).

The high selectivity of these imprinted polymers arises from the memory effect of the
polymer to the imprinted ions, including the specificity of interaction of ligand with the metal
ions, the coordination geometry and coordination number of metal ions, the charge of the metal
ions, and the size of the metal ions [21].

Important steps for synthesis of imprinted polymer include selection of a functional
monomer that can form a complex with template, polymerization of the monomer containing
imprint ion and leaching of the imprint ion to obtain an imprint which can recognize the template
from a mixture of chemical species (Scheme 8.1). The bonding between the template and the

functional monomer can be either covalent or non-covalent.

~ . Cross linking
: :’/1 {Hydrogen bonds)
1 1
\O \O Polymeric Chains
A
\C\) \f-‘ b' LF s‘
+ O : i
Functional Template Monomer-template
Monomer complex i . { ~
1 1
1 ]
Imprinted Polymer Matrix
Selective Recognition Leaching of Template
(imprint ion)

Scheme 8.1. Scheme for complexation involving template, imprinting by formation of matrix,
leaching of template and selective recognition
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Hydrogen bonding is the most common interaction during non-covalent molecular
imprinting. Previous studies have shown that an imprinted polymer prepared based on hydrogen
bonding interactions lost its molecular recognition ability in aqueous media or organic solvents
with high polarity [21, 22]. The covalent bonding system employs a template-monomer complex
which is formed by a reversible covalent bonding.

Traditionally, MIPs, prepared by bulk polymerization, exhibit highly selective
recognition but with poor site accessibility to the target molecules, as the template molecules and
functional groups are totally embedded inside the polymer network and the binding Kkinetics is
low [23]. They also have other limitations such as non-uniform distribution of particle size [24,
25-27], high consumption of template and material [25, 27, 28] thermal instability, and swelling
and shrinkage effects [26]. Therefore, much attention has been paid to novel surface imprinting
techniques which offer fast mass transfer kinetics [29-36]. Recently, the problems associated
with bulk polymerization have also been overcome by grafting techniques wherein the MIPs
layers are coated onto substrates with known surface morphologies [27, 28, 38-41]. We were
interested in the development and evaluation of the grafting of ion imprinting oligomers onto
agrowaste materials.

Industrial activities and mining operations have exposed man to the toxic effects of
uranium. Uranium is an emerging pollutant and can cause irreversible renal injury and may lead
even to death. Due to the biological, environmental and industrial impacts of uranyl ion,
development of imprinting polymers for selective separation of uranyl ion is of continuing
interest [3-20].

In the race of nuclear empowerment, every country is consuming more and more of
nuclear fuel leads to increased incidents of seepage and residual fuel and distribution of
radioactivity to the our surroundings. Recently number of reports has focused on uranium
poisoning. Times Of India (TOI) reported in March 2009 high levels of uranium while analyzing
the hair and urine samples of ~150 children in Punjab. Children were reported to be affected
from birth with physical deformities, neurological and mental disorders. Further, TOI of June
2010 reported that studies carried out amongst mentally retarded children of Punjab, revealed
uranium levels high enough to cause diseases. The recent Fukushima Nuclear accident in March

2011, resulted in a hovering radioactive cloud and seepage of fuel to the sea water. Hence
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selective extraction and recovery of uranium from these discharges is essentially required in

view of its extreme toxicity and environmental aggressiveness.

The combination of cross-linking with macromolecular functional monomers for

production of selective imprinted polymers for uranium ion which does not exhibit directional

bonding, prepared by bulk polymerization, ATRP, Free radical copolymerization, cross linked

matrix, thermal polymerization and sol-gel surface imprinting etc. are summarized in Table 8.1.

Table 8.1. Summary of Retention capacity/ Distribution Coefficient for uranium

Sr. | Functional Techniqu | Cross pH | Eluent Retention capacity/ | Referenc
No | monomer/ e Linker Distribution Coefficient es
Polymer Imprinted | Control
sorbent Sorbent
1. | MAA Free EGDMA 3.0 [ IMHCI 4950.0 355 [3]
Radical
HEMA/ VP/ | Free EGDMA 8.0 | INHCI 26 pmol/g | -
Amidoxime Radical
2. | Chitosan - Glutraldehy | 4.0 | 1:1 HCI - - [42]
de/ glyoxal
3. | 2-chloroacrylic Free EGDMA <3. | Conc. HNO; | - - [5]
acid Radical 0
4. [ TMOS Sol-Gel | - ~5. | HNO, - - [6]
(Surface 0
imprintin
9)
5. | DCQ/ Styrene Thermal | DVB 6.0 | 1:1HCI 99.0 3.16 [8]
6. | Quinoline-8-ol/ Free DVvB 6.0 | 1:1HCI 30 mg/g - [9]
DCQ/ DBQ/ DIQ/ | Radical
VP/ Styrene
7. | DCQ/ VP/ | Free DVvB 6.0 | IMHCI 34 mglg 25 mglg [10]
Styrene Radical
8. | VP/ Styrene Free DVB 6.0 | IMHCI 886.3 - [12]
Radical
9. | SALO/ Catechol/ | Free EGDMA >5. | 5MHCI 99x5x10E | - [13]
succinic acid/ | Radical 0 +4
DCQ/ VP/ HEMA
10. | SALO/ VP/ | Free DVB ~3. | IMHCI 99x5x10E | 0.15x5x10E | [14]

218




Styrene Radical 5 +3 +3
11. | Chitosan/ PVA Cross EG 5.0 | 0.IMHNO3 | 495.0 86.0 [15]
Linking diglycidyl
ether
12. | SALO/ VP/DCQ | Thermal DVB 7.0 | 5.0MHCI - - [16]
13. | PPMP/ MAA Thermal EGDMA 3.0 | 5SMHCI 37.58 25.44 mg/g [43]
mg/g
14. | VBA/ Styrene Free DVB 3.0 | IMHNO; - - [44]
Radical
15. | Piroxicam/ VVP/ Free DvVvB/ 6.0 | 6MHCI:Me | 38.58 - [17]
Styrene Radical EGDMA OH (1:1) mg/g, 14.0
16. | SALO/ VP/ 2- Thermal EGDMA 5.0 | 2MHCI - - [18]
methoxy ethanol/
Methacrylic acid
17. | 3-(Triethoxysilyl) | Sol-Gel | TEOS - 12%HNO; | - - [45]
propylacrylamide/ in ultra-
acrylamide sonicator
(Aam)/ (TEA)/ 3-
(triethoxysilyl)pro
pyl acrylate/ PVC
18. | VP/ HEMA Thermal/ | EGDMA 5.0 | IMHCI 97.1 - [19]
Surface - pmol/g
imprintin 7.0
g
19. | 1-hydroxy-2- Free EGDMA 1.0 | 2MHCI 52.1 - [20]
(prop-20-enyl)- Radical - pmol/g
9,10- 3.0
anthraquinone

However, most of these IIPs are not suitable for removal of uranium from nuclear power
reactor effluents as they are reported to contain free acidity and not much research has been
attempted to selectively remove uranium from a number of coexisting inorganic ions present in
weakly acidic to acidic solutions using 1IP’s [14]. Say et al. [46] selectively removed uranium
using glutamic acid ion imprinted polymeric beads from weakly acidic solutions (pH 3.5)
containing Fe(ll1), Th(IV) and Mn(Il) but had a number of drawbacks like requirement of 75 min

adsorption time, crucial dependence on the pH of equilibration which made the process tedious
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and time consuming. Recently, Prasada Rao et al. prepared IIP based on ternary mixed ligand
(UO,**-SALO-VP) prepolymer complexes for the selective removal of uranium from dilute
aqueous solutions [13].

