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ABSTRACT

This research studies arsenite (As(lll)) removal from synthetic contaminated
water by using calcined oyster shells (COS) and OS-TRHA adsorbent pellet. In this
research, the experiments were divided into two parts. In part A, COS was used as an
adsorbent for removing As(lll) from contaminated water. The COS was prepared by
calcining oyster shells powder (OS) with particle size range of 150 - 250 micrometer
at 700 °C for 8 h. The OS and COS were characterized BET, XRD, XRF and
potentiometric mass titration method. The XRD and XRF results indicated that OS
mainly composed of CaCO5; while 97wt% of COS was CaO. The pH,,. of COS is about
12.1. In this part, the effect of anions (NO;, 8042_ and HPO42-) on As(lll) adsorption
performances was studied. In addition, the observed adsorption rate constants of
As(lll) and anions adsorption on COS initially estimated by using the extended
geometric method and the values of As(lll) and anions occupied sites were solved by

Runge-Kutta method. The result showed that, in bi-solutes, HPO42- was strongly effect

on As(lll) adsorption performance. Meanwhile, NO; and 5042_ insignificantly affected
As(lll) adsorption performances. In the cases of tri- and tetra-solutes, the As(lll)
adsorption performances decreased in the different values depending on (1) binding
affinity between the adsorbent and adsorbates, (2) the observed adsorption rate

constants of adsorbates, (3) the interaction between the adsorbates and (4) the



electrostatic attraction/repulsion between the adsorbent surface charge and
adsorbates charge. Moreover, the morphologies of OS, COS before and after
adsorbing As(lll) and anions were observed by SEM. SEM images showed that
morphology of COS changed from porous structure into the different morphologies
depended on type of adsorbates and number of adsorbates containing in the

solution.

For part B, the adsorbent was developed into pellets in order to be easily
separated the adsorbent from treated water. The oyster shells and rice husk ash
(RHA) were used as the raw materials for OS-TRHA adsorbent pellet preparation.
Firstly, the RHA was treated by calcining at 600°C for 13 h in order to remove
impurity which contained in RHA before OS-TRHA preparation. After heat treatment,
RHA was called treated rice husk ash (TRHA). Then, the OS (particle size ranges of
<106 um, 106-150 pm and 150-250 pm) and TRHA were weighed and mixed with a
few drops of water. The mixture was pelletized by a metal mould. The pellets were
calcined at 700 °C for 8 h and named as OS-TRHA adsorbent pellets. The OS-TRHA
adsorbent pellets were characterized by XRD and solubility test. The XRD result
indicated that the OS-TRHA adsorbent pellets composed of CaO, CaSiO; and C-S-H
compounds. Meanwhile, the solubility test indicated that the dissolving of CaO in OS-
TRHA adsorbent pellets prepared from every observed OS particle size range was
less than that in COS prepared from the same OS particle size rages. In this part, the
effects of OS particle size rages and the ratios between OS:TRHA on the stability of
OS-TRHA adsorbent pellets and As(lll) removal performance were also studied. The
results showed that the OS-TRHA adsorbent pellet prepared from OS particle size
range of < 106 pm with OS:TRHA ratio of 0.7:0.3 is the best condition for OS-TRHA
adsorbent pellet preparation. It could provide the As(lll) maximum adsorption
capacity about 26.10 mg/g. The morphologies of the OS-TRHA adsorbent pellets
before and after As(lll) adsorption tests were also observed by SEM. The XRD, SEM

and As(lll) adsorption results indicated that the OS-TRHA adsorbent pellet could be



classified into two parts. (1) CaO could adsorb As(lll) in the form of Ca-As-O. (2) CaSiOs
and C-5-H compounds could bind the precursors powder in the OS-TRHA adsorbent
pellet to be stable without cracking. For the adsorption kinetics, pseudo-first order
and pseudo-second order models were applied to the adsorption data. The result
showed that the As(lll) adsorption data were fitted with pseudo-second order model.
The average observed adsorption rate constant was approximately 0.0034 ¢/mg min.
Furthermore, Langmuir and Frundlich isotherms were applied to the equilibrium data
to study the adsorption behavior of As(lll) adsorption on the OS-TRHA adsorbent
pellet. The result showed that the equilibrium data were fitted with Langmuir
isotherm than Frundlich isotherm. In addition, the OS-TRHA adsorbent pellets were
also used as the adsorbent to remove As(lll) in synthetic contaminated water which
has concentration equivalent to the contaminated water resources in Thailand. The
result showed that the OS-TRHA adsorbent pellets could remove As(lll) as high as

98.95%.
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Chapter 1

Introduction

1.1 Research background

Arsenic (As) is a metalloid that exists in various oxidation states such as -3, 0,
+3 and +5. Arsenic contaminated in soil, mineral resources, air and water caused the
human health and environmental problems. The long term toxicity of arsenic has
been reported in terms of many types of cancers, i.e. skin, liver, bladder and kidney
cancers, nerve tissue injuries, pigmentation change, neurological disorders, muscular
weakness [1—4], Blackfoot disease [5],etc. It also has been reported that there are many
areas around the world such as Argentina [6], Chile m’ Bangladesh m, India [9], China
[10], Vietnam " and Thailand "% ¥ affected by the toxicity of arsenic. In Thailand, it
was reported that many areas of 25 provinces particularly in Suphanburi Province,

Ubon Ratchathani and Nakorn Si Tharmmarat & were affected by the toxicity of

arsenic.

When arsenic contaminates in water, it exists in the forms of arsenite (As(lll))
and arsenate (As(V)). The toxicity, the mobility and the difficulty to remove from

[12, 19-23]
. Moreover,

contaminated water of As(lll) are much more than those of As(V)
As,05 is used in many industries e.g., agricultural pesticides, the glass industry and
copper refining industry = Thus, As(lll) should be expected as the main form of

arsenic contaminated in waste water and it needs to be removed from the

contaminated water.



Several processes were applied in order to remove arsenic from
contaminated water such as oxidation or/and reduction, precipitation, solid/liquid

. L . . (4]
separation, reverse osmosis, biological removal process, adsorption, etc. .

Adsorption is the ubiquitous method used to eliminate arsenic from
contaminated water because of its simplicity and low operating cost. There are many
kinds of materials used as the adsorbent to remove arsenic from contaminated water
such as char-carbon [25], iron oxide coated cement (I0CC) [26], activated red mud
(ARM) [27], goethite 126 29], copper (Il) oxide nanoparticles BOJ, amorphous iron

[29]
)

hydroxide (HFO) =, activated carbon [25], etc.

Oysters are one favorite seafood in many countries causing about 4 million
tons of waste oyster shells around the world 1 Thailand, oysters have been
being cultivated in many areas in the eastern and southern of Thailand in order to
trade in domestic and export. The consumption of oysters caused a lot of waste
oyster shells. It was reported that the oyster shells could be used as landfill, soil
fertilizer, poultry farming, additives in animal husbandry, cement-based brick, etc. o
- However, it has been limited to use and remained as the environmental problem.
In previous work, the oyster shells were ground, sieved and calcined at 700°C for 8 h.
The calcined oyster shells (COS) was used as an adsorbent to remove As(lll) from
synthetic contaminated water. The adsorption results showed that COS could
remove As(lll) with maximum adsorption capacity of 195.5 mg/g (pH 11) a However,
in water resources, there are many species of ions contained in water. Those soluble
ions containing in water such as sulphate (SO4"), bicarbonate (HCO,), carbonate
(cof’), chloride (Cl), nitrate (NO5), phosphate (HPO427, POA}), etc. may affect As(lll)

[19, 36

removal performance > Therefore, it is necessary to understand the effect of

other ions containing in the contaminated water on As(lll) adsorption performance.

Furthermore, after As(lll) adsorption, the fine powder of COS was difficult to

separate from treated water. Thus, COS adsorbent should be developed into the



form that could be easily separated from treated water. There are many methods
used to solve this problem e.g. increasing the particle size of the adsorbent or
transformation of the adsorbent powder into granules *1 Ppelletization is an
alternative method that can also be used to solve this problem by combining the
material which could remove As(lll) (COS) with other compounds and shaping the
mixture into the pellet. In this method, the shape and size of the adsorbent pellet

can be controlled to be easier to separate from treated water.

Thailand is a rice industrial crops area and most of Thai people consume rice
as the main dish thus there are plenty of rice husk waste. Almost rice husk is used as
a fuel in many industrials causing a lot of rice husk ash (RHA) waste. It was reported
that the potential global RHA production was approximately 70-78 million tons per

ar 1t was also reported that RHA mainly composed of SiO, which was used in
many processes such as concrete production, ceramic production, bio-fertilizer
production, etc. [42]. However, RHA is still the environmental problem. In Thailand,
there are also a lot of waste RHA causing the environmental problem and it also
needs to be gotten rid of. Moreover, it was reported that amorphous SiO, could
react with Ca(OH),, called pozzolanic reaction and form calcium silicate hydrate
compound (C-S-H) which could improve the strength of concrete, mortar, compacted

[41

soil block, etc. _47]. Thus, in this work, RHA was used as a precursor for adsorbent

pellet preparation.
1.2 The objectives of this study

The main objectives of this research are

(1) To remove As(lll) from contaminated water by using the waste materials
i.e. oyster shell powder (OS) and RHA as raw materials to prepare an adsorbent.
(2) To understand the effect of anions containing in contaminated water on

As(lll) removal performance.



(3) To develop COS adsorbent into the form that is easy to separate from

treated water after water treatment process.

In order to achieve these main objectives, some sub-objectives can be

determined:

(1.) To study the effect of anions i.e. NOs, SO, and HPO, on As(lll) removal
by COS in bi-, tri- and tetra-solutes.

(2.) To study the adsorption kinetics of As(lll) and anion(s) on COS in single-
solute, bi-, tri- and tetra-solutes

(3.) To study the interfacial phenomena of As(lll) and anion(s) adsorption on
COS surface.

(4.) To determine the adsorbates interaction and adsorption kinetics of As(lll)
and anions on their adsorption performances in bi-, tri- and tetra-solutes.

(5.) To develop the As(lll) adsorbent into the pellet in order to be easily
separated from treated water after used by using OS and RHA as raw materials.

(6.) To determine the most appropriate particle size range of OS for
preparation of OS-TRHA adsorbent pellet to remove As(lll) from contaminated water.

(7.) To determine the most appropriate ratio of OS and treated rice husk ash
(TRHA) for preparation of OS-TRHA adsorbent pellet to remove As(lll) from
contaminated water.

(8.) To study the adsorption kinetics and adsorption behavior of As(lll) on OS-
TRHA adsorbent pellet.

(9.) To study the mechanism of As(lll) adsorption on OS-TRHA adsorbent

pellet.
1.3 The scope of this study

This research studied about As(lll) removal from contaminated water by using
COS and OS-TRHA adsorbent pellet. The experiments were performed by batch tests.

In this work, the experiments of As(ll) removal from contaminated water were



classified into two parts. The first part studied the effect of anions i.e. NO5, 50427 and
HPO42> on As(lll) removal performance in bi-, tri- and tetra-solutes by using COS as the
adsorbent. In this part, the properties of COS such as solubility, pH,,., chemical
composition and surface morphologies were determined. The precipitation between
Ca”" and As(ll) or anions, the adsorption kinetics and the mechanism of As(lll) and
anions adsorption on COS were also investigated. In adsorption kinetics of As(lll) and
anions adsorption on COS, the observed adsorption rate constants of As(lll) and
anion(s) in single-solute, bi-, tri- and tetra-solutes were determined by extended
geometric method proposed by Azizian et al. 5% to evaluate the appropriate initial
guess values for solving the rate equations by forth order Runge-Kutta method P01
Furthermore, the interfacial phenomena of As(lll) and anions adsorption on COS
surface, the adsorbates interaction and the effect of observed adsorption rate

constants of As(lll) and anions on their adsorption performances were also studied

and discussed.

The second part focused on the process to fabricate COS which is the fine
powder into the pellet in order to be easier to separate from the treated water. In
this part, OS and RHA were used as the raw materials for preparation oyster shell
powder-treated rice husk ash (OS-TRHA) adsorbent pellet. The best condition for OS-
TRHA adsorbent pellet preparation was determined. The OS-TRHA adsorbent pellets
were characterized by XRD. The solubility, stability and As(lll) adsorption capacity of
OS-TRHA adsorbent pellets were performed by batch tests. The morphologies of OS-
TRHA adsorbent pellets before and after As(lll) adsorption tests were also observed
by SEM. Furthermore, the mechanism of As(lll) adsorption on OS-TRHA adsorbent
pellet was proposed. The adsorption kinetics and adsorption isotherms were also
investigated. In addition, the amount of CaSiO; and C-S-H compounds contained in
OS-TRHA adsorbent pellet was determined. Moreover, OS-TRHA adsorbent pellets
were used to eliminate As(lll) from the synthetic contaminated water which

contained As(lll) concentration as in water resources in Thailand.



Chapter 2

Literature reviews

2.1 Arsenic

2.1.1 Arsenic contamination

Arsenic (As) is a metalloid that widespread in nature. Arsenic releases in the

environment through weather, volcanism and geological process. Then, it can

contaminate in atmosphere, ores, rock, soil sediment and water

[52-55] .
. Some arsenic

compounds that were found in the environment are presented in Table 2-1.

: : : [12]
Table 2-1 Some arsenic compounds in the environment .

Name Formula or structure
Methylarsine CH3AsH,
Dimethylarsine (CH3),AsH
Trimethylarsine (CH3):As
Monomethylarsonic acid CH3AsO(OH),
Monomethylarsenous acid CH3As(OH),
Dimethylarsinic acid (CH3),AsO(OH)
Dimethylarsenous acid (CH5),AsOH
Trimethylarsinic oxide (CH3):AsO
Tetramethylarsonium ion (CH3)sAs"
Arsenobetaine (CH4)sAs CH,COO

Arsenocholine

(CH)As CH, CH,OH




It was reported that arsenic was used in many processes e.g. mining and

smelting, fertilization, tannin and wood preservation, pesticide and herbicide, coal
4, 56, .

combustion, ceramic process and animal feed additive 42651 45 shows in Table 2-2.

These processes caused the arsenic contaminated in environment.

Table 2-2 The applications of arsenic and its compounds -

Composition Chemical formula Application

Lead arsenate PbHASO, pesticide

Cupric arsenite Cu(AsO,), Dye

Cupric acetoarsenate  Cu(C,H;0,),:3 Cu(AsO,), pesticide
3-nitro-dhydroxy CsHeASNOg Animal feed additive and
phenylarsonic acid veterinary medicines
Arsenilic acid CgHgASNO3 animal feed additive
Arsenic oxides As,03 and As,Os glass-making
Metallic arsenic As metallurgical
Arsenamide Ci1H12ASNOsS, Veterinary medicines
Potassium arsenite KAsO, glass-making

Due to its high toxicity and carcinogenicity [12], arsenic is a serious worldwide
problem. The long term toxicity of arsenic has been reported in terms of many type
of cancers such as skin, liver, bladder and kidney cancers, nerve tissue injuries,
pigmentation change, neurological disorders, muscular weakness [M], Blackfoot
disease [5], etc. It was also reported that more than 100 million people around the
world were affected by toxicity of arsenic U227 The world Health Organization
(WHO), the US Environmental Protection Agency (USEPA) and the European
Commission have set the guideline of the maximum drinking standard as 10 pg/L.
However, many reserchers reported that the amount of arsenic contaminated in
water of many countries around the world (Table2-3) was greater than the standard

2y Thailand, many areas of 25 provinces were also affected by the

limit '
toxicity of arsenic e.g. Suphanburi Province, Ubon Ratchathani and Nakorn Si

[14-18]
Thammarat )



Table 2-3 The reported areas affected by the toxicity of arsenic contaminated in

water (only in Asia) A

Location Water resources Concentration
(pg/L)
Bangladesh Well water <10-> 100
Calcutta, India Near pesticide production plant <50-23,080
West Bengal, India Arsenic-rich sediment 3-3700
Nepal Drinking water 8-2660
Hanoi, Viethnam Arsenic-rich sediment 1-3050
Xinjiang, PR China Well water 0.05-850
Shanxi, PR China Well water 0.03-1.41
Inner Mongolia, China Drinking water bore 1-2400
Ronpibool, Thailand Water contaminated by tin 1-500
mining waste
Nakhon Si Thammarat Province, shallow (Alluvial) groundwater, 1.25-5114
Thailand mining
Fukuoka, Japan Natural origin 0.001-0.293
Mekong River floodplain, Deep ground water 1-1340

Cambodia

2.1.2 Classification of arsenic

Arsenic can be classified into three groups depending on its physical

properties, chemical properties and toxicity as shows in Figure 2-1 o



- Arsenic trioxide (As,0,)
Trivalent - Sodium arsenite (NaAsO,)

Inorganic form Arsenic trichloride (AsCL,)

Pentavalent Arsenic pentoxide (As,0,)

Arsenic acid (H,AsO,)

Trimethylarsine [(CH,),As]
| Arsenic |

| Trivalent ¢ Dimethylarsine [(CH,),AsH]
' '\ Organic form 1

Monosodium methanearsonate (MSMA)

Dimethylarsenic acid
Pentavalent

\ Arsine, AsH, 3-Nitro, 4-hydroxypheylsonic acid

Figure 2-1 The classification of arsenic compounds.

As seen in Figure 2-1, arsenic can be divided into three main groups
depending on its physical and chemical properties; inorganic compounds, organic
compounds and arsine gas. The inorganic and organic compounds can be further
classified into trivalent and pentavalent compounds. The trivalent compounds which
has oxidation state equivalent to +3 is called arsenite (As(lll)) such as As,Os,
trimethylarsine, sodium arsenite, etc. The pentavalent compounds that has oxidation
state equivalent to +5 is named as arsenate (As(V)) e.g. arsenic pentoxide, arsenic
acid, dimethylarsenic acid, disodium methylarsenate, arsanilic acid, sodium arsanilate,
etc. The toxicity of arsenic depends on its species. The toxicity of inorganic species is
greater than that of organic species e () compounds are more toxic than As(V)
compounds 22 The greater toxicity of As(lll) is related to its high affinity to born
with sulfhydryl groups of biomolecules such as glutathione (GSH), lipoic acid and the
cysteinyl residues of many enzyme “ The formation of As(ll)-sulfur bonds results in
various harmful effects i.e. inhibiting the activities of enzymes such as slutathione
reductase, glutathione peroxidases and thioredoxin peroxidase 5 addition, the

mobility and the difficulty to remove of As(lll) are also greater than that of As(V) 2

62]
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2.1.3. Effect of pH on arsenic species

pH is a logarithmic scale that is used to measure concentration of H" or H3O+
containing in the solution in order to specify the acidity or basicity of the aqueous

solution. pH values of solution can be calculated as in Equation (2-1).
pH = -log [H'] (2-1)

In aqueous solution, the acid substances can ionize or dissociate as Reaction
(2-2). The ability or tendency to lose H" of the ion during the dissociation process is

called acid strength.

AH,, <— Al +Hg, (2-2)

where AH is acid substance that can dissociate into conjugate base of acid (A) and
hydrogen ion (H") that can further combine with water molecule in the form of

hydronium ion (H;0").

If the dissociation process reaches equilibrium, acid dissociation constant (Kj,)

can be also calculated as in Equation (2-3).

_ [HT][AT]
' [AH]

(2-3)
K, value is written in the form of logarithmic constant as in Equation (2-4)

pK, = -log [K,] (2-4)

Considering Equations (2-1), (2-3) and (2-4), the relation of pH and pK, values

can be written as in Equation (2-5).

- A
pH = pK, +log ([AH]J (2-5)

when [A"] = [AH] | pH should be approximately equivalent to pK,.
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When As(lll) and As(V) dissolved in solution, it dissociated into various forms

depending on pH of the solution as shown in Reactions (2-6) - (2-11) "

As(OH),  «—> As(OH),0” + H" pK, =92  (2-6)

As(OH),0" <> As(OH)O> + H* pK,=12.1  (2-7)
As(OH)O) «— AsOY + H* pK,=12.7  (2-8)
AsO(OH), <«— AsO,(OH), + H" pK,6=23 (29
AsO,(OH), <—> AsO,(OH)* + H" pK,= 6.8  (2-10)

AsO,(OH)” «—> AsO) + H* pK, =11.6 (2-11)
2.2 Adsorption process

In order to eliminate the contaminated substances from contaminated water,
several methods were applied in water treatment process such as oxidation or/and
reduction, precipitation, ion-exchange, coagulation, electrocoagulation, co-
precipitation, solid/liquid separation, reverse osmosis, biological removal process,

. (1, 4]
adsorption, etc.

Adsorption is the widespread method used in the water treatment because it
is simplicity to handle, has low operating cost and high efficiency. In this process, the
atoms, ions or molecules of liquid solutes (adsorbates or adsorptive) deposit or
accumulate on the sorption sites and form molecular or ionic or atomic film on the

surface of the adsorbent [68].
2.2.1. Classification of adsorption process

Adsorption process can be classified into two types depending on strength of

binding forces between adsorbent and adsorbates.
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1) Physisorption or physical adsorption.