Interest in the family of cucurbit[n]urils (CB[n], n=5-10), comprising n glycoluril units
joined by pairs of methylene bridges, having a hydrophobic cavity accessible through two
carbonyl-fringed portals as hosts has been increasing [47]. Cucurbiturils were developed after
cyclodextrins, crown ethers and calixarenes [48-50]. The metal complexing properties of
cucurbiturils have been widely investigated [51-53], particularly in the case of alkali, alkaline-
earth [54-60], lanthanide cations [61] and d-block metal ions [62-66]. In the case of actinides, the
crystal structures of only two compounds have been reported by Fedin et al., one having Th(IV)
cation bound to three adjacent carbonyl groups complexed at each portal of CB6, and the other
[(UO2)4(43-O)2(u2-Cl)4(H20)¢6] [67]. CB6, having no uranium—carbonyl bond, the tetranuclear
uranyl complex being only hydrogen bonded to the macrocycle [68]. These molecules exhibit
wide range of applications including molecular catalysis, molecular recognition, ion channel, and
supramolecular assemblies [69-71].

Recent synthesis of cucurbituril homologues (CB[n], n = 5, 7 and 8) has broadened the
scope of the cucurbituril chemistry [72]. Thuery was the first to report complexes between uranyl
ions and CB5, the heterometallic uranyl lanthanide complexes having direct uranyl-carbonyl
bonds and hydrogen bonded channels [73-75]. Polynuclear complexes were also reported by him
where uranyl ions were bound to two carbonyl groups from two different molecules [91-93].
CBS5 is known to form capsules when capped by alkali metal or lanthanide ions, and Zn, K with
different cations at its two portals [65, 73, 76-80]. In the absence of other reactants (alkali
metal/lanthanide ions, Zn and K) the problem of formation of insoluble powders and/or small
quantity of crystals was reported by Thuery under hydrothermal conditions [73-75].
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Scheme 8.2. Cucrbit[5]uril
The environment and the size of the two carbonyl fringed portals [2.4 A] led us to believe

that CB5 (Scheme 8.2) would be a perfect molecule for the complexation of uranyl ions [0.81/3'\]

at each of its portals. Literature search prominently showed that very few of the studies have

reported selective extraction and recovery of uranium using ion imprinted polymers in the acidic
pH range. Our objectives were:

1) To prepare U2CB5 complex and characterize the complex by XRD, NMR, UV, IR and
fluorescence studies.

i) To explore the possibility of U2CB5 complex being a suitable monomer for the
preparation of ion imprinted oligomer.

iii) Due to their structural morphology and low cost explore the possibility of the use of agro-
waste palm shell powder as potential support material for the grafting of imprinted
oligomer.

However, during the course of our attempt to prepare a complex of uranyl nitrate with

CB5 under ambient conditions we were pleasantly surprised to get yellow crystals of U2CBS5 at

ambient temperature conditions, in which both the portals are closed by uranyl ions. We thus

report herein the synthesis, characterization and single crystal X-ray structure analysis of

(U2CBS5). This monomer containing uranyl ion as the template would be further polymerised for

the preparation of ion imprinted oligomer. The imprinted polymer would then be non-covalently

grafted onto palm shell powder as described in scheme 8.3.
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Scheme 8.3. lon imprinted oligomer grafted on PSP

8.2. Materials.

8.2.1. Synthesis of {(UO,)2(CB5)}(NO3);-4HNO3-3H,0 (U2CB5).

UO,(NO3),.6H,0 was purchased from Sulab chemicals, HNO3z was purchased from E-
Merck and cucurbit[5]uril from Aldrich. Cucurbit[5]uril (20 mg, 0.020 mmol) was dissolved in
4.6 mL of demineralized water and 0.4 mL of HNO;3; (69% w/v) was added to it. A 10-fold
excess of UO,(NO3),-6H,0 (116 mg, 0.232 mmol) was dissolved in 4.9 mL of demineralized
water and 0.1 mL of HNO;3 (69% w/v) was added to it. The uranyl nitrate solution was added
dropwise to cucurbituril solution with continuous stirring and was left for 24 h at 40°C under
stirring conditions and the complex is readily synthesized. Light yellow color crystals of the
complex U2CB5 were deposited in solution. Good quality single crystals of light yellow color
could be separated within 24 h, which if left further for another 24 h resulted in crystalline
material. Anal. Calcd. for C3oHs9N2sO41U>: C, 18.75; H, 2.08; N, 20.42. Found C, 18.82; H, 1.97;
N, 20.54%. The observed percentage of U was found to be 12.41% (Anal. Calcd. 12.39%). 1H
NMR (D,O/HCI 300K): 6 (ppm) 6.873, 8.190 (d, “CH,—) and 8.073 (s, -CH-) for U2CB5. 13C
NMR (D,O/HCI 300K): ¢ (ppm) 51.13, 71.78, and 172.88 for U2CB5. Amount of water or
dilution and pH of the reaction is an important part playing role for synthesizing U2CB5 as it

serves as mineralizing agent as well as counter cation.
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8.2.2. Synthesis of lon Imprinted oligomer and Grafted lon Imprinted oligomer.

U2CBS5 (107 mg) was allowed to react with K;S;0g (418 mg)[1:15 mole ratio] in water
at 85 °C for 6 h in presence of nitrogen atmosphere. After cooling to room temperature acetone
vapor diffusion into the solution gave light yellow precipitates were filtered washed with acetone
and dried in vacuum oven (50°C) to give hydroxylated U2CB5. Allylation was done by adding
hydroxylated U2CB5 (48.2 mg) to a solution containing NaH (27.13) (60% dispersion in mineral
oil in 10 mL anhydrous DMSO) in 1:20 mole ratio at 0 °C and stirred at RT for 1 h, followed by
addition of alkyl bromide (0.42 mL) to this reaction mixture at 0 °C and stirred at RT for 12 h.
The reaction mixture was poured into ice-water (300 mL) resulting in a light yellow solid which
was washed thoroughly with water and ether, and finally dried in vacuum to obtain allyl
derivative of hydroxylated U2CB5. The product was purified number of times by washing with
ether or hexane to remove the unreacted alkyl bromide. Allyl derivative of hydroxylated U2CB5
is the template complexed monomer which was polymerized using free radical solution
polymerization to obtain uranyl ion imprinted polymer.