The adsorbate bonds with adsorbent via weak van der Waal’s forces,
hydrogen bonding I physisorption, the adsorbates are not specific to be
adsorbed on the sorption sites of the adsorbent. It means that the adsorbates can be
adsorbed on the surface of adsorbent, although the adsorbent surface does not
consist of the functional group. Then, those adsorbates can be adsorbed on the
adsorbent surface with multilayer (Figure 2-2 (a)). The bonding energy between
adsorbates and adsorbent is in the range of 10-70 kJ/mol " Due to the low bonding
energy, the physisorption process should be reversible reaction and easy to be

desorbed.
2) Chemisorption or chemical adsorption

The adsorbates are adsorbed on the specific sorption sites on the adsorbent
surface. It means that the adsorbates can be adsorbed only on the sorption sites
which contained functional group that can form the bonding with those adsorbates.
Thus, the adsorbates are adsorbed on the adsorbent surface with monolayer (Figure
2-2 (b)). The bonding between adsorbates and adsorbent is electrostatic bonding,
covalent bonding and co-ordinate displacements o Therefore, the bonding energy
between those adsorbates and sorption sites in chemisorption (200 - 500 kJ/mol) is
much greater than that of the physisorption " Due to the high energy bonding, the

chemisorption process should be irreversible reaction or less be desorbed.

(a) (b)

COOOOOOO0

Adsorbent

Adsorbent

Figure 2-2 Types of adsorption process; (a) physisorption and (b) chemisorption.
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2.2.2. Factors influencing adsorption

The adsorption process is affected by several factors i.e. nature of adsorbent,
surface area of adsorbent, pH of solution, nature of adsorbate, mixed solutes,

agitation speed and temperature.
1) Nature of adsorbent

As mentioned before, the adsorption process is an interfacial phenomenon of
adsorbent surface. Then, chemical and physical properties of the adsorbent such as
selectivity, chemical composition, sorption sites, chemical structure, morphology,
crystallinity, surface area, porous structure, pore size of the adsorbent, etc. can affect
adsorption performance. Lenoble et al. " \who studied about arsenic removal by
synthesized iron (lll) phosphate in the forms of crystalline and amorphous structures
reported that As(lll) adsorption capacity of amorphous iron (lll) phosphate (21 mg/g)
was greater than that of crystalline form (16 mg/g). This should be because the
specific surface area of amorphous iron (Ill) phosphate (53.6 + 0.8 mz/g) was greater
than that of the other one (35.9 + 0.5 mz/g). In addition, As(lll) could be adsorbed on
the iron (lll) phosphate both in crystalline and amorphous forms greater than As(V). It
means that the sorption sites of iron (lll) phosphate tend to adsorb As(lll) than As(V).

.[73] works showed that silicate and POf

Furthermore, Bang et al" and Bang et al
strongly interfered with arsenic removal by iron hydroxide but those ions were
insignificantly interfered with arsenic removal by TiO, at neutral pH. This should be
because the chemical and physical properties of those adsorbents are different
causing the different adsorption capacities of silicate, PO43_ and arsenic on those
adsorbents. In the case of iron hydroxide, the capabilities to adsorb silicate and POf’
were greater than that of arsenic causing the strong interference of those ions on
arsenic removal. In contrast, the TiO, sorption sites were preferably to adsorb arsenic

than those of silicate and PO43_. Then, the arsenic adsorption performances by using

TiO, as an adsorbent were insignificantly interfered by those ions.
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2) Nature of adsorbate

In adsorption process, the solute (adsorbate) contained in solution should
dissociate from the solute-solvent bonding before being adsorbed on the sorption
sites containing on the adsorbent surface. If the solubility of solute is greater, the
solute-solvent bond is stronger. Then, it is more difficult to break the solute-solvent
bond causing the lower adsorption performance. Furthermore, the structure of
adsorbate is also the one affecting adsorption performance. If the adsorbate has
bigeer molecular size and greater weight, the adsorption performance will increase. In
addition, the adsorption performance of the branched chain structure adsorbate is

also greater than that of the straight chain structure adsorbate e
3) pH of solution

pH of solution affects species of adsorbate and the surface charge of
adsorbent. As mentioned above, when pH of solution increased, the species of As(lll)
can be deprotonated by OH containing in the solution and change into the different
forms depending on pH of solution. Thus, the mechanisms of those As(lll) species are
different and causing the various adsorption performances. Furthermore, pH of
solution also affects the surface charge of the adsorbent surface. In some kinds of
adsorbent, its surface can protonate or deprotonate with water when the adsorbent
contacted with the solution causing the temporary positive or negative surface
charge on the adsorbent surface. The positive surface charge of adsorbent is
preferable to adsorb anions (negative charge) while the negative surface charge of

adsorbent better adsorbs the cations (positive charge).
4) Temperature

Temperature is one factor that should be determined in the adsorption
process. As previously mentioned, the physisorption is a reversible process. The

adsorbate bonds with sorption sites via weak van der Waal’s forces which has low
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energy bonding. Thus, the increase in temperature can break the adsorbent-
adsorbate bonding causing the lower adsorption performance. However, the
chemisorption needs more energy to bond. The higher the temperature, the more
energy of adsorbates to bond with the sorption sites on adsorbent surface causing
the increase in adsorption performance. In addition, the increase in temperature also

causes the increase in adsorption rate.
5) Mixed solutes

In water resources, there are many kinds of ions containing in water and
some of them can interfere adsorption performance. Some ions cause the increase in
the adsorption performance while some ions cause the decrease in the adsorption
performance. Maiti et al. "I who studied arsenic removal by raw laterite (RL) and
treated laterite (TL) reported that, when the solution contained Mg2+, Ca2+, Fe2+
(prepared from MgCl,, CaCl,, FeCl,-d4H,0, respectively), adsorption performances of
both As(lll) and As(V) increased. Meanwhile, As(lll) and As(V) adsorption performances
decreased when the solution contained PO43_ and silicate (prepared from NaH,PO,,
Na,SiO5-9H,0, respectively). The interference of ions containing in solution on the
adsorption performance depending on many factors e.g. nature of adsorbent,
interaction between adsorbates, the affinity between adsorbent and adsorbates, etc.

Therefore, the effect of ions containing in water resources on adsorption

performance should be determined.
6) Agitation speed

During the adsorption process, the adsorbates containing in solution move
from bulk solution, pass through the film (film diffusion) which covers the adsorbent
surface and be adsorbed on the sorption sites. Meanwhile, some of them move
forward into the pore of adsorbent and penetrate to the sorption sites containing in
the porous of adsorbent. Agitation influences the distribution of the solute

(adsorbates) in the bulk solution. It also affects the formation of external film



16

boundary that covers the adsorbent surface. The increase in agitation speed can
reduce the thickness of the film boundary layer surrounding the adsorbent particle

causing the increase of adsorption rate.
7) Contact time

In adsorption process, several mechanisms such as external mass transfer,
particle diffusion and chemical reactions would occur and take time to proceed. The
different adsorbent materials and adsorbate species require the different contact
time in the adsorption process. Then, the contact time of the adsorption process is

also necessary to determine in order to provide the greatest adsorption performance.
2.2.3. Adsorption capacity

The As(lll) adsorption capacity, g (mg of adsorbate/g of adsorbent) is
calculated by the following equation:

_ (C-COV

q. W (2-12)

where C, and C, are As(lll) concentration remaining in the solution at initial time and
at equilibrium time (mg/L), respectively. V is the volume of solution (L) and W is

mass of adsorbent used (g).
2.2.4. Adsorption kinetics

In order to determine the adsorption kinetics of As(lll) and anions on the
adsorbents, pseudo-first order model, pseudo-second order model and extended

geometric method were studied.

1) Pseudo-first order model

Pseudo-first order model was presented by Lagergren (1898) T The

equation of this model is presented as the following.
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dq,
dt

= ka,l(qe -q, ) (2-13)
The linear form of pseudo-first order model can be expressed as in Equation (2-14)
In(Q,-q,)=Inq, -k, t (2-14)

where g; and g are the amount of As(lll) adsorbed at time t and equilibrium (mg/g),

respectively. k, ; is adsorption rate constant of pseudo-first order (1/min).

2) Pseudo second order model

80, 81]

Pseudo-second order model was presented by Ho' . This model is
expressed as the following equation.
dqt 2
:k - (2'15)
dt a,z(qc qt)

The linear form of pseudo-second order model is written as in Equation (2-16)

t 1 1
q— = oz +q_t (2-16)
t a,2'le e

where k,, is adsorption rate constant of pseudo-second order (g /mg min).
3) Extended geometric method

Extended geometric method was proposed by Azizian et al"™ ' This model
proposed that the adsorption kinetics followed Langmuir-Freundlich equation. This
model explained that if the solution containing substance A which is removed via the
adsorption process. The adsorption, desorption and overall rates of substance A can

be written as the following Equations.

Adsorption rate: r, =k, C(1-0)" (2-17)
Desorption rate: r, =k0" (2-18)

do
dt

Overall rate: =r, -r,=k,C(1-0)" -k,0" (2-19)
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where 1, ry are adsorption rate and desorption rate, respectively, k, and kyq are
adsorption rate constant and desorption rate constant, respectively. 8 is the fraction
of sorption sites covered by substance A (0 <0 <1) and n is a constant which
represents the heterogeneity. It is noted that, for the Langmuir isotherm, n is

equivalent to 1.

Since the concentration of substance A in the bulk solution decreased by

adsorption of substance A on the sorption sites of the adsorbent, therefore
C=C,-po (2-20)

where Cy is the initial concentration of substance A (mg/L) and PBis a constant

defined as in Equation (2-21).

B = i (2-21)

where W, is mass of adsorbent (g), g, is the maximum capacity of the adsorbent

(mg/g), M, is molecular weight of substance A (¢/mol) and V is volume of solution (L).

Considering Equations (2-19) and (2-20), the overall rate can be written and

be rearranged as in Equations (2-22) and (2-23), respectively.

% =k, (C, -BO) (1-0)" -k 0" (2-22)
de n n n
1 =Ko (1-0)7 -k 07 -1 0 (1-0) (2-23)

When the substance A is adsorbed on the sorption sites, the adsorption result

is presented as in Figure 2-3.
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Figure 2-3 The variation of 8 with time for the synthetic kinetic data el
As seen in Figure 2-3, at initial adsorption period, 6 increases linearly with
time. The slope of the linear line in Figure 2-3 is k,. Considering the linear region, the

integration of Equation (2-23) for the boundary conditions at t=0, 8 =0 and at t=t|,
0=0,is

[0 =" (,C(1-0)" - k0" )dt- [ (k,p0(1-0)")at  (2-29)

Considering Equations (2-17) - (2-19), the synthetic kinetic data of adsorption

rate, desorption rate and k, Cy(1- 0)" are illustrated in Figure 2-4.

a 2s b 2s
1, =k, (Cy-BO)(1-6)"
ra =k o Cp-BO)(1-6)" L i— Q,C o(1-0)"
.-:?A‘ * . i
14 A °

O Y . H
= 1B ey Ko Cy (1-6)" : 125 .
1., aay !
[ .. A‘“ :

H ®, H L
; *eus, AdAddasasasssnsana i
: '....'.'.'lo.o . :
i - H
! [ ::::ﬂlltuul-ogono- 1=k 48" :
o bt "“‘\__.75=de” i 0 ("

0 20 40 te 60 0 2 ;1 te 6
Time Time

Figure 2-4 Variation of overall rate components, r,, rqy and k, Cq(1- )" with time for

the synthetic kinetic data (a) up to the equilibrium time (b) up to t; el

Considering at t=0 to t=t, in Figure 2-4(b), the first term on the right hand of
Equation (2-24) is the area of trapezoid so this term can be substituted by the

geometric area of trapezoid as in Equation (2-25).
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[ (k,Cy(1-0)" -k 0")dt ~ %tL(kaCO +1) (2-25)

The value of L in Equation (2-25) can be defined by using the similarity of two

triangle as shown in Figure 2-5.

Time

Figure 2-5 Variation of overall rate components, r,, ry and k, Cy(1- 9)" with time for
the synthetic kinetic data up to the equilibrium time with representing of

4
triangles (“‘green’” and ‘‘green+red’’ triangles) for L value estimation el

Then, Equation (2-25) can be rewritten as the following.

t

[ (,Co1-0) -k,07)at = %thac{z-t—Lj (2-26)

Considering the linear region in Figure 2-3, 8 = kgt and 0, = kot,. The second
term on the right hand and the left hand term can be calculated (at t=0, 8 =0 and at

t=t,, 6 =6,) by Equations (2-27) and (2-28), respectively.

[ (e, Bot1- ko) )dt =~ K, (;koti—gkgti+n(g_l)kgtij (2-27)
0, =k,t, (2-28)
After substituting Equations (2-26) - (2-28) into Equation (2-24) and rearranging

it, the adsorption rate constant and desorption rate constant can be calculated as in

Equations (2-29) and (2-30), respectively.
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(2-29)

(2-30)

2.2.5. Adsorption isotherms

The adsorption process relates with interfacial interaction between adsorbent
and adsorbate. The process reaches equilibrium with different time and provides the
different adsorption capacity depending on the type of adsorbent and species of
adsorbate. Thus, the adsorption behavior of adsorbates on the adsorbent is
necessary to study. The adsorption isotherm experiment is useful for describing the
adsorption behavior and adsorption capacity of the different adsorbent used to
estimate the other information such as the appropriate adsorbent, the regenerate
adsorbent, etc. Then, those data can also be used to develop the water treatment

process. There are two isotherms that well known and are used in this work.

1) Langmuir isotherm o8

Langmuir isotherm was proposed by Irving Langmuir in 1916 *T In this model,
the number of available adsorption sites or vacant sites on the surface of adsorbent
are fixed. All these available sites are equivalent e.g. size, shape, etc. The adsorbates
take place at the specific homogeneous sorption sites on the adsorbent surface.
Thus, those adsorbates are monolayer adsorbed on the sorption sites. There is no
significant interaction among adsorbates species adsorbed on the sorption sites. The

equation of Langmuir isotherm is given in Equation (2-31).

q. = CELILSH (2-31)
1+K,C,

The linear form is expressed as the following.
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Lot 1T (2-32)

qe qm KLque

where C, is equilibrium concentration (mg/L). K_ is Langmuir equilibrium adsorption
constant. A plot between 1/qg. and 1/C, gives a straight line. The values of K. and g,

are calculated from the slope and the intercept, respectively.

2) Freundlich isotherm 182, 83, 88, 89)

Freundlich isotherm was proposed by Freundlich in 1909 " This model was
proposed that the adsorbates were adsorbed on the heterogeneous surface of
adsorbent. The pattern of adsorption on the surface is non-specific and the energy
distribution of adsorption over the surface is non-uniform. Due to the non-specific
adsorption, the adsorbates can be multilayer adsorbed on the adsorbent surface.

The equation of Freundlich isotherm is expressed as the following equation.

1

q=K,Cr (2-33)

The linear form is given in Equation (2-34).
1
logq, = logK, +—C, (2-34)
n

Freundlich adsorption constants, K¢ and 1/n are related to adsorption
capacity and intensity of adsorption, respectively. A plot between log g, and log C,

gives a straight line with the slope 1/n and the intercept log K.

2.2.6. Runge-Kutta method 50, 31

In this work, the Runge-Kutta method was used to investigate the observed
adsorption rate constants. The theory of this method could be explained as the

following.
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In the case of single-solute, the form of differential equation is presented as
in Equation (2-35)

% = f(x,y) (2-35)
X

The value of y at x = x; is y,. In order to calculate the value of y at some
value of x (xg) which is greater than x,, initially, the interval between x, and X, is

divided in to N segments as in Equation (2-36).

XX Ax=h (2-36)

The value of h is called step size. Since x is changed by Ax = h, the change of
y can be denoted as Ay. The approximate value of the derivative on left-hand side

of Equation (2-35) is
4 . 2y _ Ay (2-37)

Considering Equation (2-37), the value of y when x = x, is y,, and f is the
average of f(x,y) over the interval between x, and x,,;. Thus, when x = x,,,, the value

of yn.1 can be calculated as in Equation (2-38).
You = Yo + £xh (2-38)

In this wok, the value of f can be calculated by using the forth-order Runge-

Kutta method as in Equation (2-39).

f = l(f1+zf2+2f3+f4) (2-39)

(o)

The parameters of fi, f,, f; and f4 can be evaluated as follows

fl =f (Xn > Yn) (2_40)

£, - f(xn B +ﬁj (2-01)
2 2
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(2-42)

(2-43)

In the case of bi-solutes which simultaneously adsorbed on the sorption sites,

the forms of differential equation are presented as in Equations (2-44) and (2-45).

dy
dx
dz
dx

f (X, y,z)

g(xy.7)

(2-44)

(2-45)

Thus, the forth-order Runge-Kutta method can also be expressed as shown below.

Ynﬂ

The parameters of fi, f,, fs, f4, 91, 95, 93 and g4 can be evaluated as follows.

=y, +fxh

= zn+é><h

= %(f1+2f2+2f3+f4)

1

- _(gl +2¢g, +2g, +g4)

(o)

f(Xn9Yn ’Z)n
g(Xn’Yn ’Zn)

f Xn—{—h’yn—}—ﬁazn—}—%j
2 2 2

f(Xn +h’yn +hf3’Zn +hg3)

g(x, +h,y, +hf,,z +hg,)

3>“n

(2-46)

(2-47)

(2-48)

(2-49)

(2-50)

(2-51)

(2-52)

(2-53)

(2-54)

(2-55)

(2-56)

(2-57)
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2.3 Raw materials for adsorbent preparation

In this work, oyster shells and rice husk ash were used as the raw materials

for adsorbents preparation to remove As(lll) from contaminated water.
2.3.1 Qyster shells

The expansion of shore ostreaculture in the eastern and southern of Thailand
caused a lot of waste oyster shells. It was reported that the oyster shells could be
used in many processes e.g. landfill, soil fertilizer, poultry farming and additives in
animal husbandry, the active filler in a bio-contact oxidation tank, cement- based
brick, substitute in mortar, concrete production, etc. S 91_94]. However, it has
limited to use and remained as the environmental problem. More than 90% of
oyster shells is CaCOs peo (Table 2-4) which can be used in water treatment process.
It was reported that oyster shells and adsorbents prepared from oyster shells could
remove heavy metals such as boron, lead (Pb2+), cadmium (Cd2+), zinc (Zn2+), iron
(Fe), phosphate, copper (Cu™ nickel (Ni”") and chromium (Cr’") from contaminated

[31, 91, 96-101]
water .

Table 2-4 The compositions contained in oyster shells o

CaCO3 SlOZ MgO Al203 SrO P205 Nazo SO3 Total

(%) (%) (%) (%) (%) (%) (%) (%) (%)

95.99 0.70 0.65 0.42 0.33 0.20 0.98 0.73 100

In previous work, the oyster shells were ground and calcined at 700°C for 8 h.
COS was used as the adsorbent to remove As(lll) contaminated water. The results
showed that COS could remove As(lll) contaminated water with maximum adsorption
capacity of 195.5 mg/g (pH 11) *I1n order to determine the adsorption rate of As(lll)
adsorption on COS, pseudo-first and pseudo-second order models were investigated.

The experimental data fitted with pseudo-second order adsorption rate with the
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average adsorption rate constant of 0.00024 ¢/mg-min. Furthermore, the equilibrium
data of As(lll) adsorption on COS were also determined by Langmuir and Freundlich
isotherms. The result showed that the adsorption behavior of As(lll) on COS sorption

sites was better described by Langmuir adsorption isotherm.
2.3.2 Rice husk ash (RHA)

Rice husk ash is a by-product from rice production process. It was reported
that rice husk was produced more than 70 million tons around the world in each
year oAy Thailand, rice is the most important agricultural product because it is
a staple food for Thai people and a main export product of the country. Thus, a lot
of rice husk is produced every year. Most of it is used as fuel in many industrials
causing a lot of RHA waste. It was reported that RHA was used in many processes
such as the raw material to produce bio-filter for waste water treatment, adsorbent,
soil stabilizer, insecticide, bio-fertilizer production, silica gel production, ingredient in
lithium batteries, graphene production, a composite in polypropylene production,
activated carbon, raw material of zeolite production, semiconductor production,

etc.m’ 10z 103]. However, it is still the environment problem that needs to be solved. It

was reported that, after calcination process, RHA mainly composed of silica 210

which is useful in many processes. The form of silica containing in RHA depends on
calcined temperature during the calcination process 0811t was also reported that
when RHA was calcined at temperature below 800°C, silica containing in RHA was in
the form of amorphous structure that could be used in concrete production, cement

[41-43, 104-106

admixture, and filler in rubbers, plastics and polymers J. When the calcined

temperature was greater than 800°C, the amorphous silica structure changed into the

crystalline structure that could be used in steel, thermal insulator, refractory brick

[42, 45, 105, 107, 108

and ceramic production " n addition, it was also reported that the

amorphous silica could react with Ca(OH),; called pozzolanic reaction; and form
calcium silica (CaSiOs) and Calcium-Silicate-Hydrated (C-S-H) compounds that could

. . [41-44, 46, 106, 109-111]
increase the strength of materials :
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2.4 Pelletization

Pelletization is an agglomeration process that transforms the fine powder and
added mixtures such as binder, filler, lubricant, separated agent, etc. into a small,
spherical or semi-spherical shape M s technique can control shape and size
of samples (pellet). The pellet formation and growth can occur in several ways

depending on types of equipment and production processes. The classification of

palletization process is illustrated in Figure 2-6.