About 25 mg of allyl derivative of hydroxylated U2CB5 (Monomer) in 10 mL solution of
methanol along with 10 mg recrystalised AIBN (Initiator) was taken in a three neck flask at 55
°C under nitrogen atmosphere in thermostatically controlled oil bath with constant stirring for 10
h. After completion of reaction, excess methanol was distilled off under reduced pressure and
traces of solvent were removed by drying under reduced pressure in vaccum oven for 12 hours.
The resulting polymer was then dried to obtain ion imprinted polymer [IU2CB5]. Imprinted
polymer 1U2CB5 was then grafted to a lignocellulosic agrowaste, palm shell powder (PSP) by
dry impregnation method or forced impregnation for 12h. A grafted ion imprinted polymer
[PGIU2CB5] was thus obtained.

Control polymer was similarly prepared by omitting the imprint ion (UO,)** (Controlled
polymer [CU2CB5] and Controlled polymer grafted to PSP [CPGIU2CB5]).

8.2.3. Pretreatment of Polymer to Leach the Imprint lon.
The imprint ion (UO,)** was leached from the imprinted polymer [LIU2CB5] and grafted
imprinted polymer [LPGIU2CB5] by sonication with 10 ml of 1N HCIO, for 6 h. The resultant

polymer material was dried in a vacuum oven at 60°C to obtain imprinted polymer [IU2CB5]
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and grafted imprinted polymer [PGIU2CB5] for possible selective extraction of (UO,)*" over

other metal ions.

8.3. Methods.

8.3.1. Crystallographic Studies.

A yellow single crystal of suitable size and uniform shape was selected and mounted on a
glass fiber with epoxy and aligned on a Bruker SMART APEX CCD X-ray diffractometer.
Intensity measurements were performed using graphite monochromated Mo Ka radiation [1 =
0.71073 A]. Each set had a different @ angle for the crystal, and each exposure covered a range
of 0.3° in w. A total of 2400 frames were collected with an exposure time per frame of 40 s. w
scan width of 0.3°, each for 8 s, crystal-detector distance 60 mm, collimator 0.5 mm. The data
were reduced by using SAINTPLUS and a multiscan absorption correction was done using
SADABS [76-78]. Structure solution and refinement were performed using SHELX-97 [79]. All
non hydrogen atoms were refined anisotropically. The final cell parameters were determined
using a least-squares fit to 4713 reflections. During the crystallography 25040 reflections were

collected, among which 4713 unique ones were used to solve the structure with R(int) = 0.0343.

8.3.2. 'H and **C NMR Spectroscopy.
High-resolution *H and *C NMR spectra were recorded using a Varian-500 spectrometer
operating at 500 MHz in D,O/HCI. The chemical shifts J, expressed in parts per million [ppm],

were referenced relative to the signal of tetramethylsilane (Si(CH3),) at 6 = 0 ppm.

8.3.3. Fluorescence Spectroscopy.

Fluorescence and absorption data were acquired for the solutions of ligand and the
compound using a Jasco spectrofluorimeter quartz cell and Lamda-35 Perkin-Elmer UV—visible
spectrophotometer. Excitation was achieved using 365 nm light from a Xenon lamp for the
fluorescence spectroscopy. The absorption spectra are provided in the Supporting Information.
Absolute emission quantum yields were determined by comparison of the integrated emission
intensity with that of quinine sulfate under identical conditions such as exciting wavelength,

optical density, and apparatus parameters.
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8.3.4. Powder X-ray Diffraction.

Powder X-ray diffraction pattern of the samples were collected on a PHILIPS PW-1830.
XRPD pattern of the ingredients was taken by holding in place on quartz plate for exposure to
CuKa radiation of wavelength 1.5406 A. The sample was analyzed at room temperature over a

range of 10—70° 26 with sampling intervals of 0.02° 26 and scanning rate of 2°/min.

8.3.5. Infrared Spectroscopy.

Infrared spectra were obtained from single crystals of U2CB5 and oligomers using a
Perkin-Elmer RX1 model FTIR spectrometer. FT-IR spectra for the crystal was obtained by first
mixing with KBr and then ground in a mortar at an appropriate ratio of 1/100 for the preparation
of the pellets. The resulting mixture was pressed at 10 tons for 5 min and sixteen scans with 8
cm ! resolution were applied in recording spectra. The background obtained from the scan of

pure KBr was automatically subtracted from the sample spectra.

8.3.6. Thermal Analysis.

The thermal behavior of the crystal as well as oligomers was evaluated by using thermo-
gravimetric analyzer (TG/DTA 6300 (INCARP EXSTAR 6000), under air at a heating rate of 10
°C min! up to 450 °C. Differential Scanning Calorimetry for oligomers was obtained by using
Seiko SSC 5200H Differential Scanning Calorimeter at a uniform heating rate of 10°C/min over

a temperature range of 30-550°C in nitrogen atmosphere.

8.3.7. ICP Analysis of Uranium.

For the ICP analysis, the U2CB5 complex (5 mg) was dissolved in 10 mL of water. After
complete dissolution, the solution was transferred to a 25 mL volumetric flask and diluted to
final volume with deionized water. Five standard solutions of uranium were used to obtain
calibration curves with concentrations of 1-10 mg L™ prepared from a 1000 mg L' stock
solution. The standards and sample were analyzed by an inductively coupled plasma atomic
emission spectrophotometer (ICP-AES, Thermo Jarrel Ash, Model Trace Scan) at wavelengths
of 409.014 nm.
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8.3.8. Elemental Analysis (EDAX and CHN Analyzer).

Elemental analysis was carried out using a JSM5610LV instrument combined with
INCA-EDX-SEM analyzer and confirmed by Perkin-Elmer 2400 CHN analyzer for the
quantitative identification.

8.3.9. Gel Permeation Chromatographic Analysis.
The weight-average molecular weight (My,), number-average molecular weight (M,) and
polydispersity index (Mw/M,) were obtained on a Waters 150C GPC using RI detector (1000-A

HT column).

8.3.10. Scanning Electron Microscopic Analysis.
The surface morphology and topographic analysis of the adsorbent samples was
examined by Scanning Electron Microscope (JEOL, Model JSSM-5610LV).

8.3.11. Selectivity Studies.

The selectivity of IU2CB5, PGIU2CB5, CU2CB5, CPGIU2CBS5 for uranium over other
inorganic ions was determined by shaking 20 mg of polymer particles with 25 ppm of Cu?*,
Cd?*, zZn**, Cr**, Fe*, Cs* and U®* present in 10 mL of deionized water at pH1 adjusted using

HNOj3. The selectivity coefficient (S UO,*/M™) is defined as

DUO%+

St02+ mnt+ =
VoM™ T Dy

where DUO,** and DM™ are the distribution ratios of the uranyl ion and other inorganic
species, respectively, with polymer particles (CU2CB5 or IU2CB5). These distribution ratios

were calculated using the formula

i f
Doy = Cunt —Cyne ¥
MR+ = o -
Mn+

where C; M™ and C; M™ are the concentrations of inorganic ions in aqueous phase
before and after extraction, v is the volume of the solution, and m is the mass of the polymer. The

percent extraction (%E) of inorganic ion is defined as

wn+ — Cypne
%E = X—M— % 100

Mn+
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8.4. Result and discussion

8.4.1. Structural Characteristics for Complex.

8.4.1.1. Crystal Structure. The title compound {(UO,),(CB5)}(NO3)4-4HNO3-3H,0 (U2CB5)
crystallizes in monoclinic system with space group of C2/c. The asymmetric unit in the crystal
structure of U2CB5 is composed of half of the moiety with four units of nitrate anion (two for
charge compensation and other two for lattice HNOjz; molecules) and three lattice water
molecules. Coordination complexes having two uranyl ions in the same molecular unit to form
the internal complex are extremely rare and exhibit interesting properties. But here, in contrast to
the reported results we are presenting the first internal complex of uranyl nitrate and

cucurbit[5]uril under normal bench conditions.

Figure 8.1. Oak Ridge thermal ellipsiodal diagram of the U2CB5 with 40% probability
(Hydrogens, counteranion and solvent water molecules are omitted for clarity): Color code: C,

gray; O, red: N, blue;.
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The full molecule of the U2CB5 as shown in Figure 8.1 is a biuranyl complex with

cucurbit[5]uril (CB5) and crystallographic data with structural refinement parameters are

provided in Table 8.2.

Table 8.2. Crystallographic Data and Structural Refinement

Entry U2CB5
Formula Cso H3o Nag Oy U
Volume 1914.88
Crystal system Monoclinic
Space group C2/c
alA 15.0886 (15)
b/A 14.5869 (14)
c/A 24.889 (2)
B /deg 93.6340(10)
U/A® 5340.6 (9)
z 4
F(000) 3672
peal Mg m™ 2.382
Crystal size(mm®) 0.36 x 0.22 x 0.14
Completeness to 6 =25.0 100 %
Theta range for data collection(deg) 1.68 to 25.0
Reflections collected/ unique 25040/ 4713 [R(int) = 0.0343]
Ri(F%) [1>2 o(D)] 0.0349
WR, (F%) [1>2 o(])] 0.0957
R1(F?) (all data) 0.0395
WR; (F%) (all data) 0.0992

Largest diff. peak and hole(A™)

1.323 and -1.427

Here, uranyl cations fit into both open portals of CB5 molecule. The U-O bond lengths
with the five carbonyls of CBS5 is in the range of 2.413(4)-2.454(4) A while in the case of
pendant uranyl oxygens it is 1.748(5)—1.759(5) A. The hydrogen bonding environment around
{(UO,),»(CB5)}* is quiet interesting, which is shown in the Figure 8.2 where the length of
C—H---O is 2.40 to 2.80 A. The hydrogen bonding distances and angles are represented in Table

8.3.
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Figure 8.2. Hydrogen bonding situation around the asymmetric unit of the U2CB5: Color code:
C, grey; O, red: N, blue; H, purple.
Table 8.3. Hydrogen bonds for U2CB5 [A and deg.]

D-H.A d(D-H) d(H-..A) d(D-.A) <(DHA)

C(24)-H(24A)...0(2)#2 0.97 2.74 3.460(7) 131.3
C(24)-H(24B)...0(12)#3 0.97 2.39 3.324(8) 162.4
C(20)-H(20A)...0(17) 0.85(6) 2.51(6) 3.275(12) 150(5)
C(21)-H(21B)...O(10)#4 0.97 2.48 3.353(8) 149.4
C(21)-H(21A)...0(15)#5 0.97 2.45 3.297(9) 146
C(17)-H(17)...0(10)#4 0.92(5) 2.47(5) 3.248(9) 142(4)
C(12)-H(12)...0(10)#6 0.87(7) 2.54(7) 3.313(8) 148(5)
C(14)-H(14B)...O(10)#6 0.97 2.81 3.591(9) 1385
C(14)-H(14A)...O(16)#5 0.97 2.49 3.460(9) 176.6
C(10)-H(10A)...O(7)#7 0.97 2.63 3.429(11) 139.6
C(10)-H(10B)...O(14)#8 0.97 2.89 3.586(10) 129.4
C(10)-H(10B)...O(11)#6 0.97 2.67 3.565(9) 153.2
C(14)-H(14B)...O(11)#6 0.97 2.39 3.331(9) 162.4
C(9)-H(9)...0(13)#9 0.94(7) 2.53(6) 3.226(9) 131(5)
C(5)-H(5B)...0(17)#10 0.97 2.4 3.285(12) 150.7
C(1)-H(1)...0(17)#11 0.89(6) 2.68(6) 3.416(13) 141(5)
C(5)-H(5A)...0(@)#12 0.97 2.47 3.257(7) 138.6

Symmetry transformations used to generate equivalent atoms: #1 -X,y,-z+1/2  #2 -x+1/2,y+1/2,-z+1/2 #3 x-1,y,z #4 -x+1y,-z+1/2 #5 x-
#11 -x,y-1,-z+1/2  #12 -x+1/2,y-1/2,-

1/2,y-1/2,z  #6 x-1,-y+1,2+1/2 #7 -x+1/2,-y+1/2,-z+1 #8 -x+1,-y+1,-z+1 #9 x-1,y-1,z #10 x,y-1,2

z+1/2
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The environment of nitrate anion around {(UO,),(CB5)}*" looking like a wheel is shown

in Figure 8.3, C—H:--O interaction being responsible for the whole architecture.

Figure 8.3. C—H---O interaction

Extensive O—H---O interaction has been found in the crystal structure of U2CB5, which

leads to a 2-dimensional network as represented in Figure 8.4.

Figure 8.4. Environment of nitrate ions

The water molecules are involved in both intra- and intermolecular hydrogen bonding.
The distance between the uranium atoms is 6.079 A, and the separation between the inner oxo
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groups is 2.562 A. The water molecules are located in the intermolecular spaces. The uranyl ion
is perpendicular to the O plane, with an angle of ~94° with the normal to the plane and the

uranium environment is thus a regular pentagonal bipyramid.

8.4.1.2. Powder- X-Ray Diffraction. The phase purity of U2CB5 was confirmed by XRPD
patterns (Figure 8.5 a—c). Peak positions of the experimental and simulated spectra are in good
agreement with each other indicating overall homogeneity of the samples and showing that

single crystal and bulk properties remains the same.
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Figure 8.5. (a) Simulated pattern of U2CB5 (b) Powder diffraction pattern of U2CB5 Single

crystal (c.) Powder diffraction pattern of U2CB5 crystalline material

The unit cell parameters from the powder data were found to be in good agreement with
that of single crystal. X-ray powder diffraction patterns showed numerous reflections in the low
to high angle regions, indicative of crystalline phases. The high intensity Bragg reflections (7.2,
8.7, 12.6, 15.4, 16.9, 18.0, 18.6, 19.9, 20.9, 21.7 A) are likely due to the strongly scattering
uranyl cations [12, 80].
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8.4.1.3. 'H and **C Nuclear Magnetic Resonance. The *H decoupled NMR spectrum showed
upfield shifting of the signals due to deshielding of protons after complexation. Two doublets
(—CH2—) and a singlet (—CH—) along with a very broad signal (D,0O) appeared at ~4.2 and 5.6
(d), ~5.4 (s) and ~4.7 ppm for CB5 which shifted upfield to ~6.9 and 8.2 (d), 8.1 (s), and 7.3
ppm, respectively, after complexation with uranium (Figure 8.6). The *C NMR spectrum
(Figure 8.6) showed chemical shifts at 49.91, 68.95, and 156.23 ppm, which can be attributed to
N-CH,-N, N-CH—-N, and —C=0 groups, respectively, in CB5. While there were small changes
in chemical shifts attributed to N—CH,—N and N—CH—N in U2CBS5, the chemical shift of -C=0
at 156.23 ppm shifted downfield to 172.88 ppm. This probably indicates the formation of
covalent bond between highly electronegative uranyl ion to the carbonyl moiety of CB5.
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Figure 8.6. *H and *3C spectra for CB5 and U2CB5

8.4.1.4. Thermal Analysis. The DTA curve of CB5 (Table 8.4 and Figure 8.7) shows an
endothermic transition in the temperature interval 67.704—151.24 °C, which corresponds to a
mass loss of 9.13% in the TG curve. This weight loss corresponds to the loss of 4.6 lattice water
molecules. CB5 loses most of its weight (52%) around 400 °C.