PELLETIZATION
|
l 1 | ]

AGITATION COMPACTATION LAYERING GLOBULATION

|_ SPRAY

BALLING COMPRESSION | |~ POWDER e
|| EXTRUSION- ' SOLUTION/ SPRAY

SPHERONIZATION SUSPENSION CONGEALING

Figure 2-6 The classification of pelletization techniques e

In this work, OS-TRHA adsorbent pellets were prepared by using compression
technique. The precursor powders were blended and put into a metal mold shown
in Figure 2-7. Then, the pressure was applied to those samples by using a mechanical
force to generate the well-define shape and size. At high pressure, the force against
between the precursor particles undergo the elastic and plastic was deformed

causing the compaction of precursor powder.
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Figure 2-7 The metal mold for OS-TRHA adsorbent pellets preparation.

The cross-sectional and plan views of OS-TRHA adsorbent pellets are

illustrated in Figure 2-8.
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Figure 2-8 Cross-sectional and plan views of OS-TRHA adsorbent pellets.

2.5 Adsorbents characterization

In this work, the crystalline of adsorbents before and after adsorption tests
was determined by using X-ray diffraction, while the morphologies of adsorbents

before and after adsorption tests were also observed by a scanning electron
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microscope. In addition, pH zero point of charge (pH,,) of COS adsorbent was

determined by potentiometric mass titration method.

2.5.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a nondestructive analysis technique for crystalline

materials characterization. The X-ray diffractometer is presented in Figure 2-9.

=~ “\.:_\.-_-',.}

—

%1 Sample / Monochromator
Shutter Light b

Figure 2-9 X-ray diffractometer el

As seen in Figure 2-9, X-rays is generated in X-ray tube. Then, those X-rays are
filtered by crystal monochrometer (slits) in order to produce the monochromatic X-
rays that is needed for diffraction. The monochromatic X-rays (incident rays) are
collimated and directed on the sample. After those X-rays attack the sample, some
of them scatter (diffract) to the detector. When the sample and the detector are
rotated in the various 8 and 26, respectively, the intensities of the reflected X-rays
(diffraction ray or scattered ray) are recorded and converted into a count rate and

output to a device.

As described before, when the X-rays attack on the sample, some of them

scatter from the sample as shows in Figure 2-10.
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Figure 2-10 The visualization of the Bragg’s law el

As seen in Figure 2-10, when the incident rays (incident waves) from the X-ray
tube attack the sample, some of them can interact with atoms containing in the
sample and scatter in the different angle depending on types of atom containing in
the sample. The relation of the incident rays and the scattered rays (scattered waves)

could be explained by Bragg’s law as in Equation (2-58).
2dsmf =nk (2-58)

where A is the wavelength of X-rays, n is an integer, d is the interplanar spacing (d-

spacing) and O is the X-ray angle.

In the crystalline compounds, the atoms containing in each compound
arrange in the uniform pattern. When the incident waves attack on those atoms, it
will scatter in the same pattern. The scattered pattern can be used to identify what
types of atom containing in the compound and how they are arranging. The different
types of atoms and the unique arranging pattern of those atoms in each compound

cause the different scattered pattern of X-rays.

2.5.2 Scanning electron microscope (SEM) 120, 1211

Scanning electron microscope (SEM) is one type of electron microscope. The
sample surface images are produced by scanning surface of sample with a focused

beam of electrons. The schematic diagram of SEM is illustrated in Figure 2-11.
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Figure 2-11 The schematic diagram of scanning electron microscope 120l

As seen in Figure 2-11, firstly, the electron gun generated a stream of
electrons. Then, those electrons are accelerated toward the specimen by a positive
electrical potential. After that the stream of electrons is confined and focused by
metal apertures and magnetic lensed into a thin, focused and monochromatic beam.
The focused electron beam attacks and scans across the surface of the sample. The
interactions between electrons and sample generate secondary electrons. The
secondary electrons are recorded by the detector and signal is changed into SEM

images.
2.5.3 pH zero point of charge (pH_p)

As mentioned before, pH of solution affects surface charge of adsorbent.

Surface charge of oxide and hydroxide materials is the result of surface ionization



32

either protonation or deprotonation of amphoteric surface sites 12213 S rface
reactions could be written as follows.
+ +
MOH ., +H(y — MOH 5 (2-59)
MOH(surﬂ + OH(_aq) ; MO(_surf) + H2O (2-60)

where MOH and M stand for amphoteric surface sites and a metal, respectively. In
this research, pH,,. was determined by using potentiometric mass titration method. It
was conducted by adjusting pH of 100 ml of 0.01 M NaCl solutions with 0.01 M of
NaOH and/or HCl to the values between 2-13. After the adsorbent were added into
each solution and the process reached equilibrium, the pHs of solution were

1201260 pH of solution is

measured. pH,,. is the point where pHiija - PHinat = 0 :
lower than pH,, the net surface charge of the adsorbent will be positive charge and
it can better attract anions (negative charge). Conversely, if pH of solution is greater

than pH,,, net surface charge of the adsorbent will be negative charge which attracts

toward cations (positive charge).

2.6 Determination of As(lll) containing in solution by redox titration

[95, 127, 128]
method

In this work, As(lll) containing in solution was analyzed by using redox titration
method. In this work, KMnO, solution was used as a self-indicator titrant for As(lIl)
concentration analysis. During the titration process, the purple color of dropped
KMnO,4 changes into the colorless. When the titration process reaches the end point,
the color of As(lll) solution changes from colorless into pink solution as in Figure 2-12.
The concentration of As(lll) remaining in solution can be calculated by Equation (2-

61).

5As,0, + 4MnO; +12H* <—> 5As ,0, +4Mn>" +6H ,0 (2-61)
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Figure 2-12 The color of KMnQO4 solution (left) and the color of end-point As(lll)

solution (right).
2.7 Literature reviews

In this work, the oyster shells and rice husk ash (RHA) were used as raw
materials for preparing the adsorbent to remove As(lll) from contaminated water.

Many researches relating with this work were reviewed.

Arsenic is a metalloid that spread in nature. Sharma and Sohn [12], Smedley
and Kinniburgh [7]’ Nicolli et al. [6], Berg et al. [M], Williams et al. 3 Dhar et al. [8],
Mandal et al. [9], and Yinlong "I Studied the arsenic contamination and its toxicity
and reported that the toxicity of arsenic caused the human health and environment
problems in many areas around the world such as Argentina, Chile, Bangladesh, India,
China, Vietnam and Thailand. In Thailand, Pansamut and Wattayakorn [14],
Siripitayakunkit et al. " Kohnhorst et al™ and Pattanapipitpaisal and Suraruk i
reported that many areas of 25 provinces particularly in Suphanburi Province, Ubon

Ratchathani and Nakorn Si Thammarat were affected by arsenic toxicity.

In 1994, Songsirikul 2] studied the effect of flood on arsenic contaminated in
surface water at Amphoe Ron Phibun Nakhon Si Thammarat Province, Thailand and
reported that the dissolving of arsenopyrite produced from Tin mining during the

flood in 1988 caused the increase of arsenic concentration in the local water
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resources. When people in that area consumed the contaminated water, the arsenic
could accumulate in their body and cause the arsenic toxicity diseases. Mazumder [3],
Mohan and Pittman [1], Ng et al. [2], Choong et al. “ and Chen et al. reported that
the toxicity of arsenic caused the long term diseases such as Blackfoot disease, skin

cancer, liver cancer, bladder cancer, pigmentation change, neurological disorders, etc.

When arsenic contaminated in water, it exists in two forms, As(lIl) and As(V).
Phakdipin "% \who studied the ratio of As(lll) : As(V) that existed in natural water by
using ion chromatography to determine the concentration of As(lll) and As(V)
reported that, for 100 microliter of water sample, arsenic existed in the forms of
As(lll) and As(V) with the ratio of As(lll) : As(V) approximately 1 : 20. In addition,
Phakdipin " atso reported that the toxicity of As(lll) was about 25-60 times greater
than that of As(V). Phakdipin 130 report agreed with Aposhian and Aposhian “I and
Sharma and Sohn > works which were reported that the toxicity of As(lll) was greater
than that of As(V) because the affinity between As(lll) and sulfhydryl groups in
biomolecules e.g. glutathione (GSH), lipoic acid, etc. was greater than that of As(V). In
addition, Aposhian and Aposhian “Vand Sharma and Sohn " also reported that the
formation of As(ll)-sulfur bonds could inhibit the activities of enzymes such as
glutathione reductase, glutathione peroxidases, thioredoxin peroxidase, etc. in human

body causing the problems in the human health.

Several  processes such as  precipitation,  oxidation-precipitation,
coprecipitation, solid-liquid separation, etc. were applied in order to remove As(lll)
from contaminated water. In this work, adsorption process was chosen because it
was easy to handle, the operating cost was low and the adsorbent could be found in
the local area. Many kinds of adsorbent from synthetic materials like char-carbon [25],
activated carbons . 38], carbon black [601, activated red mud (ARM) [27], iron oxide
coated sand [131], iron oxide coated cement (IOCQC) [26], or from low cost materials

[21, 28, 29, 62

[132] . [133] (1 . ]
such as coconut husk carbon 7, soils , clays ~~ and minerals have been

applied to remove arsenic from contaminated water. In this work, oyster shells were
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used as the raw material for adsorbent preparation to remove As(lll) from

contaminated water.

The oyster shells are a waste material that caused the environment problem
and need to eliminate. Some researchers such as Tsai et al. [98], Kwon et al.[az], Xing
et al. [134], and Li et al.”" studied the properties of oyster shells and Treated oyster
shells (TOS). In their works, the compositions of ground oyster shells (OS) and TOS
were determined by X-ray fluorescence (XRF) technique while the crystalline

compounds of those materials were characterized by X-ray diffraction (XRD). The XRD

result of OS and TOS is presented in Figure 2-13.
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Figure 2-13 XRD patterns of (a) raw oyster shells (OS), (b) oyster shells heated under
air atmosphere (TOS) at 750°C, (c), (d), and (e) the oyster shells
pyrolyzed under nitrogen atmosphere at temperatures (TOS) of 650°C,

750°C, and 800°C, respectively B2

Figure 2-13 shows that the peaks corresponding to CaCOs are detected in OS
while the XRD peaks of CaO are observed in TOS which was prepared by heating or
pyrolyzing OS. Based on XRF and XRD results, they reported that OS mainly

composed of CaCOs;. When it was calcined or pyrolyzed (heating was carried out
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under the presence of nitrogen) at high temperatures (650°C - 950°C), CaCO; in OS

changed into CaO as in Reaction (2-62).
CaCO, s CaO + CO, (2-62)

Furthermore, Xing et al. " who studied the antifungal activities of scallop
shells, oyster shells and their pyrolyzed products also reported that the calcination
process caused the change of those shells morphologies. In their work, the scallop
shells and oyster shells were calcined at 1050°C for 2 h. The morphologies of scallop
shells, oyster shells and their pyrolyzed products were observed by SEM. SEM images

are illustrated in Figure 2-14.

Figure 2-14 SEM images of (a) scallop shells (b) oyster shells before calcination
process and (c) scallop shells and (d) oyster shells after calcination

[134]
process

As illustrated in Figure 2-14, before calcination process, the morphologies of
scallop shells and oyster shells look like multilayer bars (Schistous) (Figure 2-14 (a)

and (b)). After calcining those shells at 1050°C, the multilayer bars morphology
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changed into the rough surface as in Figures 2-14 (c) and (d). Based on XRD and SEM
results, they concluded that during the calcination process, CaCO; containing in
scallop shells and oyster shells released CO, and transformed into CaO causing the

morphologies change of those shells.

The calcined oyster shell (COS) was used in water treatment in order to
remove the heavy metals and other hazardous substances such as lead (Pb),

cadmium (Cd), iron (Fe) and copper (Cu) contaminated in water.

Wongpromrat and Suwanphapa " and suthakulwirat et al. " studied lead
(Pb), cadmium (Cd), iron (Fe) and copper (Cu) removal from contaminated water by
using calcined oyster shells (COS) as an adsorbent. In their work, the COS was
prepared by grinding and calcining the oyster shells at 700 °C in order to change
CaCO; which was the main composition of oyster shells into CaO. In Wongpromrat
and Suwanphapa o work, Pb, Cd, Fe and Cu removal tests were performed by batch
tests. The initial concentrations of each ion in synthetic contaminated water were
equivalent to 5 mg/L, 10 mg/L, 15 mg/L and 20 mg/L. They reported that COS could
remove Pb, Cd, Fe and Cu from contaminated water for approximately 72.06%, 99.23
% 98.03 % and 97.01 %, respectively. Due to the high percentage of Cd removal in
Wongpromrat and Suwanphapa . work, Suthakulwirat et al. "% were further
studied the adsorption and desorption rates of Cd removal by COS. In their work, the
initial concentrations of Cd in the range of 170 mg/L - 200 mg/L were investigated.
The concentrations of Cd in the samples were determined by using dithizone
method. They reported that the Cd adsorption data correlated with Langmuir
isotherm. The maximum Cd adsorption capacity of COS was about 1.208 g¢/g
adsorbent. Furthermore, in their work, the adsorption and desorption rates of Cd
were determined by the extended geometric method proposed by Azizian et al*®
I They found that the average adsorption and desorption rate constants of Cd were

approximately 131.44 1/M-min and 828.06 1/M-min, respectively.
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Moreover, Alidoust et al. =y were also used the COS to remove Cd from
aqueous solution. In their work, the results of oyster shells characterization showed
that, after calcination of oyster shells at 652°C, solubility of cations (Ca2+, !\/\g2+)
containing in COS increased. They reported that after OS was added into the
solution, the final pH of solution was equivalent to 9.0. While, after COS calcined at
750°C was added into the solution, the final pH of solution increased from pH 9.0 to
pH 12.7 because CaO in COS was greater reacted with water and formed Ca(OH),
which could further dissolve and dissociate into Ca2+ and OH than CaCO; in OS.
Moreover, after calcination of OS at 750°C, 800°C and 900°C, BET results indicated
that the surface area increased from 1.8 mz/g to 64.6 mz/g due to the formation of

porous structure in COS during calcination process.

The Cd adsorption results indicated that the adsorbents used in their work
could be classified by Cd adsorption performances into two groups. The first group
was OS before calcination process, COS prepared by calcining OS at temperature
450°C and 650°C. Those adsorbents could adsorb Cd with the maximum adsorption
capacities in the range of 25.5 mg/g - 32.36 mg/g. The other group was COS prepared
by calcining OS at temperature 750°C, 850°C and 950°C that could provide the Cd
adsorption capacities approximately 344.83 mg/g, 833.33 mg/g and 1,666.67 mg/s,
respectively. The second group could remove Cd from aqueous solution greater than
the first one because of the greater surface area and more CaO containing in their
adsorbents. They found that for the calcination of OS at temperature 650°C, a few
CaCO; transformed into CaO. The amount of CaO increased with the increasing in
calcined temperature. When the calcined temperature reached 900°C, almost CaCOj;
transformed into CaO. They also found that Cd in the solution was removed by ion-
exchanging with . They discussed that CaO containing in COS could dissolve and
dissociate into Ca’" and OH greater than CaCOs;. Thus, CaO should be easier to
exchange ion with Cd than CaCOs. In addition, they also reported that, when the

calcined temperature of COS was greater than 750°C, the surface area of COS
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significantly increased via the porous structure and sintering processes. The increase
of surface area resulted in more contacted surface to react with Cd in the solution.
The SEM images in Figure 2-15 show the morphologies of OS before calcination

process, COS prepared by calcining OS at 650°C, 750°C and 900°C.

Figure 2-15 SEM images of (a) oyster shells before calcination process, COS prepared
by calcining oyster shells at temperature (b) 650°C, (c) 750°C and (d)

900°C =",

From the reports of Wongpromrat and Suwanphapa [97], Suthakulwirat et al.
[100) and Alidoust et al. [31], COS was a CaO-rich material like lime which could be also
used in water treatment. In Islam and Patel s work, ordinary and activated quick
lime from dolomite mines areas (Birmitrapur, Orissa) were used to remove fluoride
from aqueous solution. They reported that the activated quick lime which was
treated by calcining quick lime at 450°C for 4 h could remove fluoride from aqueous
solution greater than the ordinary quick lime. BET result showed that, after heat

treatment, surface area of quick lime increased from 4.19 mz/g to 11.75 mz/g. In

addition, SEM images also showed that, after heat treatment, the morphology of
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ordinary quick lime in Figure 2-16 (a) changed into the morphology in Figure 2-16 (b).
After fluoride adsorption test, the morphologies of activated and ordinary quick lime
look like the small sphere particles covered on those surfaces as Figure 2-16 (o).
They concluded that the calcination of quick lime in heat treatment process led to
surface modification, structural transformation and loss of structural water molecules
containing in the ordinary quick lime causing the increase of fluoride adsorption

performance.

(a) Thermally untreated quicklime

Figure 2-16 SEM images of (a) ordinary quick lime, (b) activated quick lime (c) quick

lime after fluoride adsorption test 1l

Furthermore, they also reported that, after activated and ordinary quick lime
were added into solution, pH of solution was always greater than 12. The result of
Dubinin-Radushkevich (DR) adsorption isotherm indicated that fluoride should be
adsorbed on the sorption sites by the ion exchange process. They also discussed
that, after quick lime was added into the solution, CaO containing in quick lime
changed into Ca(OH),. Some of it dissolved into the solution causing the increase in
pH of solution while the remaining Ca(OH), should react with fluoride ion and form

CaF, which is an insoluble substance as in Reaction (2-63).

Ca(OH), + 2FF —— CaF, + 20H " (2-63)
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Moreover, they reported that some anions i.e. NOs, SO, and HPO, affected
fluoride adsorption performance. Their adsorption result showed that HPO42_ was

greater affected fluoride adsorption performance than SOQZ_ and NOj5, respectively.

7,138

Furthermore, in Moon et al. [136], Dutfe and Vandecasteele st 1381 and Phenrat

etal " works, lime was used in solidification and stabilization processes in order to

immobilize arsenic in the samples.

In Moon et al. " work, As(lll) and As(V) were immobilized by lime and lime-
kaolinite. In their work, aqueous lime-As suspensions (slurries) were prepared with
five different Ca/As molar ratios (1:1,1.5:1, 2:1, 2.5:1 and 4:1) by using liquid to solid
ratio of 10:1. The lime—-As suspensions were kept for 4 days — 4 months. After that
those samples were filtered and dried in air. They reported that As(lll) immobilization
was significantly increased with Ca/As ratio greater than 1:1 while As(V)
immobilization was substantial increased with Ca/As ratio greater than or equal to
2.5:1. Moreover, they also found that As(lll) and As(V) could react with lime and lime-
kaolinite and further precipitated in the forms of Ca-As-O and Cas(OH),(AsOy),+4H,0,
respectively. Thus, Ca containing in lime should be the active sites for immobilization

As(lll) and As(V).

137, 138] .
and Phenrat et al. *** works, lime and

For Dutfe and Vandecasteele :
ordinary portland cement (OPC) were used to immobilize arsenic which contained in
the fly ash and arsenic-iron sludge in solidification and stabilization process. Dutfe

and Vandecasteele 37138

prepared solidification and stabilization samples by casting
mixture of lime, OPC, water and waste material (fly ash from metallurgical indusrty)
which contained arsenic with the different recipes. Then, those samples were
extracted by German standard methods for the examination of water, waste water,
and sludge (DIN 38 414 Sd4). The leachates of those samples were filtered and

analyzed for calcium, arsenic, antimony and lead by ICP-MS. They reported that,

under the presence of an excess of Ca(OH), and pH of solution was greater than
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11.95, the precipitates of Ca”" and As(lll) and As(V) were detected in the forms of
Cas(AsQq), and CaHAsOs, respectively. The decrease of arsenic concentration
containing in the leachate (mainly As(lll)) was due to the formation of Ca-As
precipitate (CaHAsO3) which was an insoluble substance. The formation of insoluble
Cas(AsO,) also caused the decrease of As(V) concentration containing in the leachate

solution.

In Phenrat et al. 1 work, arsenic-iron sludge, portland cement and lime were
weighed and mixed in various ratios. Then, the mixtures were casted into 5 mm
diameter plastic pipe and kept for 3, 7, 14 and 28 days. The morphologies of those
samples were observed by SEM while the compositions containing in those samples
were analyzed by SEM-EDX. They found that arsenic immobilized in portland cement
in the form of Ca-As compounds. The SEM images of calcium-arsenic (Ca-As)

compounds containing in those samples are shown in Figure 2-17.

Figure 2-17 The SEM images of calcium-arsenic compounds at (a) 7 days and

(b) 28 days 1%l

In their work, the morphologies of Ca-As compounds were found into two
forms. (1) Leafy crystal morphology (Figure 2-17 (a)) was observed on the sample at 7
days. This morphology was found in solidified/stabilized matrices of the sample.
Thus, they discussed that it was supposed to form by precipitation between calcium
and arsenic ions dissolving in pore fluid (the cement paste). (2) Grass-leaves like
morphology or needle like shape morphology (Figure 2-17 (b)) was observed on the

sample at 28 days. This morphology was detected at cement paste-sludge interface.
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Due to many ions containing in water resources, those ions could affect As(lll)
removal tests. Many researchers studied the effect of anions on As(lll) and As(V)
adsorption performances such as Yu et al " \who studied As(lll) and As(V)
adsorption by Multi-amino functionalized cellulose and reported that, in bi-solutes
system, under the presence of 30 mg/L of NO5 and SOQZ_ (prepared from NaNO; and
Na,SOq4), the As(lll) and As(V) adsorption performances insignificantly changed. Thus,
they concluded that the NO5 and 8042_ binding affinities for active sites were much
weaker than those of As() and As(V). The effects of SO, and NOs; on As(V)
adsorption performances in Yu et al. 1% \work agreed with the result of Yang et al.

[141]
work.

In Yang et al. e work, the effects of anions i.e. Cl, NO5, HCO5, SO42_ and
PO43— (prepared from NaCl, NaNOs;, NaHCOs;, Na,SO, and H;PO,, receptively) and
cations ie. K, Na, Ca” and Mg2+ (prepared from KCl, NaCl, CaCl, and MgCl,,
receptively) on As(V) adsorption performances were studied. In their work, the porous
hematite was used as an adsorbent. They reported that, under the presence of anion
in bi-solutes system, As(V) adsorption capacity strongly decreased when the solution
contained PO, . In the case that HCO; was combined in As(V) solution, the As(V)
adsorption capacity slightly reduced and it insignificantly changed when As(V)
combined with CU, NO; and SO, . They discussed that PO, was the greatest
inhibition of As(V) adsorption on porous hematite because the chemical properties of
As(V) and POf’ were similar. Furthermore, when HCO; contained in the solution, the
solution became weak alkaline which was unfavorable for As(V) adsorption causing
the slightly decrease in As(V) adsorption capacity. In the case of cation, they reported
that K" and Na' insignificantly affected As(V) adsorption performance while the As(V)
adsorption capacity increased when the solution contained Ca’" and !\/\g2+ because

ca”" and I\/\g32+ could precipitate with As(V).

Maiti et al. ) also studied the effects of anions and cations on As(lll) and

As(V) adsorption performances. In their work, initially, As(lll) and As(V) were removed
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by raw laterite from four local areas in India; Kharagpur (West Bangal, KRL) Sonamukhi
(Bankura, West Bangal, BRL) Manbazar (Purulia, West Bangal, PRL1) and Purulia city
(Purulia, West Bangal, PRL2). They found that KRL could remove As(lll) and As(V)
greater than the others. Then, KRL was used as an adsorbent for removing As(lll) and
As(V) under the presence of anions and cations. pH of solution was in the range of
6.7 - 7.3. For As(lll) and As(V) removal under the presence of anions, Cl, NO5, HCOs,
SO42>, POf, chromate and silicate with common cation Na' were individually added
into As(lll) or As(V) solution. They reported that PO43_, chromate and silicate strongly
interfered on As(lll) and As(V) adsorption. In the case of POQ}, they discussed that the
chemical behavior of arsenic species similar to that of PO43_ like Yang et al. " ork.
However, Cl, NO5, HCO;, 5042_ were slightly interfered on both As(lll) and As(V)
adsorption performance as the adsorption results in Yu et al. "% and Yang et al. il
works. In Maiti et al. ™ work, the effect of HCO; on As(V) adsorption performance
was stronger than that of As(lll). They discussed that, when HCO; contained in the
solution, the pH of solution became more alkaline causing the negative adsorbent

surface charge. Thus, As(V) in the form of negative charge could be less adsorbed on

the adsorbent.

In the case cations, Ca2+, !\/\g2+ and Fe2+ with common anion Cl were also
individually added into As(lll) or As(V) solution. They reported that, when the solution
contained Ca’' f\/\gz+ and Fe2+, both As(lll) and As(V) adsorption performances
increased. The effects of Ca’" and f\/\g2+ on As(lll) and As(V) adsorption performances
in Maiti et al. "™ work agreed with the adsorption results in Yang et al. " work. In
the case of Ca2+, they discussed that Ca2+ could adsorb As(lll) and As(V) and co-
precipitate on the adsorbent surface. For Fe2+, it could be adsorbed on the KRL

surface and cause the increasing of As(lll) and As(V) adsorption performances.

In addition, in their work, under the presence of anions mixed with cations,
they reported that the adsorption performances of As(lll) and As(V) were lowest when

the solution contained HCOs, POf and silicate. Conversely, when the solution
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contained Ca’', HCO5, SO,~, PO, and silicate, the adsorption performances of As(lll)

and As(V) became positive effect.

As the adsorption results in Yu et al. [MO], Yang et al. nen and Maiti et al. )
works, some anions strongly interfered with As(lll) and As(V) adsorption performances.
Thus, many researchers such as Rajapaksha et al"™ and Guan et al. " tried to

discuss and explain the interfering of those anions on As(lll) and As(V) adsorption.

In Rajapaksha et al work, the effects of NO5, 5042_ and POf on arsenic
removal by natural red earth (NRE) which consisted of Fe,Os; and Al,O; were studied.
They reported that As(lll) and As(V) adsorption performances strongly decreased
when the solution contained PO43_. The effect of PO43_ on As(V) adsorption
performance was greater than that of As(lll) because POQS_ could be adsorbed on the
sorption sites in the form of bidentate binuclear like As(V) (Figures 2-18 (a) and (b)),
while As(lll) formed monodentate mononuclear with the sorption sites as shown in

Figure 2-18 (0.
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Figure 2-18 Adsorption mechanisms of (a), (b) As(V) and POf and (c) As(lll) and POf’
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Guan et al. " also studied the effect of competitive ions on As(lll) removal in
KMnOy-Fe(ll) process. The As(lll) containing in the solution was oxidized by KMnOy in
order to change As(lll) into As(V) and further removed by adsorption on Fe(ll). They
reported that, in the case of 5042_ with initial concentration of 50-100 mg/L, the
percentages of arsenic removal negligibly changed at pH 4-5 but it decreased by
6.5% - 36% over pH 6-9. They discussed that (1) SO427 binding affinity on ferric
hydroxide or alumina containing in the adsorbent was much weaker than As(V) Hel
binding affinity; (2) in the case of As(V) which had weak affinity, 5042— could compete
and occupy in those active sites. In the case of phosphate ion (its form was
depending on pH as in Figure 2-19), under the presence of phosphate (1 mg/L), the
percentages of arsenic removal over pH 4-6 decreased by 29.8 - 47.3%. At pH 7-9,
the percentages of arsenic removal dramatically dropped from 48 - 87% to 5.6 — 9%.
In addition, they also found that phosphate could precipitate with Fe(lll). In this case,
they discussed that (1) phosphate had similar structure and deprotonation constants
as As(V). These similarities caused the competition between phosphate and As(V) to
be adsorbed on the same active sites. (2) Phosphate could inhibit the forming of Fe

precipitate and reduction of surface sites causing the decrease of As(lll) removal in

KMnOy, -Fe(ll) process.

HsPO, H,PO, HPO,% PO,*
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Figure 2-19 Species distribution diagram of phosphate with pH ezl



47

Moreover, in some researches, the electrostatic attraction and repulsion
effects were used to explain the adsorption results and the effects of anions on the

adsorption process.

Park et al. "*? who studied Cd(ll) removal from aqueous solution by activated
biochar (torrefied loblolly pine) reported that Cd(ll) adsorption performance
increased with increasing of pH (from pH 3 to 8) because of the electrostatic
attraction effect. They discussed that, when pH of solution was lower than pH 3, the
solution contained more amount of H3O+ that could compete cd” to be adsorbed
on the negative charge of activated biochar surface. The concentration of H3O+
decreased with the increase of pH. Then, the negative surface charge of activated
biochar should better attract the positive charge of Cd(ll) causing the increase of Cd
adsorption performance. When pH of solution was greater than 8, cd” could form
the soluble hydroxyl complex with OH such as CdOH" causing the decrease in Cd

removal performance.

Das et al. "™ were also explained the adsorption results by using the
electrostatic effects. In their work, fluoride was removed by calcined Zn/Al
hydrotalcite-like compound (HTlc). They reported that pH,.. of HTlc was equivalent
to pH 8.78. The optimum pH for fluoride removal was approximately 6.0. When the
solution contained PO43_ and 5042_, the percentages of fluoride adsorption on HTlc
decreased. They discussed that, due to the super abundant positive charge on the
HTlc surface, fluoride and anions should be mainly adsorbed on the adsorbent (HTlc)
by electrostatic attraction. In addition, higher charge density of adsorbates tended to
be adsorbed on the sorption sites greater than the lower one “45’147]. Therefore, POf
and SO42_ which had more negative charge than fluoride could be adsorbed on the
HTlc greater than fluoride and cause the decrease in percentages of fluoride
adsorption. In addition, they also discussed that PO43_ strongly affected fluoride

adsorption performance more than 50427 because the affinity toward Zn/Al oxide

containing in HTlc and charge density of PO43_ were greater than that of 5042_.
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As described in the introduction, due to the fine powder of COS, used COS
was difficult to separate from treated water. In this work, the palletization was
chosen to develop the fine powder of COS into the pellet. In some researches such

as Yu et al. * work, the palletization was applied to prepare adsorbent.

[148]
In Yu et al.

work, OS with particle sizes smaller than 200 mesh and fume
silica were used as raw materials for preparing a donut adsorbent to remove
phosphate in contaminated water. In their work, OS and fume silica were weighed
and mixed in OS : fume silica with the ratio of 58 : 42 by mass (Ca : Si = 5 : 6 mol).
Then, water was added into the mixture to provide the plasticity. The mixture paste
was shaped into donut shape as in Figure 2-20 and calcined at 700°C - 900°C for 1 h.
After that, those adsorbents were hydrothermally cured in an autoclave at
temperatures between 130°C and 180°C for 8 or 16 h. Finally, those donut

adsorbents were characterized and used as the adsorbent to remove phosphate in

contaminated water.

10.2mm

Z5.2mm
@10.6mm

Figure 2-20 Cross-sectional and plan views of a donut adsorbent (for a dry adsorbent

weight of 2.0 g) e

Based on their XRD results, they proposed that, during the preparation
process, some of CaCO; containing in OS reacted with SiO, in fume silica and formed
CaSiOs. Then, in the calcination process, the remained CaCOj; in OS released CO, and
changed into CaO. Some of it could fuse with SiO, and form CaSiOs. Furthermore,

during hydrothermal annealing, CaSiO; transformed into calcium silicate hydrate (C-S-
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H) which had complicated structure i.e. tobermorite (CasSigO14(OH),-4H,O that was
usually found in hydrated cement paste and metamorphosed limestone Hel They
also reported that, after phosphate removal tests, the intensity of XRD peaks
corresponding to CaSiO; and CasSigO14(OH),-4H,O decreased while the peaks of
Cas(OH)(PO,); were observed as illustrated in Figure 2-21. Then, they discussed that
the hydrated calcium silicate compounds reacted with phosphate containing in the

solution and precipitated in the form of calcium phosphate (hydroxyapatite

precipitate).
B
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Figure 2-21 XRD results of (A) donut adsorbent before and after calcination and (B)

before and after phosphate removal el

Moreover, the morphologies of the donut adsorbents after calcining at 800°C
for 1 h, after hydrothermal annealing at 150°C for 12 h and after phosphate removal

tests are illustrated in Figure 2-22.

Figure 2-22 SEM images of donut adsorbent surface morphologies (a) after calcining

at 800°C for 1 h, (b) after hydrothermal annealing at 150°C for 12 h and

(c) after phosphate removal tests Hel
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From the SEM images, they discussed that, during the calcination of donut
adsorbent at 800°C for 1 h, the fine, open microstructure formed on the donut
adsorbent surface as in Figure 2-22 (a). When the adsorbent was hydrothermal
annealing at 150°C for 12 h, the microstructure on its surface developed to a much
more open and structure texture as in Figure 2-22 (b). After phosphate removal tests,
the microstructure on the adsorbent surface changed into feathering along the
annealed microstructure and filled of the pore spaces as in Figure 2-22 (c). In their
work, they reported that the calcination of donut adsorbent at 800°C with
hydrothermal annealing at 150°C for 12 h was the optimum condition for donut
adsorbent preparation. It could remove phosphate about 74% and 92% within 2 and
4 h, respectively. Furthermore, they also used the XRD, SEM and phosphate removal

results to propose the mechanism of phosphate removal as the following.

(1). During calcination, CaCOj; released CO, and changed into CaO as in Reaction (2-

62).
CaCO, —2 5  CaO + CO, (2-62)

(2) Ca0 fused with fume silica (low temperature fusion) and formed intermediate

calcium silicate as in Reaction (2-64).
CaO +SiO, —— CaSiO, (2-64)

(3) During hydrothermal annealing process, the annealing of CaSiO; in a water-
saturated atmosphere caused conversion of simple calcium silicate to a reactive

hydrated calcium silicate as in Reaction (2-65).
5CaSiO, + SiO, +5H,0 —— Ca,(Si,O.H,)-4H,0 (2-65)

(4) During phosphate removal process, hydrated calcium silicate reacted with
phosphate and precipitated in the form of calcium phosphate via Reactions (2-66)

and (2-67).
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Ca,(Si,O.H, )-4H,0 +3H,PO, — Ca (OH)(PO, ), + 6H,SiO, + 2H,0 (2-66)
6H,Si0,  —— 6Si0, +6H,0 (2-67)

From the results and discussion in Yu et al.. el work, some CaCO; in OS
could react with SiO, in fume silica and form CaSiO; which could further transform
into C-S-H which was usually found in hydrated cement paste. Some researchers

reported that C-S-H compound could increase the strength of materials.

Alavéz-Ramirez et al. " studied the improvement of durability and

mechanical properties of compacted soil blocks by using sugarcane bagasse ash
(SCBA) and lime as the chemical stabilizers. In their work, lime, cement and SCBA

were added into the compacted soil block mixtures as shown in Table 2-5.

Table 2-5 The mixture of compacted soil blocks (by weight, kg) o

Mixture Soil Water Lime Cement SCBR
NA 1863.0 175.1 - - -
CAL 1704.6 240.0 170.5 - -
CEM 1766.4 235.1 - 176.6 -

CALBA 1387.5 293.0 138.75 - 138.8

They found that CaO in lime reacted with SiO, and ALL,O; containing in SCBA
and formed C-S-H and calcium aluminum hydrate (C-A-H) compounds as same as the
cement products which formed from the reactions between CaO and SiO, and Al,Os;
that contained in portland cement. In their work, they reported that C-S-H and C-A-H
compounds could increase the strength of compacted soil blocks. In addition, they
also reported that unburned carbon and crystalline SiO, could inhibit the formation
of C-S-H and C-A-H compounds in the pozzolanic reaction causing the decrease in
strength of those compacted soil blocks. SEM images in Figure 2-23 present the

morphologies of CAL, CALBA and CEM.
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[150]

Figure 2-23 SEM images of (a) CAL, (b) CALBA and (c) CEM

Yu et al. nesl and Alavéz-Ramirez et al. [20] works indicated that CaO could

react with SiO, and form C-S-H compound that could increase the strength of
materials. As mentioned above, COS was a CaO-rich material. Thus, in order to
develop COS into a pellet, the SiO,-rich material was necessary to be applied in the

pellet mixture.

"7 and Onojah et al. Hol

Prasara-A and Gheewala ' Ugheoke and Othman
studied the properties of RHA. They reported that SiO, was the main composition of
RHA. It existed in two forms; amorphous structure and crystalline structure;
depending on the calcined temperature. Ugheoke and Othman Hor reported that, for
the calcination of rice husk at temperatures of 300°C - 450°C, pore volume of RHA
increased with the increase of calcined temperature because, during the calcination
process, some impurities containing in rice husk were removed and the porous
structure of RHA was also formed. However, the color of RHA after calcining rice husk
in this temperature range was still black due to a lot of unburned carbon and other
impurities remaining in RHA. When rice husk was calcined with temperature in the
range of 500°C - 600°C, the unburned carbon and impurities containing in RHA
dramatically decreased causing white or grey white color of RHA depending on the
duration time in calcination process. Ugheoke and Othman "% and Prasara-A and
Gheewala "~ found that the calcination rice husk at temperatures lower than 700°C

could produce the amorphous SiO, with high surface areas. Their results agreed with

the result in Habeeb and Mahmud 3] work.
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Habeeb and Mahmud " studied RHA properties and used RHA as a cement
replacement material. In their work, rice husk was calcined at temperature lower
than 690°C. Figure 2-24 presents the XRD result and SEM image of RHA calcined at

temperature lower than 690°C.

Intensity

/N

] Y
- TSR
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Figure 2-24 XRD result of RHA calcined at 690°C (a) and SEM image of RHA calcined

at 690°C (b) "

Figure 2-24 (a) shows the broad smooth hump peak at a position in the range
of 22° - 25° (26) which referred to amorphous form of SiO,. SEM image of RHA in

Figure 2-24(b) shows the multilayer and microporous surface of RHA.

For the calcination of rice husk at temperatures greater than 800°C, Prasara-A
and Gheewala Ugheoke and Othman "7 and Onojah et al. Hosl reported that the
amorphous SiO, transformed into the crystalline structure. Onojah et al. " found
that, when the rice husk was calcined at temperature in the range of 1,000 - 1,200°C,
the amorphous SiO, transformed into crystalline structure in the form of Crytobalite.
Meanwhile, when the calcining temperature reached 1,250°C - 1,400°C, Crytobalite

structure changed into Tridymite structure.

For the applications of RHA, Prasara-A and Gheewala i reported that the
amorphous SiO, of RHA was used in concrete production, cement admixture in
solidification of hazard waste, low cost of substituted material for the portland

cement, aggregates and building block production and filler material in
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rubbers/plastics/polymers, etc. In Habeeb and Mahmud 3 work, RHA which was
calcined at temperature 690°C was added into the concreate mixture (cement
replacement 5-20%). They found that the small particles of RHA reacted with
Ca(OH), in portland cement and formed calcium silicate hydrate (C-S-H) which was
the pozzolanic reaction product. The C-S-H could improve the strength of concrete.
In addition, the small finer RHA could distribute into the matrix and act as microfiller
that could enhance the cement paste pore structure to increase the density and

strength of the concrete.

Meanwhile the crystalline SiO, of RHA was used in steel, thermal insulator,

refractory brick and ceramic production.

From literature, RHA is a SiO,-rich material that could be applied in the pellet
mixture. Due to a plenty of RHA waste in Thailand that causes the environment
problem, in this work, RHA was chosen to use as the other raw material for

adsorbent pellet preparation.