232



Table 8.4. Thermal analysis for CB5 and U2CB5

CB5 U2CB5
Temperature % weight loss Temperature % weight loss
21.618 - 67.704 8.699 38.761 — 85.051 3.331
. 85.051 - 137.09 2.703
TGA Analysis 67.704 - 151.24 9.13 13709 - 172,043 5301
172.243 - 270.619 7.015
151.24 - 332.932 1763 270.619 - 355.758 16.183
332.932 - 547.72 52.391 355.758 - 549.087 8.776
Total % Weight loss 71.983 40.399
0- —— CB5 —— U2CB5

-10 4

-20 4

-30 4

404

% Weight Loss

50

60 £

-70 4

T T T T
0 100 200 300 400 500

Temperature (OC)

Figure 8.7. Thermal analysis of CB5 and U2CB5

After complexing, DTA curve of U2CB5 showed an endothermic transition in the temperature
interval 85.051—-172.243 °C. This corresponds to a mass loss of 5.094% in the TG curve
equivalent to 5.6 lattice water molecules. An exothermic transition in the temperature interval
270.619-355.758 °C, corresponding to a mass loss of 16.183% in the TG curve occurs due to
decomposition of ligand and formation of UOj3 [81]. Thus the weight loss is less in U2CB5
around 400 °C in contrast to CB5, but it overlaps with the ligand decomposition and gives a

continuous weight loss until the final product UOs is formed at about 450 °C.

8.4.1.5. Fourier Transform Infra Red Spectroscopic Analysis. The selected vibrations from FT-
IR spectra of CB5 and U2CB5 with the suggested assignments, are listed in Table 8.5. The very
strong and broad bands found at ~3439 and 3423 cm* and sharp bands at 1636 cm™* in the
spectra are consistent with the presence of water molecules in the ligand and complex, also

supported by the single crystal XRD.
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Table 8.5. FTIR frequencies for ligand and complexes

CB5 u2CB5
-C=0 Stretching 1738 1695
-CH Stretching & bending 3002 3020
2941 2924
1485 2830
1382 1381
-NOj stretching 1766
Stretching & bending of H,O 3439 3423
1636 1653

U-O Bending

579, 480, 445, 948, 859

Frequencies of the stretching and bending vibrations of the C—C, C—N, and C—H groups

of cucurbituril were also observed. The IR spectra of the complex show strong and weak

absorption bands between 950 and 850 cm ™, and weak bands in the region 580—450 cm '

(Figure 8.8).

The bands at about 948, 579, and ~480 cm™* are assigned to the asymmetric U—O

stretching modes and those at about 859 and 445 cm ™ to the symmetric U-O stretching modes

of the uranyl moiety [82]. The strong absorption band observed at 1766 cm ™ may be assigned to

the nitrate. Infrared spectral studies as well as X-ray structural determinations have established

that in the complex, nitrate groups are acting as counterions. Stretching frequencies in the

complex is significantly shifted toward lower wave-numbers Table 8.5 as a result of

oxygen—uranium coordination. The formation of a U—O bond, leads to a decrease in the =

character of the C=0 bond.
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Figure 8.8. FTIR spectra for the CB5 and U2CB5

8.4.1.6. Fluorescence Spectroscopy. Uranyl nitrate was found to exhibit the typical greenish-

yellow fluorescence with vibronic transitions [107-109] of uranyl ion when excited at 266 nm Figure 8.9.

Excitation 266nm 1454 Excitation 330nm 921 fA Excitation 415nm

Emission

350 400 450 500 550 600 400 450 500 550 600 460 480 500 520 540 560 580 600
Wavelength (nm)
HNO3 Concentration 0.05M, —— 0.1M, — 0.5M, —— 1.0M, 1.5M, —— 2.0M

Figure 8.9. Emission spectra of uranyl nitrate with variation in excitation wavelength and HNO3
concentration
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The acidity of the medium seemed to play a vital role in the characterisitics of the
emission spectra of uranyl nitrate (Figure 8.10) [83]. Change in excitation wavelength from 266
to 330 nm to 415 nm led to an increase in resolution of the individual vibronic transitions with
decrease in the intensity of emission (Figure 8.10 (inset)).

3509 Excitation at 266nm 2]

300 201

250

Emission

124 / N

200 8
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R=] . . - . - - -
2 300 350 400 450 500 550 600
LIEJ 150 Wavelength (nm)
Excitation Wavelengths
—266nm, 330nm, 415nm
100 4
50
0
T T T T I&
350 400 450 500 550 600
Wavelength (nm)
Blank, CBS5 (Ligand), Uranyl nitrate , u2CB5

Figure 8.10. Emission spectra of CB5, Uranyl nitrate and U2CB5 excited at 266nm and
emission intensity measured at 432nm, inset emission intensities of uranyl nitrate excited at
266nm, 330nm and 415nm

Hence, emission for U2CB5 was measured in ~1.0 M HNOg3 by excitation at 266 nm at
room temperature where maximum emission intensity and a well resolved spectrum was
observed for uranyl nitrate at 516 nm. The fluorescence intensity of uranyl ion increased
remarkably (25.53—-319), and the emission peak gradually shifted from 516 to 432 nm upon
complexation with CB5 (Figure 8.10). The bonding of uranium to carbonyl groups and hence
formation of complex with a macrocycle like CB5 suppresses the various vibrational modes
present in uranyl ion [84]. Furthermore the presence of two uranyl ions bound to CB5 could also
be responsible for enhanced fluorescence. Thus the formation of inclusion complex of uranyl ion
with CBS5, led to a hypsochromic shift with fluorescence enhancement. Increase in excitation
wavelength from 266 to 330 to 415 nm led to an increase in resolution of the individual vibronic

transitions while at the same time decrease in the intensity of emission was observed. The effect
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of acidity of the medium was also investigated by performing the experiments in 0.05, 0.10,
0.50, 1.00, 1.50, 2.0 M nitric acid. The spectra obtained by excitation at 330 nm were found to be
of high emission intensities and well resolved in <1 M nitric acid, while they were broad,
unresolved and of lesser intensity in media containing higher concentration of nitric acid. On the
other hand, the spectra obtained by excitation at 415 nm in <1 M nitric acid are found to be well
resolved with maxima at 516 nm. When the concentration is increased above 1 M the peak at 518
nm is prominent with increased intensity while the other peaks appear only as shoulders. The
extinction coefficient, however was much higher and the spectra were better structured for the
330 nm excitation wavelength in comparison with the 415 nm excitation wavelength. Thus the
formation of inclusion complex of uranyl ion with CB5, led to a hypsochromic/blue shift with a

fluorescence enhancement.