Chapter 3

Research methodology

3.1 Materials and equipment

3.1.1 Materials and chemicals

The materials and chemicals used in this work are presented as follows.
1. Oyster shells from restaurants in Chanthaburi province

2. Rice husk ash from a power plant in Thailand

3. Arsenic trioxide (As,0s), analytical grade supplied by Ajax Finechem

4. Sodium hydroxide (NaOH), analytical grade supplied by Ajax Finechem
5. Glycerol, analytical grade supplied by Ajax Finechem

6. Sodium nitrate (NaNO3), analytical grade supplied by Carlo erba

7. Sodium sulphate (Na,SOy), analytical grade supplied by Carlo erba

8. Sodium phosphate (Na,HPO,), analytical grade supplied by Carlo erba
9. Antimonium molybdate, analytical grade supplied by Carlo erba

10. Antimony potassium tartrate, analytical grade supplied by Carlo erba
11. Ascorbic acid, analytical grade supplied by Carlo erba

12. Potassium permanganate (KMnQy,), analytical grade supplied by Carlo erba
13. Barium chloride (BaCl,), analytical grade supplied by Carlo erba

14. Sulfanilic acid, analytical grade supplied by Carlo erba

15. Sodium chloride (NaCl), analytical grade supplied by Carlo erba

16. Hydrochloric acid (HCL), analytical grade supplied by Qrec

17. Sulfuric acid (H,SO), analytical grade supplied by J.T.Baker

18. Brucine sulfate, analytical grade supplied by Hi-Media



3.1.2 Equipment

The equipment used in the experiments are presented as the following.
1. 200 ml, 250 ml and 1,000 ml of volumetric flasks with rubber corks
2. 500 ml and 1,000 ml of beakers

3. 100 ml, 150 ml and 250 ml of Erlenmeyer flasks

4. 25 ml of volumetric pipette or transfer pipette

5. Burette

6. Test tubes, test tube rag and test tube holder

7. Dropper

8. Glass funnel

9. Spatula

10. Stirring rod

11. Thermometers

12. Ring stand and burette clamp

13. Vernier Caliper

14. Filter paper no.1 with diameter of 110 mm supplied by Whatman
15. Metal mould

16. 0.3 mm in diameter of wire

17. Plastic mesh

18. pH meter (Hanna instrument, HI 98107)

19. Furnace (Barnstead Thermolyne, 1400 Fernace) and crucibles
20. Magnetic Stirrer (IKA, C-MAG HS 7) and magnetic bar

21. Digital Scale (METTLER TOLEDO, DRAGON 204)

22. Hydraulic press

23. Spectrophotometer
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3.2 Experiments

This work studied As(lll) removal by using COS and OS-TRHA adsorbent pellet.
The experiments are separated into two parts. The first part (PART A) aims to study
the effect of anions on As(lll) adsorption performance by using COS which prepared
form OS particle size range of 150-250 um. The other part (PART B) aims to develop
the COS which is the fine powder into pellet in order to be easy to separate from

the treated water.

PART A : The effect of anion contamination on As(lll) adsorption

performance by using COS as an adsorbent
3.2.1 Preparation of COS adsorbent

COS adsorbent was prepared from oyster shells obtained from restaurants in
Chanthaburi province, Thailand. Firstly, oyster shells were washed and scrubbed
several times in order to remove impurities and sediment and dried in air. The
washed oyster shells were ground and sieved to obtain oyster shell powder (OS) with
particles sizes <106 pm, 106-150 pm and 150-250 pm. Then, OS was calcined at
700°C for 8 h. After calcination process, the OS was called COS and stored in
desiccator. The elemental compositions of COS were evaluated by X-ray
fluorescence spectrometer (XRF, Philips model PW2400, Philip, Japan). X-ray
diffraction (XRD, XRD 6100, SHIMADZU, Japan) was also performed to determine the
crystalline of OS, COS, COS after adding in water and COS after adsorption tests. The
X-ray diffractometer with Cu-Ka radiation was operated at 40 kV. The X-ray spectra of
these samples were measured in the ranges of 5° - 80° (in 20) with scan speed of
2.0°/min. Surface areas of OS and COS were also estimated by BET nitrogen gas
sorption method (Belsorp max model, BEL, Japan). pH zero point of charge (pH,0) of
COS was determined by potentiometric mass titration method. Furthermore,

morphologies of samples i.e. OS, COS, COS after adding in water and COS after
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adsorption tests were also observed by a scanning electron microscope (SEM, Carl

Zeiss EVO®MA10).
3.2.2 Preparation of chemical solutions

Stock solution of As(lll) was prepared by dissolving As,O5 in 20 ml of NaOH (50
mg/L). The As(lll) solution was diluted with distilled water to obtain 1,000 mg/L of
As(Ill) solution. NO5 SO, and HPO,” solutions were prepared by dissolving NaNOs,
Na,SO4 and Na,HPO,, respectively. Then, those solutions were also diluted with

distilled water to obtain 1,000 mg/L of NO5 , SO, and HPO,” .

KMnQO, solution was used as a titrant for analyzing As(lll) concentration in
samples. The standard solution of 1000 mg/L KMnO,4 was prepared by dissolving 0.2
g of KMnO4 with distilled water and the final volume was made up to 200 ml. The

concentration of KMnQ4 solution was determined by spectrophotometer (520 nm).

Brucine-sulfanilic acid reagent used for analyzing NO; concentration in
Brucine method was prepared by dissolving 1 ¢ of brucine sulfate and 0.1 ¢ of
sulfanilic acid in hot distilled water. After that, 3 ml of concentrated HCl was added
into the mixture and left until its temperature was equivalent to room temperature.
The final volume of the mixture was made up to 100 ml by distilled water. The

mixture was stored in a dark bottle at 5 °C.

Reagent A was wused in Turbidimetric method for analyzing 5042—
concentration. Firstly, 75 ¢ of NaCl was dissolved in distilled water. Then, 50 ml of
glycerol, 30 ml of concentrated HCl and 100 ml of 95% ethanol were added into
NaCl solution and mixed well. Then, the solution was made up to 500 ml using

distilled water.

Reagent B was used to analyte HPOf—concentration containing in the
samples. Firstly, 1.375 ¢ of antimony potassium tartrate and 20 ¢ of crystals

antimonium molybdate were individually dissolved in distilled water. Those solutions
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were diluted to 500 ml by distilled water. Secondly, 1.76 ¢ of ascorbic acid was also
dissolved and diluted to 100 ml by distilled water. Then, 5 ml of antimony
potassium tartrate, 15 ml of antimonium molybdate and 30 ml of ascorbic acid were
added into 50 ml of 5 N H,50, and mixed well. It is noted that ascorbic acid solution

should be used within 4 h after its preparation process.
3.2.3 pH zero point charge analysis

pH zero point of charge (pH,,) of COS was determined by potentiometric
mass titration method. Firstly, pH of 100 ml of 0.01 M NaCl solution was adjusted to
be 2, 4, 6, 8, 10, 12 and 13 by 0.01 M of NaOH and/or HCl. Secondly, 0.2 ¢ of COS
was added into each NaCl solution. Then, the solution was stirring continuously for
48 h. After that, the final pHs of solutions were measured by pH meter (Hanna

instrument; HI 98107).

3.2.4 Solubility of COS at initial pH 11 and precipitation tests of As(lll),

NO, , SO, and HPO,”

In this part, solubility of COS prepared from OS particle size range of 150-250
pm was performed in Erlenmeyer flask covered with a rubber cork. Initially, 1000 mL
of distilled water was adjusted pH to be 11 by 0.1 M of NaOH or/and HCL. Then, 0.3 ¢
of COS was added into the solution and continuously stirred for 7 h. After that, the
COS was separated from the solution by using Whatman filter paper no. 1. The final

pHs of solution were measured by a pH meter (Hanna instrument, HI 98107).

The precipitation tests of As(lll) and anions were carried out by adding As(lIl)
stock solution into the filtrate solution with the volume ratio of 1:9 in order to obtain
1000 mL of 100 mg/L As(lll). Then, the solution was continuously stirred for 7 h. After
that, the solution was filtered by Whatman filter paper no. 1. The final pH of the
filtrate solution and As(lll) concentration were measured. The same procedure was

performed with other anions; NO5, 50427 and HPOazf.
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3.2.5 Adsorption performance of individual ion (As(lll), NO; , SO42' and

HPO,”)

The adsorption performances of As(Ill), NO5 , SO, and HPO, were performed
by batch tests. Firstly, 250 ml of As(lll), NO; , SOQZ_ and HPOQZ_ stock solutions were
separately added into each Erlenmeyer flask. Then, pH of those solution in each
flask was adjusted to be 11 by using 0.1 M of NaOH and/or HCl. After that, 1.0 ¢ of
COS was added into each solution and continuously stirred with agitation speed 750
rom for 24 h. Finally, COS was separated from the aqueous solution by Whatman
filter paper no. 1. The concentrations of As(lll), NO, , SO, and HPO,” reraining in
the solution were measured. The amounts of As(lll) and anions removal by

adsorption process was calculated as presented in Equation (3-1)

AS (III) adsorption = AS(III)overall - AS (III) precipitaion (3_1)
while As(IlDagsomtion = the amount of As(ll) removal by adsorption process.
As(IDgveratt = the amount of As(lll) removal by adsorption and precipitation

processes which was obtained from the experiments.
As(Dprecipitation = the amount of As(lll) removal by precipitation process which

was obtained from the precipitation tests.

The morphologies of COS before and after As(lll) and anions removal tests

were observed by SEM (Carl Zeiss EVO®MA10).

3.2.6 Effect of competitive anion(s) on As(lll) adsorption performance in

bi-, tri- and tetra-solutes

The effect of competitive anion(s) on As(lll) adsorption performance was also
studied by batch test. The experiments were performed in 1,000 ml of Erlenmeyer
flasks covered with rubber corks. Initially, As(lll) and anions stocks solutions were
mixed and diluted with distilled water to obtain the initial concentration of each ion

in the mixture solutions as 100 mg/L. Secondly, pH of mixture solution was adjusted
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to be 11 by 0.1 M of NaOH and/or HCl. Then, 0.3 ¢ of COS was added into the
mixture solution and continuously stirred with agitation speed of 750 rpm. During
removal process, samples were taken at appropriate time intervals. After that, the
samples were filtered by Whatman filter paper no. 1 to remove COS which contained
in the solution. As(lll) and anion concentrations remaining in those samples were
analyzed. The morphologies of COS before and after As(lll) and anions removal tests

were also observed by SEM (Carl Zeiss EVO®MA10).

3.2.7 The desorption of As(lll) and anions test

The desorption tests were performed via batch test. Initially, As(lll) and anions
stock solution were added into Erlenmeyer flask and diluted with distilled water to
provide 100 mg/L of each anion. pH of solution was also adjusted to pH 11 by 0.1 M
of NaOH and/or HCL. Then, 0.3 ¢ of COS was added into the solution. The solution
was continuously stirred with agitation speed of 750 rpm for 24 h. After that, the
solution was heated from room temperature (25°C ) to 40°C. The samples were taken
at appropriate time. The concentrations of As(lll) and anions remaining in the sample

solution were determined.

3.2.8. Determination of adsorption kinetics of As(lll) and anions

In this work, seven assumptions, as the following, were set in order to

determine the observed adsorption rate constants of As(lll) and anions.

(1) As(lll) and anions were adsorbed on the sorption sites as monolayer.

(2) The sorption sites of the adsorbent were uniform.

(3) There were no interactions between adsorbates.

(4) The molecules of As(lll) or anions in the bulk solution did not displace the

molecules that occupied on the sorption sites.
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(5) The number of active sites on COS was assumed to be equivalent to the
maximum adsorption capacity of COS in As(lll) combined with NO5, SO,” and HPO,”
adsorption test (838.21 mg/g).

(6) During adsorption process, desorption rates of As(lll) and anions were
negligible comparing with adsorption rate.

(7) The electrostatic attraction or repulsion between adsorbent and

adsorbates is not significantly affect adsorption performance.

Furthermore, the adsorption rates of single-solutes, bi-, tri- and tetra-solutes

were derived as the follow equations.

dc,

€~ kG a-0) (3-2)
% - k,C,(1-6,-6,) (33
% ~ Kk, C,(1-0, -0,-6,) (3-0)
% ~ k,,C,(1-0, -6, -6.-0,) (3-5)

where k,q; is observed adsorption rate constant of substance i (min-1), substance i is
substance A, B, Cor D and 0,, 0, 0. and 0, are the fractions of sorption sites
covered by substances A, B, C and D, respectively.

Since the concentration of substance i in the bulk solution decreased by

adsorption of substance i on the sorption sites of adsorbent, therefore
C = CO,i - Biei (3-6)

where Cy; is the initial concentration of substance i (mg/L) and P.is a constant

defined as Equation (3-7).

B = vl 57

i MV



63

where W, is mass of adsorbent (g), g, is maximum adsorption capacity of the
adsorbent (mg/g), M; is molecular weight of substance i (¢/mol) and V is volume of

solution (L).

The observed adsorption rate constants were initially estimated by using the
extended geometric method purposed by Azizian et al. 18 After that, the values

of As(lll) and anions occupied sites (6, , 8, 0. and 6,) in Equations (3-2) — (3-5)

B’

were solved by Runge-Kutta method %021 and compared with the experimental

data. The observed adsorption rate constants were gradually adjusted until the

values of As(lll) and anion occupied sites were well fitted with the experimental data.
3.2.9 Determination of As(lll) and anions concentrations

The concentrations of As(lll), NO; SO, and HPO, remaining samples
solution were analyzed by redox titration with KMnO,, Brucine method, Turbidimetric

method and Colorimetric & Ascorbic acid method, respectively.

As(lll) concentration in the samples was determined by titration with KMnQO,.
Firstly, 15 ml of each sample was added with 0.5 ml of HCl : water ratio of 1:1 and
few drops of 0.001 M potassium iodide (KI). Then, the sample was titrated with 50
ppm of KMnO,4 until the pink color was observed and remained for 30 seconds. The
concentration of KMnQy in titrant solution was measured by spectrophotometer at a

wavelength of 520 nm. As(lll) concentration can be calculated by using Reaction (3-8)

5As,0, + 4MnO; +12H " «—— 5As ,0, +4Mn*" +6H ,0 (3-8)

NO; concentration in the solution was estimated by Brucine method ol

Firstly, 10 ml of sample was added into an Erlenmeyer flask and diluted to 50 ml
with distilled water. Secondly, the diluted sample was pipetted into a glass tube and
the volume was made up to 10 ml with distilled water. Thirdly, 10 ml of sulfuric acid
4:1 was added into the diluted sample and mixed well in cooling water bath. Then,

Brucine-sulfanilic acid reagent 0.5 ml was also added into the diluted sample and
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mixed well. After that, the diluted sample was heated at 95°C for 20 min in water
bath and then cooled down. Finally, NO; concentration remaining in the diluted

sample was evaluated by spectrophotometer at a wavelength of 420 nm.

SO42> concentration in the solution was analyzed by Turbidimetric method
[152]. Initially, 15 ml of sample was diluted to 100 ml with distilled water. After that, 5
ml of reagent A was added into the diluted sample. Then, BaCl, crystals were
weighed and added into the diluted sample and continuously stirred for 1 min. The
turbidity of sample was measured by using spectrophotometer at wavelength 420
nm every 30 sec. for 4 min. The maximum value of absorbance was estimated and

used to determine the concentration of 5042_ remaining in the solution.

HPOf concentration in samples solution was measured by Colorimetric &

o1 Firstly, 10 ml of sample was diluted to 50 ml with

Ascorbic acid method "
distilled water. Secondly, 1 drop of phenolphthalein was added into the diluted
sample. If red color appeared, the 5 N of H,S0O, would be added into the diluted
sample until the red color disappeared. Thirdly, 10 ml of reagent B was added into

the diluted sample and kept for 10 min. Finally, the concentration of HPO427 was

determined by using spectrophotometer at a wavelength of 880 nm.
PART B : As(lll) removal by using OS-TRHA adsorbent pellet

3.2.10 Preparation of treated rice husk ash (TRHA)

Rice husk ash (RHA) was collected from a power plant in Thailand. RHA was
calcined at 600 °C in air for 13 h and named as treated rice husk ash (TRHA).
Chemical compositions of RHA and TRHA were evaluated by XRF (Bruker model S8
Tiger). XRD (XRD 6100, SHIMADZU, Japan) was used to characterize the RHA and
TRHA. RHA and TRHA morphologies were also observed by SEM (SEM, Carl Zeiss

EVO®MA10).
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3.2.11 Preparation of OS-TRHA adsorbent pellet

In this part, OS with particle size ranges of <106 pm, 106-150 um and 150-250
pum and TRHA were used to prepared OS-TRHA adsorbent pellets. Firstly, OS and
TRHA were weighed and mixed in various ratios. Then, few drops of distilled water
were added into the mixture powder in order to provide the plasticity. The mixture
paste was put into a metal mould. Then, 30 kg—f/cm2 of pressure was applied to the
mould by using the hydraulic press (Winner, model 30 tons) for 5 min. After that, the
pellets were calcined at 700°C for 8 h and called as OS-TRHA adsorbent pellet. The
crystalline phase of OS-TRHA adsorbent pellets before and after As(lll) adsorption
tests was determined by XRD (XRD 6100, SHIMADZU, Japan) using Cu-Ka radiation, at
40 kV and 26 range from 5° to 80° with scan speed of 2.0°/min. The morphologies of
OS-TRHA adsorbent pellets before and after As(lll) adsorption tests were observed by

SEM (Carl Zeiss EVO®MAL10).
3.2.12 Solubility tests of COS and OS-TRHA adsorbent pellet

Solubilities of COS and OS-TRHA adsorbent pellets (OS:TRHA ratio of 0.7:0.3)
which were prepared from OS particle size ranges of <106 ym, 106-150 um and 150-
250 pm and ground OS-TRHA adsorbent pellet prepared from OS:TRHA ratio of
0.7:0.3 with OS particle size range of <106 pym were measured via batch tests. Firstly,
100 ml of distilled water was adjusted to obtained pH at 7 by 0.1 M of NaOH and/or
HCL. Then, 0.2 ¢ of COS, OS-TRHA adsorbent pellets and the ground OS-TRHA
adsorbent pellet were individually added into the solutions and kept for 24 h. The
solutions were filtrated through Whatman filter paper no. 1. The final pHs of those
solutions were determined by a pH meter (Hanna instrument, HI 98107). Finally, the

amount of those samples dissolved in the solutions were calculated.
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3.2.13 The effects of OS particle size ranges and ratios of OS:TRHA on

As(lll) adsorption performance of OS-TRHA adsorbent pellet

As(lll) adsorption tests were performed in Erlenmeyer flasks covered with
rubber corks. Firstly, As(lll) stock solution was diluted with distilled water to obtain
100 mg/L of As(lll). Secondly, OS-TRHA adsorbent pellets prepared from Section
3.2.11 were individually added into As(lll) solution and kept for 24 h. After that, the
OS-TRHA adsorbent pellet was removed from solution. The concentrations of As(lll)

remaining in the solution were determined by titration with KMnQO,.

3.2.14  Adsorption kinetics and adsorption isotherm of OS-TRHA

adsorbent pellet

The adsorption kinetics and adsorption isotherm of OS-TRHA adsorbent pellet
were performed by batch test. Firstly, As(lll) stock solution was diluted with distilled
water to obtain As(lll) initial concentration between 100 mg/L- 200 mg/L. Secondly,
pH of As(lll) solution was adjusted to be 7 by using 0.1 M of NaOH and/or HCL
Thirdly, OS-TRHA adsorbent pellet prepared from OS:TRHA ratio of 0.7:0.3 with OS
particle size range of <106 um was individually added into those As(lll) solution. The
samples were taken at appropriated times and the concentrations of As(lll) remaining

in the samples solution were evaluated

3.2.15 The larger scale of As(lll) removal by OS-TRHA adsorbent pellets

In order to observe the As(lll) adsorption performance by using OS-TRHA
pellets in the bigger scale, OS-TRHA adsorbent pellets (3-4 ¢ of total weight) were
put into 2 L of synthetic As(lll) contaminated water. The initial As(lll) concentration
was equivalent to arsenic concentration that contained in water resources in
Thailand i.e. 34 mg/L. The OS-TRHA adsorbent pellets were changed every 2 days for

3 times. The concentrations of As(lll) remaining in the solution were measured by an



67

inductively coupled plasma (ICP, In-house method based on Standard Methods for

Examination of Water and Wastewater 20th Edition [155]).



Chapter 4

Results and discussion

In this chapter, the experimental results and discussion were divided into 2
parts; part A and part B. For part A, COS was used as an adsorbent to remove As(lll)
from contaminated water. In this part, the properties of COS e.g. chemical
composition, specific adsorbent surface area, pH,,, solubility, morphology, etc. were
studied. The effect of anions ie. NOs and SO, and HPO,” on As(ll) adsorption
performances in bi-, tri- and tetra-solutes systems were investigated. For part B, COS
was developed into the pellet named OS-TRHA adsorbent pellet which was used as
an adsorbent to remove As(lll) in this part. The effects of OS particle sizes and OS :
TRHA ratios on stability and As(lll) adsorption performance of OS-TRHA adsorbent
pellets were studied. The adsorption kinetics and adsorption isotherms of As(lll)

adsorption on OS:TRHA adsorbent pellet were determined.

PART A : The effect of anion contamination on As(lll) adsorption

performance by using COS as an adsorbent

4.1 Characterization of OS and COS
4.1.1 XRF and XRD analysis

The chemical compositions of OS and COS were evaluated by the XRF
analysis. The compositions (expressed as oxides) of OS and COS are shown in Table

4-1.
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Table 4-1 XRF results of OS and COS (wt%).

% content

Composition oS CcOs
CaO 95.99 97.00
MgO 0.65 0.90
Na,O 0.98 0.50
SO; 0.73 0.50
SiO; 0.70 0.40
P,Os 0.20 0.20
Cl 0.10
Fe;0; 0.10
AlL,O4 0.42 0.10
SrO 0.33 0.10
K20 0.10

It can be seen in Table 4-1 that calcium is the main composition of OS (95.55
wt%) and COS (97 wt%) followed by sodium (Na,O), sulfur (SOs), silicon (SiO,) and
magnesium (MgO). The slightly increase in percentage of calcium in COS should be
because, during the calcination of OS at 700°C for 8 h, the moisture and some

volatile compounds in OS were removed.