1.4 -
124 —— CB5 —— U2CB5
1.0
0.8 4

0.6

Absorbance

0.4

0.2 4

0.0 T 1 T T T T T 1
300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 8.11. UV-Visible absorption spectra of CB5 and U2CB5

Absorption spectral characteristics of U2CB5 showed a bathochromic shift of the charge
transfer band (uranium to oxygen) from 319 to 334 nm and a less intense broad shoulder in the
visible region at 420 nm (Figure 8.11). The broad character of the U2CB5 could be due to
electron transfer involving z- bond contribution (d — f transition).

The luminescence spectrum of a solution of uranyl nitrate (0.15 M, pH 1.3) is shown in
Figure 8.11. The quantum vyield of uranyl nitrate has been previously determined using
fluorescein as reference, since its emission spectrum closely overlaps with that of the uranyl ion.

However, fluorescein is reported to have some drawbacks as fluorescent standard because of its
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instability in solution and the dependence of its emission spectrum on pH [85]. We have, thus,

determined the luminescence quantum yield for uranyl nitrate solution using, quinine sulfate in 1

M sulfuric acid (quantum yield = 0.546) [86] at excitation wavelength 282 nm. Luminescence

quantum yields of 2.7x107% and 0.75 were obtained for uranyl nitrate and U2CB5 respectively

using quinine sulfate as standard. A quantum vyield of 0.75 was also reported for the complex
[UO,(bipyO2)H20](CIO,), by Hnatejko et al. [87].

8.4.2. Structural Characteristics for Oligomer.

8.4.2.1. Gel Permeation Chromatographic Analysis. The molecular weight of the prepared

oligomer was determined using size exclusion chromatography (Figure 8.12) and it is clearly

seen that the oligomer was of low degree of polymerization with a molecular weight of 11968

dalton and poly-dispersity index of 1.783.
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Figure 8.12. GPC calibration and experimental results for lU2CB5
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8.4.2.2. Thermal Analysis. The TGA curves of IU2CB[5], PGIU2CBJ5], LIU2CBJ[5] and LPGIU2CB[5]
(Table 8.6 and Figure 8.13) show gradual loss of mass in the temperature range 28-165°C which
corresponds to a loss of adsorbed water molecules.

Table 8.6. Thermal analysis of IU2CB[5], PGIU2CBJ5], LIU2CB[5] and LPGIU2CB[5]

1U2CBI[5] LIU2CB[5] PGIU2CB[5] LPGIU2CB[5]
Temperature % weight Temperature % weight Temperature % weight Temperature % weight
(°c) loss (°c) loss (c) loss (°c) loss
34.64-90.97 1.93 28.07-72.71 9.21 34.76-107.60 221 33.81-144.5 3.11
90.97-162.31 3.93 72.71-142.43 8.44
162.31- 142.43- 107.60-328.18 14.03 144.5-265.09 451
329.95 3024 354.26 282
354.26- 48.84 328.18-519.88 14.30 265.09- 14.10
329.95- 516.57 486.85
559.58 1099 516.57- 249 519.88-559.58 1.96 486.85- 2.61
557.96 560.12
Total % Weight loss
52.44 73.21 32.519 24.33
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Figure 8.13. Thermal analysis TGA and DTG of 1U2CB[5], PGIU2CB[5], LIU2CBJ[5] and
LPGIU2CBJ5]
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IU2CB[5] and PGIU2CB[5] showed a continuous weight loss upto 450°C in the TGA curve due
to decomposition of oligomer [88]. After formation of stable UO; there is not much change in
weight of the oligomer whereas leached oligomer showed a sharp decrease in weight loss till
550°C. It can be interpreted that PGIU2CB[5] (32.52 % mass loss) is more stable than IU2CBJ[5]
(52.44 % mass loss) while LIU2CB[5] (73.21 % mass loss) was found to be least stable. DSC
analysis presented the glass transition temperatures for IU2CB[5], PGIU2CB[5], LIU2CBJ5] and
LPGIU2CBJ[5] at 105.41, 98.77, 102.18 and 88.2 °C showing the polymeric nature (Figure 8.14).
The lower T, of PGIU2CBI[5] suggests the absence of chemical interactions between the

oligomer and PSP.

——IUICE[5] LIU2CE[5]
——— PGIUICE[5] ——LPGIUICE[5]

Heat Flow (m'W)
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=

¥

T T T T T T T T T T T T
o 100 200 oo oo <00 &00

Temperature (DC)

Figure 8.14. DSC analysis of IU2CB[5], PGIU2CB[5], LIU2CB[5] and LPGIU2CBI5]

8.4.2.3. Scanning Electron Microscopic Analysis. The scanning electron micrographs are shown
in Figure 8.15. The micrograph for IU2CBJ[5] showed the presence of some non-charged species
and an agglomerate of amorphous particles could be seen anchored on the surface of PSP in
PGIU2CBJ5]. The oligomers were monolithic in nature. After leaching LIU2CB[5] showed very
bright images which could probably be due to less electron density and amorphous nature of the
oligomer in the absence of uranium. The presence of holes strongly indicated that a template

imprint was formed.
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Figure 8.15. Scanning Electron Micrographs (a.)IU2CB[5] (b.)PGIU2CBI5] (c.)LIU2CB[5] and
(d.) LPGIU2CB[5]

8.4.2.4. Fourier Transform Infra Red Spectroscopic Analysis. The selected infrared bands of
IU2CB[5], PGIU2CBJ5], LIU2CB[5] and LPGIU2CB[5] with the suggested assignments
(frequency in cm™), are listed in Table 8.7.

Table 8.7. FTIR spectral assignments (frequency in cm™)

Functional groups CB5/ U2CB[5] Cu2CBJ5)/ LIU2CB [5]/ PSP CPGU2CBI5)/
IU2CBI[5] LPGIU2CBI[5] PGIU2CBI[5]
-C=0 Stretch 1738/ 1766 1745/ 1759 1750/ 1732 1732 1742/ 1764
-CH Stretch & 3002, 2941, 2989, 2915, 2994, 2932, 2959, 2895 2991, 2940,
bend 1485, 1382/ 3020, | 2827,1380/ 2930, | 2825, 1390/ 2959, 1454, 1430 2833, 1390/ 2991,
2924, 2830, 1381 2915, 2827, 1380 2895, 1454, 1373 1373 2928, 2832, 1385
Stretch & bend of | 3439, 1636/ 3445, | 3429, 1680/ 3396, 3401, 1642, 1648 3402, 1640, 1670/
H,O 1695, 1653 1692 1670/ 3391, 1648 3402, 1639, 1669
-OH stretch & -/ - -/ - -/ 3391 3361 -/ 3402
bend (1° alcohol)
-C-O- bend -/ - 1044/ 1256, 1044 1235, 1052/ 1254, 1250, 1049 1051/ 1215, 1057
1059
CH=CH, bend -l - - - -l - - -l -
-C-H bend 959, 793, 630/ -/ - 964, 788, 624/ - 893, 809 -1 962, 878, ~710
964, 788, 624
U-O Stretch -/ 579, 480, 445, -/ 580, 481, 448, -/ - - -/ 583, 483, 450,
948, 859 951, 864 952, 859
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The very strong and broad band found at ca. ~3440cm™ and sharp bands at ~1636, ~1695
cm™ in the spectra are consistent with the presence of water molecules in all the samples. All the
reported frequencies of the stretching and bending vibrations of cucurbituril were also observed
confirming that there is no adverse affect on cucurbituril after complexation and during
polymerisation and grafting. Furthermore, the bands at about ~948, ~579 and ~480 cm™ assigned
to the asymmetric U-O stretching modes and at about 859.88 and 445.27 cm™ to the symmetric
U—O stretching modes of the uranyl moiety [81] were present in all the intermediates as well as
imprinted and grafted oligomer but were found to be absent in leached and control oligomer. The
IR spectra of 1U2CBJ[5], LIU2CB[5] and PGIU2CBI[5], LPGIU2CBI5] respectively were
similar, indicating that the leaching process was not affecting the oligomer network and also that
cucurbituril remains intact even after leaching. Leaching, left cavities with a predefined

cucurbituril array that is able to selectively recognize and rebind the uranyl ion.

8.4.3. Uranium Selectivity Studies.

The distribution ratio, selectivity coefficients and imprinting coefficient of uranyl ion
with respect to metal ions like Cu®*, Cd**, zn**, Fe**, Cs" and Cr®" using CU2CB[5],
CPGU2CBJ5], 1U2CBJ[5] and PGU2CB[5] are shown in Table 8.8, Table 8.9 and comparison
with reported literature is provided in 8.10.

Table 8.8. Imprinting Coefficient

K CU2CB[5] ‘ IU2CBI[5] CPGU2CB[5] PGIU2CBI[5]
1% adsorption 2" Adsorption

Cu 4729.005 1652.276 11321.300 2712.278

Cd 8347.820 2344.075 7518.860 2426.503

Zn 4612.201 1295.023 4380.860 1326.225

Cr 3029.618 667.289 3109.912 860.125

Fe 987.349 754.706 967.029 824.912

Cs 555.048 181.451 484.932 207.130

242




Table 8.9. Distribution ratio and selectivity coefficient

Distribution ratio K/ Selectivity Coefficient k

CU2CB[5] | 1U2CB[5] | CPGU2C | PGIU2CB[ | CU2CB[5] [ IU2CB[5] | CPGU2C | PGIU2CB
B[5] 5] B[5] [5]
1% adsorption 2" Adsorption
Cu 0.181/ 0.008/ 0.164/ 0.007/ 0.171/ 0.003/ 0.156/ 0.004/
0.554 2619 2.142 3539 0.593 6710 2.079 5640
Cd 0.431/ 0.011/ 0.412/ 0.012/ 0.408/ 0.010/ 0.379/ 0.011/
0.232 1934 0.851 1994 0.248 1865 0.855 2074
zZn 0.328/ 0.015/ 0.205/ 0.011/ 0.305/ 0.013/ 0.192/ 0.010/
0.305 1406 1.714 2219 0.332 1453 1.691 2242
Cr 0.263/ 0.018/ 0.145/ 0.015/ 0.251/ 0.015/ 0.149/ 0.012/
0.380 1152 2417 1612 0.403 1254 2.168 1865
Fe 0.379/ | 0.081/260 0.460/ | 0.042/576 0.318/ | 0.061/309 0.395/ | 0.033/676
0.263 0.763 0.319 0.820
Cs 0.239/ | 0.091/232 0.167/ | 0.063/383 0.206/ | 0.079/238 0.139/ | 0.047/483
0.417 2.107 0.492 2.332
U 0.099/ - 21.124/ - 0.351/ - 24/ - 0.101/ - 18/ - 0.324/ - 22/ -

The selectivity coefficients (K) of uranyl ion over Cu?*, Cr®*, Zn**, Cd** ranged from
>103 to 3.82x10° over Fe** and Cs*. The selectivity coefficients for CPGU2CB[5] were greater
by 2 to 8 fold as compared to CU2CB[5]. The selectivity coefficient of PGIU2CB[5] increased
7.7x 10% fold to 1.6x10° fold over CPGU2CB[5] owing to the size and shape specific cavities
created in PGIU2CB[5] unlike CPGU2CBJ5]. Similarly the selectivity coefficient of lU2CB[5]
was 5.5x10% to 4.7 x10% times higher over CU2CB[5]. This observation is attributed to
imprinting effect. Interestingly the selectivity coefficient increased during second cycle of
adsorption by 1.2 to 1.5 times in presence of Fe**, Cs*, Cu?* and Cd** for PGIU2CB[5] which
could be probably due to improved memory effect. This improvement was not observed in case
of IU2CB[5] in presence of other metal ions except copper while in CU2CB[5] it was not
observed in presence of all the metal ions under study. Based on the results shown in Table 8.10,
it is clear that U(VI) can be removed selectively from several inorganic species present in dilute
aqueous solutions and it is evident that the prepared imprinted oligomer’s efficiency is
comparable to those reported in literature. Furthermore the material also shows selectivity

towards uranium over iron which is a major constituent in front end nuclear industry effluents.
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Table 8.10. Comparison with IIP’s reported in literature

lon Wt. of 1IP (mg) Concentration K k) Reference
Salo & Vinyl Pyrindine

cu® 100 100 pg/L 1650 157 [18]
Zn** 825 412

Fe?* 582 529

Cro,> 9900 309

Styrene & DVB

cu® 100 0.5 mg/L 277 - [12]
zZn% 219 -

Piroxicam

cu® 100 15 pg/L 104 - [17]
zn** 96 -

Fe* 43 -

cu® 100 20 mg/L 130 2.7 [13]
Zn* 630 1.7

Fe* 25 49

cu® 100 20 mg/L 1500 6.8 [13]
Zn* 9500 20.2

Fe** 200 16

cu® 20 25 mg/L 3539 1652 This work
zn** 2219 1295

Fe? 576 754

Cro> 1613 667
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8.5. Conclusions.

Uranyl complex reported herein is the first molecular capsule ever reported with CB5
where both the portals are closed by uranyl ions bound to five oxygen donors obtained in a single
step under ambient conditions. Another novelty is the fluorescence study of U2CB5 molecular
capsule under ambient conditions which may provide new avenues for research in actinide
sensing and molecular recognition. A uranyl complexed cucurbituril oligomer grafted
noncovalently led to a rigid, cost-effective ion imprinting oligomer selective for uranium in
acidic conditions. Neither this approach nor any other method for synthesis of ion imprinting
oligomers based on cucurbiturils has been reported. The prepared imprinted oligomer using
cucurbituril, with high imprinting coefficients especially over iron and retention capacity offer

possible application towards removal of uranium from front end nuclear effluents.
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Chapter 9

Conclusions




Palm shell powder (PSP) was modified by either charring with sulfuric acid (APSP) or

modifying it with formaldehyde (MPSP). A series of adsorbents were prepared from APSP by
steam (SAPSP) and persulfate (PAPSP) treatment at 140°C or thermal activation at 900°C

(9AAC). The materials showed some interesting properties.