The crystalline phase of OS and COS was observed by the XRD. The XRD

peaks of OS and COS are illustrated in Figure 4-1.
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Figure 4-1 XRD patterns of OS and COS.

The XRD peaks of OS in Figure 4-1 correspond to the crystalline structure of
CaCO; while the peaks of COS correspond to the crystalline structure of CaO. The
XRD and XRF (Table 4-1) results indicate that OS mainly composes of CaCO; while
COS consists of 97 wt% of CaO. Based on XRD and XRF results, during calcining OS at

700°C for 8 h, CaCO5 in OS transformed into CaO in COS as in Reaction (2-62).
CaCoO, —2 5 CaO + CO, (2-62)
4.1.2 Physical properties of COS

The physical properties of OS, COS and commercial grade CaO such as
specific volume, specific surface area, total pore volume and mean pore diameter
were characterized by BET (BELSORP MAX) technique. The results are shown in Table

4-2.
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Table 4-2 Physical properties of OS and COS in comparison with similar materials

from other sources.

Property
. Specific Specific Total pore ~ Mean pore
Material
volume surface area volume diameter
(cm(STPYg)  (m’/g) (cm’/g) (nm)
0OS 0.47 2.05 0.003 5.63

COS (prepared from
OS particle size range 3.63 15.80 0.018 a.67
of 150 - 250 um)

Commercial grade

3.73 16.22 0.021 5.16
calcium oxide
Charred dolomite 2] - 7.31 - -
Thermally treated
[135] - 1175 - -

quicklime

It can be seen in Table 4-2 that the specific surface area of COS (15.80 mz/g)
is greater than that of OS (2.05 mz/g). The increase in specific surface area of COS
should be due to the absence of CO, during the calcination process of OS as in
Reaction (2-62). The specific surface area of COS is also compared with the specific
surface areas of CaO-rich materials reported by Salameh et al. @ and Islam and
Patel [135]. As also seen in Table 4-2, the specific surface area of COS is around 2
times greater than that of the dolomite charred at the same condition and also

larger than that of the quicklime thermally treated at 450°C for 4 h for almost 75%.

In order to determine the surface structure of OS and COS, the surface
morphologies of those samples were observed by SEM (SEM, Carl Zeiss EVO®MAL10).

SEM images of OS and COS are illustrated in Figure 4-2.
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Figure 4-2 SEM images of (a) OS and (b) COS surfaces.

As seen in Figure 4-2, before calcining OS, the morphology of OS looks like
smooth layer surface as in Figure 4-2(a). After calcining OS at 700°C for 8 h, the
smooth layer surface of OS in Figure 4-2(a) changed into the porous structure as in
Figure 4-2(b). The XRD, BET and SEM results indicate that, during the calcination
process of OS, CaCO; in OS changed into CaO in COS and released CO, causing the
formation of porous structure in COS. The formation of porous structure also caused

the increase in specific surface area of COS (Table 4-2).
4.1.3 pH zero point of charge of COS (pH,;.)

In adsorption process, the surface of adsorbent which can behave as anionic
or cationic compound depending on whether it is in an acidic or basic solution is
called amphoteric surface sites. The surface charge of oxide and hydroxide materials
is the result of amphoteric surface site ionization either protonation or deprotonation
12z 123 PHpc is the point where pHinigal - PHfnat = O 2128 1t means that, at PH,pc, the
surface of material can protonate as well as deprotonate and cause the net surface
charge of that material to be equal to zero. In this work, pH,,. of COS was
determined. As mentioned before, 97%wt of COS was CaO. Islam and Patel 3]
reported that, during CaO contacting with water, CaO could change into Ca(OH),.

Thus, XRD was used to determine the crystalline phase of COS after contacting with

water. The XRD result is presented in Figure 4-3.
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Figure 4-3 XRD peaks of COS after added into water.

Figure 4-3 shows that, XRD peaks of COS after contacting with water match
with Ca(OH), peak positions. This implies that, after adding COS into water, CaO in
COS reacted with water and changed into Ca(OH), as in Reaction (4-1). Therefore,
the measured pH,, was the pH,,. of COS contacting with water which should be in

the form of Ca(OH),.
CaO + 2H,0 — 5 Ca(OH), (4-1)

The pH, of COS contacting with water was determined by the

potentiometric mass titration method. The result is illustrated in Figure 4-4.

Initial pH

Figure 4-4 The potentiometric mass titration result of COS.
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As seen in Figure 4-4, pH,,. of COS contacting with water is approximately
12.1. This value is in good agreement with Ref. [23] of Atesok et al. work % who
reported that the pH,o. of Ca(OH), was above 12. This means that, at pH 12.1, the
net surface charge of COS is equal to zero because the COS surface can protonate as
well as deprotonate. If pH of solution is lower than pH,,. (12.1), the COS surface can
protonate better than deprotonate. Then, the net surface charge of COS will be
positive and better attract anions (negative charge). Conversely, if pH of solution is
greater than pH,, (12.1), the COS surface can deprotonate better than protonate.
Then, the net surface charge of the COS will be negative. The negatively charged
surface can better attract toward cations (positive charge). However, this

phenomenon is a temporary situation depending on pH of solution.
4.2 As(lll) and individual anion adsorption on COS

4.2.1 The solubility test of COS and precipitation tests of As(lll) and

anions in COS solution

In this section, the solubility test of COS prepared from OS particle size range
of 150 - 250 uym was performed by a batch test. The initial pH of solution was set at
pH 11 while the final pHs were measured after adding COS into solution and being
kept for 7 h. The result showed that pH of the solution changed from 11.0 to 11.6.
As mentioned above, when CaO in COS was added into water, it changed into
Ca(OH), as in Reaction (4-1). Some of Ca(OH), could dissolve in water and dissociate
into Ca’ "~ and OH" as in Reaction (4-2). The dissociated OH caused the increase in pH
of solution. The amount of dissolved Ca(OH), was also evaluated based on the
change of pH of the solution after COS contacting with water for 7 h. The calculation

indicated that about 0.0835 g or 27.8% of COS became the dissolved Ca(OH),.

Ca(OH), «—> Ca®" + 20H" (4-2)
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Furthermore, the precipitation tests of As(lll) and anions were also individually
performed in Erlenmeyer flasks with rubber corks in order to observe the
precipitation of As(lll) and anions with the dissolved Ca(OH),. The results showed that
there was no precipitate observed in As(ll), NO; and SOQZ_ solution. The
concentrations of these anions and pH of solution did not significantly change. This
implies that precipitation of dissolved Ca(OH), and As(lll), NO5; and 50427 should not
occur. Therefore, these anions should be removed by COS via adsorption process. In
addition, the precipitation of As(lll) was further observed for longer time. The result
showed that the precipitate of As(lll) and dissolved Ca(OH), was not observed within
48 h and there was no significant change in As(lll) concentration. This indicates that
the precipitate of As(lll) and Ca”* which contained in COS solution should not occur
within 48 h. The As(lll) precipitation result in this work agrees with Dutfe and
Vandecasteele works " > which reported the immobilization of arsenic-containing
waste by using cement and lime. They reported that ca”™* in solution precipitated
with HAsO32— in the form of CaHAsO; only at pH above 11.91. On the other hand, in
the case of HPO427, the result showed that, after adding HPOQZ solution into the
filtrate (COS solution), the white precipitate was clearly observed and the
concentration of HPO427 decreased by 46.6%. This means that HPO427 could be

removed by COS via both precipitation and adsorption.
4.2.2 The adsorption performances of As(lll) and anions on COS

As(lll) and anions adsorption performances were performed via batch tests.
The initial pH 11 was chosen to be the condition of the experiments as it provided
the highest removal percentage of As(lll). At this pH, As(lll) containing in the solution

U3 B The As(ill), NOs, SO,° and HPO,

should exist in the form of H,AsO;
maximum adsorption capacities of COS are illustrated in Figure 4-5. It is noted that

the precipitation effect of HPO427 was eliminated.
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Figure 4-5 Adsorption capacities of COS corresponding to individual ions.

Figure 4-5 shows that the non-dissolved COS has capability to adsorb HP042_
(378.40 mg of HPO42_/g of non-dissolved COS) slightly greater than As(lll) (345.09 mg
of As(lll)/g of non-dissolved COS) while NO5; (111.71 mg of NO5/g of non-dissolved
COS) and SO42> (89.24 mg of SOf/g of non-dissolved COS) can be adsorbed by COS
for less than 3 times of the amount of H,AsO; and HP042_ adsorbed. This indicates
that the COS sorption sites are better adsorbed HPO,~ and H,AsO; than NO; and

2-

SOy .

4.2.3. The morphologies of COS before and after As(lll) and anions

removal tests

The morphologies of OS, COS, COS after contacting with water, COS after
As(lll) and anions removal tests were observed by SEM (Carl Zeiss EVO®MA10). The

SEM images are illustrated in Figure 4-6.
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Figure 4-6 SEM images of (a) OS, (b) COS, (c) COS after contacting with water, COS
after being used to remove (d) As(lll), (e) NO5, (f) SO, and (g) HPO,  and

(h)-(i) precipitate of HPO,”.

As described before, during the calcination of OS, a smooth layer of OS
(Figure 4-6 (a)) changed into the porous structure (Figure 4-6 (b)) due to the absence
of CO,. The COS surface before (Figure 4-6 (b)) and after contacting with water (Figure
4-6 (c)) are similar but the surface of COS after contacting with water looks slightly
rougher. This should be because, when CaO in COS contacted with water, it
transformed into Ca(OH),. It can also be seen in Figures 4-6 (d) - (¢) that after As(lll)
and anions adsorption tests, the porous structure of COS surface in Figure 4-6 (b)
changed into the different forms depending on the type of adsorbates. As illustrated
in Figure 4-6 (d), the COS surface looks like it was covered by grass leaves - like
matter when H,AsO; was adsorbed. This morphology looked similar to the
morphology of arsenic immobilized on lime in the work of Phenrat et al™ who

studied the iron-arsenic sludge immobilized by using cement and lime. As also seen

in Figure 4-6 (f), after COS adsorbing SO427 it seems that the COS surface was covered
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by small grains. Meanwhile, the COS surfaces look flaky after COS was used to
remove NO; and HPO42_ as shown in Figures 4-6 (e) and (g), respectively. In addition,
the morphologies of phosphate precipitate were also observed by SEM. The SEM
images show that it could be divided into two types; the smooths surface and the

rough surface as in Figures 4-6 (h) and 4-6 (i), respectively.
4.2.4. The mechanisms of As(lll) and anions adsorption on COS

The crystalline phase of COS after As(lll) and individual anion removal tests
was determined by XRD. The XRD results of COS after As(lll), NO;, SO, and HPO,
removal tests are presented in Figures 4-7 - 4-10. It is noted that, in HPO42_ removal,
the precipitates that occurred during the HPO42_ removal process and the COS after
adsorption tests could not be separated. Thus, the XRD result of HPO42_ is the result
of crystalline phase determination of both COS after HPO42_ adsorption and the

precipitates of HPO, .

The XRD result of COS after adsorbing As(lll) is displayed in Figure 4-7.
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Figure 4-7 The XRD peaks of COS after As(lll) adsorption test.

As described before, CaCOs; which contained in OS transformed into CaO

causing the appearance of CaO peaks in COS as in Figure 4-1. Considering Figure 4-7,
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the peaks of Ca(OH), and Ca-As-O were observed while the CaO peaks were not
found. This implies that after COS was added into As(lll) solution, CaO changed into

Ca(OH), and further adsorbed As(lll) in the form of Ca-As-O.
The XRD peaks of COS after NO5 adsorption test are shown in Figure 4-8.
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Figure 4-8 The XRD peaks of COS after NO; adsorption test.

It can be seen in Figure 4-8 that after NO; adsorption test, the CaO peaks of
COS that appeared in Figure 4-1 could not be observed in Figure 4-8 while the XRD
peaks corresponding to Ca(OH), and Ca(NO;),*2H,0O could be detected. This result
implies that, after the COS was put into NO; solution, CaO containing in COS
transformed into Ca(OH),. Then, Ca(OH), adsorbed NO; and formed Ca(NOs),+2H,0

on the COS surface.

For 50427, the XRD result of COS after used is illustrated in Figure 4-9.
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Figure 4-9 The XRD peaks of COS after 5042_ adsorption test.

After the 5042_ adsorption test, the XRD peaks of COS shows the peak

patterns of Ca(OH), and CaSOy as in Figure 4-9. Meanwhile, the CaO peaks that were

observed in the XRD result of COS before 5042_ adsorption test (Figure 4-1) cannot be

detected in this figure. This indicates that CaO in COS should change into Ca(OH),

and further adsorbed SO42> in the form of CaSO,.

The XRD peaks of COS after HPO42> removal is presented in Figure 4-10.
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Figure 4-10 The XRD patterns of COS after HPOazf removal test.
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Considering Figures 4-1 and 4-10, after HPO427 removal test, the peak pattern
of Ca0 in Figure 4-1 was not observed in Figure 4-10 while the peak patterns of
Ca(OH), and CaHPO, can be observed. Based on XRD result, solubility and
precipitation results indicate that some CaO in COS should dissolve and dissociate
into OH and Ca’ . Then, some ca’’ precipitated with HPOQZ_ in the form of CaHPQO,.
While the CaO which contained in the un-dissolved COS should change into Ca(OH),

and further adsorb HPO,” in the form of CaHPO,

Based on XRD, solubility, precipitation and removal results, the mechanism of

As(lll) and anions adsorption on COS can be explained as the following reactions.

Ca(OH), +H,AsO; —— HCaAsO, + H,O0 +OH  (4-3)

H,AsO; +OH ——> HAsOI + H,0O (4-4)
Ca(OH), + HAsO? —— HCaAsO, + 20H (4-5)
Ca(OH), +2NO; —— Ca(NO,), + 20H" (4-6)
Ca(OH), + SO —— CaSO, + 20H (@-7)
Ca(OH), + HPO? —— CaHPO, + 20H (4-8)
Ca* + HPO, —> CaHPO, (4-9)

After COS was added into the solution, CaO in COS changed into Ca(OH), as in
Reaction (4-1). Some CaO could dissolve and dissociate into Ca’* and OH causing the
increase in pH of solution as in Reaction (4-2), while some of it still contained in the
un-dissolved COS. Initially, pH of solution was approximately 11, thus As(lll) and the
other anions should be in the forms of H,AsO5, NO5, 50427 and HPOazf. These anions
should be adsorbed on the un-dissolved COS by ligand exchange as in Reactions (4-
3), (4-6) - (4-8). It can be seen in Reactions (4-3) and (4-6) - (4-8) that, after ligand
exchange, the OH was produced and released into the solution causing the increase
in pH of the solution. Due to more amount of OH containing in the solution, the pH
of solution increased, H,AsO; was further deprotonated by OH into HAsong and

adsorbed on the un-dissolving COS as in Reactions (4-4) and (4-5), respectively. As in
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Reactions (4-3), (4-5), (4-7) and (4-8), it can be seen that H,AsOs, HASO327, 50427 and
HPO42> formed mononuclear bidentate complexes with Ca-OH which contained in un-
dissolved COS while NO5 formed mononuclear monodentate complex with Ca-OH as
in Reaction (4-6). Furthermore, HPO42_ could precipitate with Ca’" which dissociated

from Ca(OH), (Reaction (4-2)) in the form of CaHPO, as in Reaction (4-9).

Moreover, NOs, SO, and HPO,” solutions which used in this work were
prepared from NaNOs, Na,SO, and Na,HPO,, respectively. Thus, the solution should
contain plenty of Na". Those Na~ could form ionic bond with OH that was produced
and released into solution (Reactions (4-2) - (4-3), (4-5) - (4-8)) in the form of NaOH.
However, NaOH is a soluble compound that can dissolve in water as high as 1,110

2190 1 addition, as seen in XRD results (Figures 4-7 - 4-10), crystalline

o/L (20 °0) "
phase of NaOH was not detected on the COS after As(lll) and anions removal tests.
Thus, the formed NaOH should re-dissolve into the solution. Therefore, the effect of

Na" on As(lll) and anions removal performances should be insignificant.
4.3 Effect of anion(s) on As(lll) adsorption in bi-, tri- and tetra-solutes

4.3.1. The effect of anion(s) on As(lll) adsorption performance

The adsorption results in the previous section showed that the removal of
As(ll) and anions (NOs, SO, and HPO,) by COS could occur in different ways
causing the different maximum adsorption capacities (Figure 4-5) and morphologies
(Figure 4-6). In water resources, there are many ions containing in water. Some ions
might affect As(lll) adsorption performance. Thus, in this section, the effects of anions
such as NO,, SO,~ and HPO,~ on the As(Ill) adsorption performance in bi- tri- and
tetra-solutes were investigated. The experiments were performed via batch tests. The
initial concentration of each anion was approximately 100 mg/L. The percentages of

As(lll) and anions remaining in the solution after removal tests are presented in Table
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4-3. It is noted that the precipitation effect was eliminated from the adsorption

percentages of HPO427 presented in this table.

Table 4-3 Effect of competitive anion(s) on As(lll) adsorption performance.

Adsorption percentage of each anion

Anion(s) in the system

As(Il) NO, SO, HPO,
As(lll) 74.90 ] i ]
As(ll) + NO, 68.46 37.62 . -
As(ll) + SO, 63.02 . 25.60 ;
As(ll) + HPO,” 40.73 : : 42.00
As(ll) + NO; + SO, 53.06 43.73 23.15 -
As(lll) + NO5 + HPO,” 20.83 67.30 - 53.95
As(ll) + SO;~ + HPO, 40.00 ; 21.19 43.44
As(ll) + NOs +SO,~ + HPO,” 4253 65.73 27.97 3757

As seen in Table 4-3, the As(lll) adsorption percentage decreased from 74.90%
to the different values depending on the number and type of anions containing in
the solution. In bi-solutes, the percentage of As(lll) adsorption strongly decreased by
45.62% when As(ll) paired with HPO, . Meanwhile, the percentages of Asill)
adsorption insignificantly changed when As(lll) mixed with NO; and SO427. These
results correlated with the maximum adsorption capacities of As(lll) and anions in the

individual adsorption tests (Figure 4-5).

In the case that As(lll) paired with HPO42_, the As(lll) adsorption performance
strongly decreased. There are five reasons that can be explained why HPOaz— strongly

interfere As(lll) adsorption performance.

(1) The chemical properties of phosphate (P) and Arsenic (As) such as

electronegativity (EN), electron affinity (EA), ionization energy (1°, 2° and 3°

[75, 133, 141, 161, 162

ionization), etc. are similar ]. Thus, HPO42_ should be more competitive

to be adsorbed on the sorption sites which could adsorb As(lll) than the other anions.
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(2) The anionic radius of As(lll) and HPO427 are comparable in size. Roobottom
et al"® studied the thermochemical radii of complex ions and reported that anionic
radius of HPOazf was approximately 0.213 nm while H,AsO, had anionic radius size of

0.227 nm. The chemical structure of As(lll) and As(V) are illustrated in Figure 4-11.

(a) (b)

Figure 4-11 The chemical structures of (a) As(lll) U84 and (b) As(v) o

As seen in Figure 4-11, the chemical structures of As(lll) and As(V) are similar
except As(V) has double bond with oxygen while As(lll) has one lone paired electron.
Therefore, the anionic radius of As(lll) should be slightly smaller than that of As(V).
Then, the anionic radii of As(lll) and HPO42_ should still be comparable. In the
adsorption process, the adsorbates should be adsorbed on the sorption sites where
the interaction between adsorbates is insignificantly affected and radii of those
adsorbates do not overlap. It means that if there are two anions (A and B) in the
system, after anion A was adsorbed on the sorption sites, in order to decrease the
repulsion between the negative charge of anions A and B and decrease the
overlapping of those radii, the anion B should be able to be adsorbed on the
sorption site that is far from the anion A occupied site. In this case, the radii of As(lll)
and HPO42’ were comparable in size. When HPO427 was adsorbed on the sorption
sites, it should block As(lll) to be adsorbed on the neighboring sorption sites causing

in lowering the available sorption sites where As(lll) could be adsorbed.

(3) The nature of COS sorption sites was capable to adsorb HPO42_ better than

As(lll) (Figure 4-5).



85

(4) Charge density of HPO427 is greater than that of As(lll) (H,AsOs). As
described before, the initial pH of As(l) and anions adsorption tests was
approximately 11 which was lower than pH,,. of COS. Then, the net COS surface
charge should be positive and better attract anions (negative charge ion). This
temporary phenomenon is called electrostatic attraction. In addition, it was reported
that the multicharge anion could be better adsorbed on the positive adsorbent

T Therefore, HPO,~ which has two

surface charge than the monovalent anion
negative charges should be preferably adsorbed on the sorption sites than As(lll) in

the form of H,AsO5 which has one negative charge.

(5) Two negative charges of HPO42_ cause the rapid increase in electrostatic
repulsion. In the adsorption process, when anions were adsorbed on the sorption
sites, the negative charge of those anions would balance the positive adsorbent
surface charge causing the increase of the negative charge on the adsorbent surface.
Since the negative adsorbent surface charge was dominant, it repulsed the negative
charge of anions called electrostatic repulsion and caused the decrease in anions
adsorption performance. Due to two negative charges of HPOQZ, the positive
adsorbent surface charge should be rapidly balanced by those negative charges.
Then, the electrostatic repulsion between the negative charge of anions (As(lll) and
HPO42_) and negative adsorbent surface charge rapidly increased causing the decrease
of As(lll) adsorption performance. This competitive As(lll) and phosphate adsorption
result is in good agreement with the results of Huang [166], Jian et al. "*" and Meng et
al."" who studied the competitive adsorption between As(lll) and phosphate on
goethite, ZIF-8 nanoparticles and iron hydroxide, respectively. All of them found that

the amount of As(lll) adsorbed on their materials decreased when phosphate was

present.

In the case of As(lll) paired with NO;, the percentage of As(lll) adsorption
decreased only 8.6% but the percentage of NO5; adsorption on the COS was as high

as almost 38%. Four possible explanations can be given.
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(1) The nature of COS sorption sites was capable to adsorb As(lll) much better
than NO; as shown in Figure 4-5. Then, the As(lll) adsorption performance was

insignificantly affected by NOs .

(2) The anionic radius of NO5 (0.2 nm [163]) is smaller than that of As(lll). The

atomic radii of N and As are presented in Figure 4-12.
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Figure 4-12 The atomic radii *".

Figure 4-12 shows that the atomic radius of As was almost 2 times greater
than that of N. Furthermore, the structure of As(lll) in the form of H,AsO; contained
three oxygen atoms as same as the structure of NO5. Then, the increase of those
anionic radii should be comparable. Therefore, the anionic radius of NO; should be
smaller than that of As(lll). As described above, in order to decrease the effects of
adsorbates interaction and ionic radii overlapping, new adsorbates should be
adsorbed on the sorption sites that are far from the occupied sorption site.
Considering the charge of NOs; and As(lll) (H,AsOs), those anions have one negative
charge. Then, the negative charge repulsion between NO; and H,AsO; should be
less than the other two cases (As(lll) paired with HPO42’ and As(lll) paired with 50427).
Due to the smaller anionic radius of NO; and lower adsorbates repulsion effect, NO5

could be adsorbed on the sorption sites where neighboring sorption sites were
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occupied by As(lll) without the overlapping between the radii of NO; and As(lll) and
low adsorbates interaction. In addition, due to the smaller radius of NOs, it should
be better reach the sorption sites inside the pores of COS causing in high adsorption

capacity of NOs .

(3) As described before, NO; was adsorbed on the adsorbent in the form of
monomolecular monodentate complex with Ca-OH. It means that two ions of NO5
could be adsorbed on one sorption site. On the other hand, As(lll) forms
monomolecular bidentate complex with Ca-OH. Only one ion of As(lll) could be

adsorbed on one sorption site.

(4) Due to one negative charge of As(lll) and NOs, the positive charge on the
adsorbent surface is slowly balanced causing in more amount of anions that could
be adsorbed on the sorption sites. As described before, pH of solution in this case
was lower than pH,,. of COS, the positive adsorbent surface charge tended to attract
anions. During the adsorption process, the negative charge of anions should balance
the positive adsorbent surface causing the increase of electrostatic repulsion effect.
In this case, both As(lll) (H,AsO5;) and NO; have only one negative charge. Then, its
negative charge should slowly balance the positive adsorbent surface charge causing

in more amount of As(lll) and NO5 adsorption on the COS sorption sites.

Table 4-3 also shows that the percentage of As(lll) decreased by 15.86% when
As(lll) mixed with SO42’. As seen in Figure 4-5, the COS sorption sites were capable to
adsorb As(lll) much better than 50427 causing the lower decrease of As(lll) adsorption
percentage than the case of As(lll) paired with HPO42_. However, the As(lll) adsorption
percentage in this case (As(lll) paired with 5042’) is slightly lower than that of As(lll)
mixed with NO5. Two reasons can be explained why the interference of 5042_ with

As(lll) adsorption performance was greater than that of NOs.
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(1) The radius of SO,~ (0.221 nm ") is larger than that of NO5. Due to the
larger radius of 5042_, As(lll) could not be adsorbed on the sorption sites where the

near sorption sites were occupied by 5042_.

(2) The charge density of SO, is also more than NO,. Thus, two negative
charges of SO42> should balance the positive charge of adsorbent surface faster than
one negative charge of NO; causing the rapid increase in electrostatic repulsion
effect. Then, the decrease of As(lll) adsorption performance in the case of As(lll)

paired with SO, was greater than that of As(ll) paired with NO, .

The result of As(ll), NO,, SO,~ and HPO,” adsorption performances in bi-
solutes (Table 4-3) indicates that the binding affinity of HPOf on the COS sorption

sites should be greater than those of As(lll), 5042- and NO; respectively.

For tri- and tetra-solutes systems,, the adsorption percentages of As(lll), NO5,
SO42_ and HPO42— in Table 4-3 are different depending on the number and type of
anions containing in the solution. Considering the adsorption results in Table 4-3, the
percentages of As(lll) removal in tri- and tetra-solutes systems are lower than those in
bi-solutes system. For example, in bi-solutes, the As(lll) adsorption percentage
decreased from 74.90% to 68.46% when As(lll) mixed with NO5 and 40.73% when the
As(lll) mixed with HPO427 while the adsorption percentage of As(lll) dramatically
decreased to 20.83% when the As(lll) solution contained both NO; and HPO, .
Conversely, the adsorption percentages of NO; and HPOQZ in tri-solutes were greater
than those of anions in bi-solutes system (As(lll) mixed with NO5; and As(lll) mixed
with HPO42_). This should be because the adsorbates interaction occurred during the
adsorption process and affected the As(lll) and those anions adsorption
performances. In addition, the adsorption percentages of 5042_ presented in Table 4-
3 are in the range of 21% - 29%. In order to clarify the results of As(lll) and anions
adsorption performances in bi-, tri- and tetra-solutes systems, the adsorption kinetics

of As(lll) and anions will be investigated in the next section.
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4.3.2. Desorption test of As(lll) and anions

As(lll) and anions desorption tests were performed via batch tests. Initially,
COS was added into the solution which contained As(lll) and anions and kept for 24
h. The concentration of each anion was equivalent to 100 mg/L. After 24 h, the
solution was heated from room temperature to 40°C. As(lll) and anions
concentrations were measured. The result is shown in Table 4-4. It is noted that the

effect of precipitation was eliminated.

Table 4-4 Adsorption and desorption capacities of As(lll) and anions.

Adsorption or desorption capacities of each anion

(mg/L)
As(Ill NO; SO HPO,
Adsorption (24 h) 38.75 69.41 14.55 40.04
Desorption 0.77 0.00 0.00 1.28

Table 4-4 shows that after COS was added into the solution and kept for 24
h, As(lll), NO, SO427 and HPOf were adsorbed on COS approximately 38.75 mg/L,
69.41 meg/L, 14.55 me/L and 40.04 mg/L, respectively. After the solution was heated
to 40°C, the amount of As(lll) and anions desorbed from COS were lower than 1.30
mg/L. This indicates that As(lll) and anions should be adsorbed on COS sorption sites

via chemisorption.
4.3.3. The adsorption kinetics of As(lll) and anions

In this section, the adsorption kinetics of As(lll) and anions in single-solute, bi-,
tri- and tetra-solutes were investigated. Seven assumptions were set. The flow chart

of adsorption kinetics of As(lll) and anions determination is presented in Figure 4-13.
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Figure 4-13 Flow charge of As(lll) and anions adsorption kinetics determination.

As seen in Figure 4-13, the observed adsorption rate constants were initially
estimated by using the extended geometric method purposed by Azizian et al. 1841
After that the values of As(lll) and anion occupied sites (6,, 6, 6. and 0,) in
adsorption rate equations (Equations (3-2) - (3-5)) were solved by Runge-Kutta
method =" and compared with the experimental results. The observed adsorption
rate constants were gradually adjusted until the values of As(lll) and anion occupied
sites were well fitted with the experimental data. The data fitting of the fractions of

sorption sites covered by As(lll) and anions versus time corresponding to the case of

As(lll) mixed with NO5, SO,~ and HPO,  is illustrated in Figure 4-14.
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Figure 4-14 The variation of fractions of sorption sites covered (8) by As(lll), NO5,

SO, and HPO,” with time.

Figure 4-14 shows that the fraction of sorption sites covered by As(lll), NO5,
SO42_ and HPO42— dramatically increased with time within 30 min because the
available sorption sites of COS and solutes concentration gradient are still high. After
that, the fraction of covered surface slowly increased due to the decrease in number
of available sorption sites and concentration gradient. The system reaches
equilibrium at approximately 300 min. It can be also seen in Figure 4-14 that the
calculated results of NO5 and 50427 occupied sites are well-fit with the experimental

data while the calculated results of As(lll) and HPO42_ considerably deviate from the
experimental ones. Three possible reasons can be given to explain the deviation of

calculated data.

(1). The interaction between adsorbates should affect the adsorption
performance. In the assumption, it was assumed that there were no interaction
between the adsorbates. However, in fact, there should be the interaction between
each anion either more or less depending on charge repulsion and radius

overlapping. As mentioned previously, the radii of As(lll) and HPO42_ were comparable
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and charge of As(lll) was negative (ranging from -1 to -2 depending on pH of the
solution during adsorption process) which should cause negative charge repulsion
with HPOf. Therefore, the interaction between As(lll) and HPO427 should be

significant.

(2) Some molecules of As(lll) or anions in the bulk solution could displace the
molecules that occupied on the sorption sites. From the assumption, after the
molecules of As(lll) and anions were adsorbed the sorption sites, the other molecules
in the bulk solution could not hit and displace those adsorbed molecules. However,
in fact, during the adsorption process, some molecules that were adsorbed on the
sorption sites could be displaced by the other molecules which had greater affinity

to the sorption sites than the occupied one.

(3) The electrostatic attraction or repulsion between adsorbent and
adsorbates should significantly affect As(lll) and anions adsorption performances. In
the assumption, the electrostatic attraction or repulsion between adsorbent and
adsorbates less affected As(lll) and anions adsorption performance. In fact, the
electrostatic attraction or repulsion between adsorbent and adsorbates should affect
the adsorption performances of As(lll) and anions. Considering Figure 4-14, it can be
seen that, at time 120 min - 240 min, the fraction of As(lll) covered surface is slightly
increased while the fraction of HPO42_ covered surface slightly decreased. As
described before, during the adsorption process, the negative charge of anions would
balance the positive charge of adsorbent surface charge causing the increase of
electrostatic repulsion. Due to the greater charge density of HPO42_, HPOaz_ adsorption
performance should be more affected by the repulsion between the negative
charges of adsorbent surface and negative charge of HPOf— (electrostatic repulsion).
Thus, when the net surface charge became negative, some HPO427 could be
desorbed. As explained before, the chemical properties of As(lll) and HPOaz_ were

similar. In addition, Figure 4-5 also showed that HPOf could be adsorbed on the
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COS sorption sites slightly better than As(lll). Then, the vacant sites of HPOf

desorption should be replaced by As(lll) (H,AsOs ).

The observed adsorption rate constants of As(lll) and anions are shown in

Table 4-5.

Table 4-5 The observed adsorption rate constants of As(lll) and anions.

Observed adsorption rate constant

(koy x10°, min")

Anions in the system As(lIl) NO; SOQZ_ HPO42>
As(lll) 2.3
As(lll) + NO5. 3.5 2.0
As(ll) + SO, 1.8 0.6
As(ll) + HPO,” 2.0 4.0
As(ll) + NO; + SO 1.6 15 0.6
As(Ill) + NOs + HPO,” 1.2 34 4.0
As(ll) + SO~ + HPO, 13 0.8 26
AS(lll) + NO5 + SO, + HPO, 8.9 19.5 7.8 20.0

Table 4-5 shows that, in bi-solutes, the observed adsorption rate constant of
As(lll) is lower than that of HPO427. In contrast, the observed adsorption rate constants
of As(lll) are greater than those of NO5 and 50427. This implies that HPO427 should be
adsorbed on the COS sorption sites faster than the other anions. In tri- and tetra-
solutes, Table 4-5 also shows that the adsorption rate constants of HPO427 are still
greater than those of As(lll), NO; and 5042_. Then, in tri- and tetra-solutes systems,
HPO427 should be also faster adsorbed on the sorption sites than the other anions. It
is interesting that, when the solution contained HPO42_, the observed adsorption rate
constants of NO; are greater than those of As(lll) in every case. This should be
because of some interaction between HPO42_ and NOs during the adsorption process.

This point will be discussed in the next section. Moreover, the observed adsorption
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rate constants of 50427 in Table 4-5 are the lowest in every conditions of interest thus

it should be the slowest adsorption on the sorption sites.

4.3.4. Percentages of As(lll) and anions occupied on the COS sorption

sites

In this section, the interaction between As(lll) adsorption and anion(s) that
presented in the solution during the adsorption process was investigated. The
percentages of As(lll) and anions occupied on the COS sorption sites were calculated
by using the information from the previous sections. The flow charge of calculation

percentages of As(lll) and anions occupied on the COS sorption sites is illustrated in

Figure 4-15.
The amount of As(lll) and anions removal (mg/L) by COS from experimental data
Solubility of COS and - ‘ The precipitation effect was eliminated
precipitation test

4

The amount of As(lll) and anions removal by adsorption (mg/L)

¥

Number of As(lll) and anions molecules adsorbed on

Molecular weight and l

Avogadro's number the sorption sites (atom)

4

Number of sorption sites occupied by As(lll) and

Adsorption reactions ‘ - ( :
anions (atom

Assume: un-dissolved ' Total active sites in l

Ca(OH), is active sites COS (atom)

Percentages of As(lll) and anions occupied sites

Figure 4-15 Flow charge of calculation percentages of As(lll) and anions occupied on

the COS sorption sites.

As seen in Figure 4-15 that, firstly, the initial and final concentrations of As(lIl)
and anions from the experimental data were used to calculate the amount of As(lll)

and anions removals by COS. Then, the precipitation effect was eliminated in order
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to estimate the amount of As(lll) and anions removed by the adsorption process.
After that, the concentrations of As(lll) and anions (mg/L) were changed into the
number of atom by using the molecular weight (mg/mol) and Avogadro's number
(6.02 x 10° atom/mol). Based on the adsorption and desorption experiments, As(lll)
and anions were assumed to be monolayer adsorption on the COS sorption sites. In
addition, according to the adsorption mechanisms mentioned above, it could be
assumed that As(lll), 5042_ and HPO42_ form mononuclear bidentate complexes with
Ca-OH while NO5 forms mononuclear monodentate complex with Ca-OH. Thus, the
number of sorption sites of As(lll) and anions occupied could be calculated. In order
to estimate the percentages of As(lll) and anions occupied sites, the theoretical
amount of the adsorption sites of COS was estimated by assuming that one
molecule of undissolved CaO represented one adsorption active site. Then, the
numbers of sorption sites of As(lll) and anions occupied were divided by the
theoretical amount of the adsorption sites of COS in order to get the percentages of

As(lll) and anions occupied on the COS sorption sites.

The percentages of each anion adsorbed on the sorption sites in single-solute
and bi-solutes systems were calculated. The percentages of As(lll) and anions

occupied sites in single-solute and bi-solutes systems are presented in Table 4-6.

Table 4-6 The percentages of As(lll) and anions occupied sites in single-solute and bi-

solutes systems.

The percentage of occupied sites

Anions in the system As(llN NO; SO HPO,  Total

As(lll) 17.13 - - - 17.13
As(ll) + NO; 1596  9.72 ; i 25.67
As(lll) + SO, 14.97 ; 8.28 ; 23.25

As(Ill) + HPO, 10.05 ; ; 10.82  20.87
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Table 4-6 shows that, when the As(lll) solution contained anion(s), the
percentages of As(lll) occupied sites decreased from 17.17% (without anions) to

different values depending on the type of anions containing in solutions.

As seen in Table 4-6, the percentages of As(lll) are slightly decreased when
As(lll) mixed with NO; or 5042_. There are three possible reasons that can be

explained this result.

(1) The COS sorption site had capability to adsorb As(lll) better than NO; and

SO, (Figure 4-5).

(2) The observed adsorption rate constants of As(lll) were greater than those
of NO; and SO42— (Table 4-5). Thus, As(lll) should be adsorbed on the sorption sites

quicker than those two anions.

(3) In the case of As(lll) mixed with NOs, the increase of pH in the solution
during the adsorption process caused the transformation of As(lll) from H,AsO; into
HASO327 which was better to be adsorbed on the positive surface charge of adsorbent
than NO;. As explained before, during the adsorption process, some CaO in COS
could dissolve and dissociate into Ca’" and OH as in Reaction (4-2) causing the
increase in pH of solution. Then, As(lll) in the form of H,AsO; could be deprotonated
by OH in the solution and change into HASO327 as in Reaction (4-4). Then, the charge
density of HASO32_ was greater than that of NOs. Thus, As(lll) should be adsorbed on

the sorption sites better than NOs.

The comparison of percentages of As(lll) and anions occupied sites in single-

solute and bi-solutes systems is illustrated in Figure 4-16.
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Figure 4-16 The percentages of As(lll) and anions occupied sites in single-solute and

bi-solutes systems.

As seen in Figure 4-16, in bi-solutes system, the total percentage of As(lll) and
NO; occupied sites is greater than the other two cases. Two possible explanations

can be given.

(1) The anionic radius of NOs is smaller than the other anions and the
negative charge of NO; is also less than the other two anions. Thus, it should be
adsorbed on the sorption sites that the neighboring sorption sites were occupied by
As(lll) without the radii overlapping and with low adsorbates interaction. In addition,
NO; should better reach the sorption sites inside the pores of COS because of its

smaller size.

(2) The one negative charge of NO; caused the slowly increase in
electrostatic repulsion between adsorbent surface charge and adsorbate charges.
Thus, the amount of As(lll) and NO; that could be adsorbed on the available

sorption site should increase.

Figure 4-16 shows that the percentage of As(lll) occupied sites dramatically
decreased when As(lll) mixed with HPOf. Five possible reasons can be explained the

strong interference of HPO42_ with As(lll) adsorption performance.
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(1) By nature, COS sorption sites had capability to adsorb HPO427 better than

As(lll) (Figure 4-5).

(2) The similar chemical properties and comparable in size of anionic radii of
As(lll) and HPO42> caused the greater interference of HPOQZ_ with As(lll) adsorption
performance. Due to the similar chemical properties and comparable anionic radii of
As(lll) and HPO42’, when HPO427 was adsorbed on the sorption sites, it could block
As(lll) to be adsorbed on the neighboring sorption sites causing the limit available

active sites that As(lll) could be adsorbed.

(3) The observed adsorption rate constant of HP042_ (Table 4-5) was about 2
times greater than that of As(lll). Thus, HPOf- should be adsorbed on the sorption
sites faster than As(lll). As described before, after HPOQZ_ occupied on the sorption
sites, it could block As(lll) to be adsorbed on the neighboring sorption sites causing

the strong decrease in the percentage of As(lll) occupied sites.

(4) The charge density of HPO42_ is greater than that of As(lll). As described
earlier, at initial period of adsorption process, HPOf- which had two negative charges
should be adsorbed on the positive adsorbent surface charge better than H,AsOs

which had only one negative charge.

(5) The two negative charges of HPOQZ could rapid increase the electrostatic
repulsion effect. As explained before, HPO42_ could be adsorbed on the available
sorption sites quicker than As(lll) (Table 4-5). Due to two negative charges of HPOazf,
the electrostatic repulsion should rapid increase causing the decrease of As(lll)

(H,AsO5 into HASO327) adsorption performance.

The adsorption results in bi-solutes system indicate that the binding affinity of
COS sorption sites on HPO42_ is greater than that of As(lll), while the binding affinity of

COS sorption sites on As(lll) is greater than those of 5042_ and NOjs, respectively.
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The percentages of each anion occupied sites in tri- and tetra-solutes systems

were also calculated. The calculated results are presented in Table 4-7.