APSP, SAPSP and PAPSP were found to have iodine values of 342.5, 199.8 and 299.7
mg/g respectively and significant pore size in spite of their small BET surface areas
suggesting high adsorption capacity.

FTIR, XPS and *C NMR spectral data indicate that carboxyl, ether, alcoholic, hydroxyl
and amino functional groups may be available for metal binding in PSP, MPSP, APSP,
PAPSP and SAPSP.

The presence of aldehydic groups along with etheric linkages of ligno-cellulosic moiety
in higher numbers in PSP and MPSP is also indicated.

Furthermore the number of oxygen containing functional groups were also found to
increase with acid treatment and oxidation, the order being SAPSP>PAPSP>APSP>
MPSP>PSP>9AAC.

This led us to evaluate their efficacy towards the removal of several toxic and heavy

metal ions like copper, cadmium, zinc, mercury, chromium and uranium.

The adsorption capacity increased in the order Cr>Cd>U>Zn>Hg>Cu for PSP;
Cr>U>Zn>Cd>Cu>Hg for APSP; Cd>Cr>U>zZn>Cu>Hg for SAPSP; Cd>
Cr>Zn>U>Cu>Hg for PAPSP; Cd>Cr>U>Zn>Cu>Hg for 9AAC and
Cr>Zn>U>Cd>Hg>Cu for MPSP. The low adsorption capacity of mercury could be due
to the soft nature of mercury and the hard nature of the dominant carboxyl groups
available for binding.

Column studies have been performed and the breakthrough capacities obtained. However,
studies have not been done for optimisation of various parameters like flow rate, bed
height had not been done as well as the effect of concentration of the adsorbates has not
been studied. These studies would provide useful information for designing pilot- and full

scale columns for water and wastewater treatment facilities.
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e The materials were found to have adsorption capacity either comparable to or better than

those reported in literature.

It is observed that the adsorbents were effective towards adsorption of the metal ions
under study in a wide pH range (the amount remaining in solution would be below prescribed
limits) in contrast to most of the adsorbents reported in literature due to the presence of
functional groups with different pK, values. Furthermore Cr**, Cr®* were found to adsorb
quantitatively at acidic pH which would be advantageous in the treatment of effluents containing
these metal ions which are usually acidic. This is in contrast to the reports in literature where the
adsorption of Cr** was found to be drastically low in acidic pH and even reduced Cr®* was
reported to come back into solution. Uranyl ions could be removed effectively in both acidic and
alkaline conditions which would be of great advantage as uranium is present in both acidic and
alkaline effluents of the nuclear industry.

XPS analysis of metal loaded adsorbents provided interesting results .Mercury loaded
PSP showed the presence of elemental mercury which increased the adsorption capacity of
mercury in PSP. Chromium (VI) was found to get reduced to Cr(lll) on the adsorbents under
study while U(VI) was getting reduced to U(V) and U(1V).

e The advantage of the reduction processes being, more number of carboxyl groups are
generated leading to greater adsorption capacity as observed for uranium and chromium
as well as mercury in the case of PSP.

e Cr (VI) was found to get partly reduced to Cr(lll). Studies need to be done to check
whether complete reduction would be possible with further change in conditions. The
chromium (111) containing adsorbents could then be used as reductant for the preparation
of basic chromium sulfate (tanning agent). Another alternative would be to identify
conditions where chromium could remain on the adsorbate as Cr(\VI) which would be
useful in chromate recovery processes in electroplating industries. The stability of the
sorbent against oxidation by chromate, the elution efficiency of bound chromate, and the
regenerability of chromate-loaded sorbent would be equally relevant considerations.

e The reduction of U(VI1) to U(V) and U(IV) by the adsorbents under study is unique and

highly advantageous in the remediation of uranium (V1) containing waste waters.
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Multiple mechanisms seem to be involved in the adsorption process by the adsorbents
under study. The main mechanisms being hydrogen-bonding, physisorption, chemisorption, ion
exchange and precipitation. Furthermore in the case of chromium(VI) and uranium(VI)
adsorption followed by reduction seems to be a predominant mechanism. However, further

studies are needed to find whether reduction is the rate controlling step.

Multicomponent studies have been done by the use of synthetic binary, ternary and
quarternary mixtures containing the metal ions under study. The results were encouraging.
However, the real samples would not only contain a number of metals but also natural organic
matter and other organic pollutants. The effect of these pollutants on the adsorption of metal ions
has to be studied.

The study indicates that though palm shell based adsorbents are quite effective in the
removal of metal ions, selectivity could not be achieved either during adsorption or during
desorption process. The adsorbents can definitely serve as a potential alternative for water
treatment though further studies are needed as discussed above. However they cannot be applied
for specific recovery of a particular metal. But they can be applied for recovery of metals from
specific effluents. Though the ability of the adsorbents for the removal of uranium in the
presence of iron and cesium has been demonstrated, further work needs to be done in the
presence of other constituents which are usually present in nuclear plant effluents before coming
to any conclusion regarding the efficacy of the adsorbents in this direction. The results obtained
in this study definitely show that palm shell has some unique constituents which results in its
reduction of mercury and uranium which is in contrast to the results reported by other plant
based materials. Studies related to analysis of palm shell constituents (sugar palm) in detail are

not available in literature. Studies in this direction would be interesting and useful.

Chitosan barbital based adsorbents were prepared and were evaluated for their adsorption
potential towards inorganic mercury, methyl mercury and phenyl mercury. Speciation was
achieved by sequentially eluting inorganic, methyl and phenyl Hg?* using 0.1N HCIO,, 0.015N
NaCl and 0.05 N EDTA respectively using barbital grafted chitosan. BCL showed better

254



selectivity for mercury in synthetic mixtures containing copper, cadmium and zinc as compared

to C, BC and CL in the concentration range studied.

A novel fluorescent complex {(UO2)2(CB5)}(NO3)8-3H20 (U2CB5) was obtained from
cucurbit[5]uril and uranyl nitrate under ambient temperature conditions. The crystal structure
revealed that two uranyl ions are coordinated to the two open portals of CB5 giving a closed
molecular capsule, which further connected through CB5 molecules to give two-dimensional
frameworks. The UCB5 complex was oligomerised and a non-covalent method was used to graft
uranyl complexed cucurbituril oligomer onto PSP which led to a rigid, cost-effective ion
imprinting oligomer selective for uranium. However, it would be interesting to study the
fluorescent properties of the uranyl containing polymer. It could definitely be showing some
interesting properties as compared to the U2CB5 complex and could show potential as a sensor.
The U2CB5 complex could also be tested for its potential as a catalyst, for instance

decomposition of hydrogen peroxide.
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