Table 4-7 The percentages of As(lll) and anions occupied sites in tri- and tetra-solutes

systems.
The percentage of occupied sites
Anions in the system As(l)  NO, SO, HPO,  Total
As(lll) + NO5 + SO, 11.66 9.98 6.47 - 28.12
As(lll) + NO5 + HPO,” 4.38 15.80 - 16.63 36.82
AS(ll) + SO, + HPO, 9.23 - 6.47 1208  27.79

As(l) + NO; + SO, + HPO,” 984 1482 818 1034  43.18

Considering the percentages of As(lll) and anions occupied sites in Tables 4-6
and 4-7, the percentages of As(lll) occupied sites in tri- and tetra-solutes are lower
than those in bi-solutes because the amounts of adsorbates in tri- and tetra-solutes
systems were greater than those in bi-solutes. Then, those adsorbates in tri- and
tetra-solutes systems should be more competitive to be adsorbed on the sorption
sites than those adsorbates in bi-solutes system. The As(lll) and anions adsorption
performances in tri- and tetra-solutes depended on its chemical properties, its
adsorption behavior, the interaction between the adsorbates and adsorbent and the
interaction between adsorbates. In this work, the As(lll) and anions adsorption

performances were determined on a case by case basis.

As seen in Table 4-7, when As(lll) solution mixed with NO; and 50427, the
percentage of As(lll) occupied sites is greater than those of NO; and 50427. Three

possible reasons can be given.

(1) The COS sorption sites had capability to adsorb As(lll) much better than

NO, and SO, as shown in Figure 4-5.
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(2) The observed adsorption rate constant of As(lll) is greater than those of the
other two anions (Table 4-5). Thus, the As(lll) should be adsorbed on the sorption

sites faster than the other two anions.

(3) As previously mentioned, the binding affinity of COS sorption sites on As(lII)
was greater than those of NO, and SO, causing the less interfering of NO; and SO,

with As(lll) adsorption performance.

However, the percentage of As(lll) occupied sites under the presence both of
NO, and SO, is slightly lower than those in As(lll) mixed with NO5 and As(lll) mixed

with SO, solutions as shown in Figure 4-17.
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Figure 4-17 The percentages of As(ll), NO; and 50427 occupied sites when As(lll)
mixed with NO5, As(lll) mixed with 50427 and As(lll) combined with NO5

and 5042’.

The possible reasons of the greater decrease in percentage of As(lll) occupied

sites when As(lll) combined with NO; and SO,” can be explained as the following.

(1) The greater number of anions containing in the tri-solutes system leads to

the greater competition of those anions to be adsorbed on the sorption sites.
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(2) As(lll) and anions should be adsorbed on the sorption sites in comparable
time. From Table 4-5, the observed adsorption rate constant of As(lll) was slightly
greater than NOs. Thus, at initial period, As(lll) and NO5 should be adsorbed on the
sorption sites in the comparable time causing the decrease in available sorption sites
for adsorbing As(lll). When the time passed, 5042_ was also be adsorbed on the
sorption sites. As mentioned before, the large anions radius of 50427 could obstruct
As(lll) to occupy on the neighboring sorption sites. Thus, the available sorption sites

which As(lll) could occupy was limited.

(3) The negative charges of NO; and SOQZ_ containing in tri-solutes should be
faster balanced the positive charge of adsorbent surface than those of them in bi-
solutes systems. Then, the increase in the effect of electrostatic repulsion in tri-
solutes system should be quicker than those in bi-solutes systems causing in the

lower As(lll) adsorption performance.

It can also be seen in Figure 4-17 that the percentage of NO; occupied sites
in tri-solutes system is comparable with that in bi-solutes system. As discussed
above, NO; had smaller anionic radius and negative charge thus it could be
adsorbed on the vacant sorption sites where the near sorption sites were occupied
by other anions without anionic radii overlapping and less repulsion effect between
NO; and anions occupied on the near sorption sites. Furthermore, NO5 has only one
negative charge thus its adsorption performance should be less affected by
electrostatic repulsion causing the insignificant change in the percentages of NO5

occupied sites in bi- and tri-solutes systems.

Considering Figure 4-17, the percentages of 50427 occupied sites in bi- and tri-
solutes systems are lower than those of As(lll) and NO5. The reasons of the lowest
percentages of 50427 occupied sites in both systems can be explained as the

following.
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(1) The observed adsorption rate constants of 50427 in bi- and tri-solutes
systems were lower than those of the other two anions (Table 4-5) causing the

slowest being adsorbed on the sorption sites.

(2) The sorption site of COS preferred to adsorb As(lll) than 5042_ as shown in

Figure 4-5. Thus, most sorption sites should be occupied by As(lll).

(3) As stated above, the binding affinity of COS on SOQZ_ was lower than that

of As(lll) causing the less SO42_ adsorbed on the available sorption sites.

(4) SO42_ had greater negative charge and larger anionic radius than NO;.
Then, it could not be adsorbed on the sorption sites that the neighboring sorption
sites were occupied by other anions like NO; could. Thus, the available sorption

sites that SO42— could occupied were limited

(5) Due to two negative charges of 5042-, the effect of electrostatic repulsion
on 5042— adsorption performance should be greater than those on As(lll) (H,AsO5) and

NO; which have only one negative charge.

For the case of As(ll) mixed with NO; and HPO,”, the percentages of As(lll),

NO; and HPO42— in bi- and tri-solutes were compared as presented in Figure 4-18.
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Figure 4-18 The percentages of As(lll), NO; and HPO42_ occupied sites when As(lll)
mixed with NOs , As(lll) mixed with HPO,” and As(Ill) combined with NO,

and HPO,”.

As seen in Figure 4-18, when As(lll) solution contained both NO; and HPO42_,
the percentage of As(lll) occupied sites is extremely lower than those of As(lll) in the
other two cases (As(lll) mixed with NO5; and As(lll) mixed with HPO427). There are four
reasons that can be explained the extremely low percentage of As(lll) occupied sites

when the solution contained both of HPO,~ and NO; .

(1) In tri-solutes, the observed adsorption rate constant of As(lll) was much
lower than HPO,” and NO, (Table 4-5). This implies that, at initial period, HPO,  and
NO; should be adsorbed on the sorption sites before As(lll) causing the decrease of

available sorption sites for adsorbing As(lll).

(2) Most of available sorption sites were occupied by HPOf. As discussed in
the previous section, the charge density, observed adsorption rate constant and
binding affinity of HPOff were greater than those of As(lll). In addition, the sorption
sites preferred to adsorb HPO42_ than As(lll) (Figure 4-5). Thus, most of sorption sites

should be occupied by HPO42_ causing the less available sites for As(lll) occupying.
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(3) As(lll) was blocked to be adsorbed on the vacant sorption sites that the
neighboring sorption sites were occupied by HPOQZ_ because the anionic radii of As(lll)
and HPO427 are comparable in size. As already stated, HPOqu should be adsorbed

before As(lll) thus the available sorption sites that As(lll) could occupy were limited.

(4) Due to the greater negative charges of anions in tri-solutes system, the
quicker electrostatic repulsion affected the As(lll) adsorption performance causing the
decrease in percentage of As(lll) occupied sites. As previously described, the negative
charge of As(lll) and anions which were adsorbed on the sorption sites caused the
increase in the effect of electrostatic repulsion on As(ll) and anions adsorption
performances. When the effect of electrostatic repulsion is dominant, the repulsion
between the negative charges of adsorbent surface and anions become stronger
causing the more hindrance of As(ll) to be adsorbed on the sorption sites. In
addition, OH produced from adsorption reaction as in Reactions (4-3), (4-6) and (4-8)
caused the change of As(lll) (H,AsO5) into HASO32_. Due to two negative charges of
HASO32—, the effect of electrostatic repulsion on HAsO32_ should be greater than that
of NO; which has only one negative charge causing in the lower percentage of As(lll)

occupied sites.

On the other hand, Figure 4-18 shows that, in bi- and tri-solutes systems, the
percentages of HPO42_ occupied sites are greater than those of As(lll) and NO;
because of the greater observed adsorption rate constants, charge density and
binding affinity. Moreover, the sorption sites of COS preferred to adsorb HPO427 than

the other anions.

It can also be seen in Figure 4-18 that, in tri-solutes system, the percentage of

NO; occupied sites is greater than that of As(lll). Three possible reasons can be given.

(1) Due to the small anionic radius of NO5, it could be adsorbed on the
vacant sorption sites that neighboring sorption sites were occupied by HPO42_ or

As(lll). Thus, the percentage of NO5; occupied sites is greater than that of As(lll).
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(2) The observed adsorption rate constant of NO5 (Table 4-5) was almost 2.8
times greater than that of As(lll). At initial period, NO; should be adsorbed on the
vacant sorption sites before As(lll). Therefore, it could be more adsorbed on the

available sorption sites than As(lll).

(3) Due to the one negative charge of NOs, the effect of electrostatic
repulsion on NO5; adsorption performance should be less than those of Aslll)
(HASO?)Z») and HPOf-. Thus, when the effect of electrostatic repulsion became

dominant, NO; should be greater occupied on sorption sites than HAsO32_.

Considering Figure 4-18, the percentages of NO; occupied sites in tri-solutes
system is greater than that of NO5 in bi-solutes system. Two possible reasons can be

given.

(1) In bi-solutes, the observed adsorption rate constant of NO; was lower
than that of As(lll). NO; should be adsorbed on the vacant sorption sites after As(lll)
causing the lowering available sorption sites for NO; adsorbing. Conversely, in tri-
solutes, NO; could be adsorbed on the available sorption sites before As(lll). Thus, in
tri-solutes system, NO5; should be more occupied on the sorption sites greater than

that of itin bi-solutes system.

(2) In tri-solutes system, the electrostatic repulsion became dominant effect
quicker than the bi-solutes system. HASO;_ and HPO42_ should be less adsorbed on
the sorption sites causing the more available sorption sites remaining on the un-
dissolved COS. Due to the lower negative charge of NO;, when the electrostatic
repulsion became dominant effect, it should be better adsorbed on the sorption
sites than the others anions which have more negative charges. Thus, in tri-solutes,

NO; should be greater occupied on those sorption site than that in bi-solutes.

In the case of As(lll) mixed with 50427 and HPO427, The percentage of HPO427

occupied sites is greater than those of the other two anions because of the greater
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observed adsorption rate constant of HPO427, the stronger binding affinity of the
sorption sites on HPO42_ and more preference of un-dissolved COS sorption sites to

adsorb HPO,” .

Conversely, the percentage of 5042_ occupied sites is lower than those of
As(lll) and HPO42_. This should be because (1) the observed adsorption rate constant
of 50427 (Table 4-5) was much less than those of HPO427 and As(lll), (2) the capability
of COS sorption site to adsorb SO42_ was lower than those two anions and (3) the

binding affinity of sorption sites on 5042_ was also weaker than the other two anions.

The calculated percentages of As(lll) and anions occupied sites in tri- and

tetra-solutes systems were compared as illustrated in Figure 4-19.
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Figure 4-19 The percentages of As(lll), NOs, SO, and HPO, occupied sites when
As(lll) combined with NO; and 5042', As(lll) combined with NO; and
HPO,”, As(lll) combined with SO, and HPO, and As(lll) combined with

NO,, SO, and HPO,".

Figure 4-19 shows that, in tri-solutes system, the percentage of As(lll) occupied
sites when As(lll) combined with NO; and 5042_ is greater than those of the other two
cases that contained HPO427 which could be better and faster adsorbed on the

sorption sites than As(lll). Due to the comparable in size of anionic radii of HPOazf and
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As(lll), HPO427 could block As(lll) to be adsorbed on sorption sites that the neighboring

sorption sites were occupied by HPO427.

Considering Figure 4-19, when SO,  was mixed into the solution instead NO5
in As(lll) combined with NO; and HPO42_ solution, the percentage of As(lll) occupied
sites significantly increased while the percentage of HPOQZ_ occupied sites slightly
decreased. In addition the total occupied sorption sites of As(lll) combined with NO5
and HPO,~ also greater than that of As(lll) combined with SO,. and HPO, . Two

possible reasons can be given.

(1) The anionic radii of As(lll), 5042_ and HPOQZ_ are comparable in size. Those
three anions could not be adsorbed on the sorption sites that the neighboring
sorption sites were occupied by the other molecules like NO; could. Then, the
available sorption sites that those anions could be adsorbed should be limited. Thus,
the total percentage of As(lll) and anions occupied sites in As(lll) combined with SO42_

and HPO,™ is lower than that in As(lll) combined with NO; and HPO,".

(2) Due two negative charges of SO42- and HPO42-, the effect of electrostatic
repulsion should quickly become dominant causing in lowering As(lll), SO427 and
HPO42_ adsorption performances. HPO42_ has negative charges greater than As(lll) in
the form of H,AsO;. The effect of electrostatic repulsion on HPO427 adsorption
performance should be stronger than that of H,AsO; causing the less HPO42_
adsorbed on the sorption sites. However, in Table 4-5 and Figure 4-5, at initial period,
HPO427 could be adsorbed on the sorption sites faster and better than the other
anions. Therefore, the percentage of HPO42_ occupied sites in As(lll) combined with
SO, and HPO,” solution was slightly less than that in As(lll) combined with NO; and

HPO, .

For As(lll), when the electrostatic repulsion becomes dominant effect, less
anions could be adsorbed on the sorption sites causing more available sorption sites

remaining on the un-dissolved COS. Due to the lower negative charge of H,AsOs, the
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effect of electrostatic repulsion on its adsorption performance should be lower than
SO42> and HPO42_ cases causing in more As(lll) occupied sites in As(lll) combined with

SO, and HPO,” solution.

For tetra-solutes system, the percentage of HPOQZ_ occupied  sites s
significantly lower than that in As(lll) combined with NO5 and HPOQZ_ as illustrated in
Figure 4-19. This should be because the large anionic radius of 50427 would obstruct
or block HPO42> and As(lll) from reaching the sorption sites where the neighboring
sorption sites were occupied by SO, . However, SO, and HPO, had two negative
charges while As(lll) was mostly in the form of H,AsOs, the repulsion between two
negative charge - anions should be stronger, hence SO42- should affect the
adsorption of HPO42> more than As(lll). Furthermore, the two negative charges of SO42_
caused the rapid increase of electrostatic repulsion effect. Due to the two negative
charge of HPO42_, the effect of electrostatic repulsion on its adsorption performance

should be strong causing the lowering of the percentage of HPOf- occupied sites.

It can also be seen in Figure 4-19, the percentage of As(lll) occupied sites in
tetra-solutes system is greater than that in As(lll) combined with NO; and HPO427. This
should be because, in tetra-solutes, the electrostatic repulsion became dominant
effect quicker than the tri-solutes causing the more available sorption sites remaining.
As(lll) in the form of H,AsO; was less affected by the electrostatic repulsion.
Therefore, H,AsO5; could be more adsorbed on those available sorption sites causing

the greater percentage of As(lll) occupied sites.

It is interesting that the percentage of NO; occupied sites in tetra-solutes is
comparable with that in As(lll) combined with NO5 and HPO,” solution. In addition, in
this case, the percentage of NO; occupied sites is also greater than those of the

other anions. Three possible reasons can be given.
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(1) The observed adsorption rate constant of NO; (Table 4-5) was much
greater than those of As(lll) and 5042_. Then, NO; should be faster adsorbed on the

sorption sites than those two anions.

(2) NO; has smaller anionic radius and one negative charge. Therefore, it
could be adsorbed on the available sorption sites that the neighboring sorption sites
were occupied by other anions without anionic radii overlapping and lower the

repulsion effect between adsorbate charges.

(3) Due to the one negative charge of NOs;, the effect of electrostatic
repulsion on NO; adsorption performance should be lower than those of 5042_ and
HPO42_ which have two negative charges. In addition, when the pH of solution
increased, the form of As(lll) containing in the solution changed from H,AsOs into
HAsO32— as in Reaction (4-4). The electrostatic repulsion should stronger affect As(lll)
(HASO5") adsorption performance than NO5. Then, NO; could be adsorbed on the

sorption sites better than the other anions.

The other interesting point is the percentages of 5042_ occupied sites are

lower than those of the other anions in every observed case as shown in Figure 4-20.
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Four reasons can be explained why the percentages of 5042_ occupied sites

are lower than the other anions in every observed case.

(1) As the adsorption results in Figure 4-5, the COS sorption sites had
capability to adsorb HPO427 and As(lll) better than that of 50427. In addition, bi-solutes
system also indicated that the binding affinity between the COS sorption sites and
50427 was lower than those of HPO427 and As(lll). These caused less 50427 occupied

sites.

(2) The observed adsorption rate constants of 50427 (Table 4-5) were lower
than those of the other anions in every observed case. This implies that 50427 should
be adsorbed on the sorption sites after the other three anions causing the less

available sorption sites for adsorbing 5042_.

(3) The anionic radius of SO, is comparable in size with As(ll) and HPO,".
Thus, 50427 could not be adsorbed on the sorption sites that the neighboring sorption

sites were occupied by As(lll) and HPO427. In addition, SO427 was adsorbed on the
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sorption sites slower than those two anions. Therefore, the available sorption sites

that 5042— could be adsorbed were very limited.

(4) SO42_ has two negative charges. Thus, the effect of electrostatic repulsion
on SO42_ adsorption performances should be stronger than that of As(lll) in the form
of H,AsO5 and NO, which have one negative charge. Then, SO, should be more

difficult to be adsorbed on the sorption sites than the other two anions.

Furthermore, the total percentages of As(lll) and anions occupied sites tend to
increase with the increasing in the number of anions containing in the solution as
illustrated in Figure 4-21. This should be because of the greater number of
adsorbates containing in the solution, the more chance of adsorbates to be adsorbed

on the sorption sites.
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Figure 4-21 The percentages of As(lll), NOs, SO427 and HPOazf occupied sites in single-

solutes, bi-, tri- and tetra-solutes.
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4.3.5. The morphologies of COS before and after As(ll) and anions

removal tests

The morphologies of COS after As(lll) and anions removals in bi-, tri- and tetra-
solutes were observed by SEM (Carl Zeiss EVO®MA10). The SEM images are

illustrated in Figure 4-22.
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Figure 4-22 SEM images of COS after removal tests of (a) As(lll) mixed with NO5, (b)
As(ill) mixed with SO,”, () As(lil) mixed with HPO,”, (d) As(lll) combined
with NO; and SO, and (e) As(lll) combined with NO, and HPO,”, As(lll)
combined with SO,~ and HPO,~ and As(lll) combined with NO5, SO,

and HPO,.
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The SEM images in Figure 4-22 show that, after As(lll) and anions removal
tests, the porous structure of COS in Figure 4-6 (b) changed into the different forms
as in Figures 4-22 (a) - (e). It can be seen in Figures 4-22 (a) and (b) that, when As(ll)
mixed with NO5 or 5042_, the grass-leaves like morphology of As(lll) adsorption on
COS surface was still observed even though some areas were covered by flat surface
as in Figure 4-22 (a) and mixed by flaky matter as in Figure 4-22 (b). The flat surface
and the flaky matter that were observed in Figures 4-22 (a) and (b) should be the

results of competing adsorption of NO; and SOQZ_, respectively.

It can also be seen in Figure 4-22 (d) that, when As(lll) combined with NO5
and SO42_, the morphologies of COS after removal test look like the mixed
morphologies of COS after As(ll) mixed with NO, and As(ll) mixed with SO,

removal tests.

Considering Figures 4-22 (c) and (e), the surface morphologies of COS after
As(lll) mixed with HPOf removal test (Figure 4-22 (c)) look similar with the one that
were taken from COS after As(lll) removal tests in tri-solutes which the solution
contained HPO427 and tetra-solutes (Figure 4-22 (e)). However, in Figure 4-22 (c), the

grass leaves - like morphology can still be observed.

For As(lll) combined with NO5; and HPOQZ, As(lll) combined with 50427 and
HPO,  and As(lll) combined with NO5, SO,- and HPO,  removal tests, the surface
morphologies of COS after removal tests are illustrated in Figure 4-22 (e). It can be
seen that the COS surface looks less flaky while grass leaves — like morphology
cannot be observed but the adsorption result indicated that As(lll) was adsorbed on
the COS sorption sites. The un-observed grass leaves — like morphology should be
due to the high percentages of HPO42_ removal. The removal results showed that the
total percentages of HPO427 removal by adsorption and precipitation were greater
than 83.25%. Therefore, most of COS surface area after those removal tests should

be covered by the morphologies of HPOazf. In addition, due to the great number of
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adsorbates adsorbed on the COS surface, the morphologies of COS surface were

more complex and difficult to observe.



PART B : As(lll) removal by using OS-TRHA adsorbent pellet

4.4 Characterization of RHA and TRHA

4.4.1 XRF and XRD analysis

The chemical compositions of RHA and TRHA were evaluated by an XRF.

Table 4-8 presents RHA and TRHA compositions which were expressed as oxides.

Table 4-8 XRF results of OS, COS, RHA and TRHA (wt9%).

% content

Composition RHA TRHA
Cao 0.74 0.82
MgO 0.50 0.57
Na,O - 0.20
SO, 0.18 0.20
SiO, 79.30 87.00
P,Os 1.25 1.32
Cl 0.58 0.14
Fe,05 0.47 0.29
ALOs 0.54 0.56
KO 2.51 2.52
MnO 0.13 0.14
Loss on ignition 12.14 1.80

From Table 4-8, XRF results show that RHA and TRHA composed of silicon
approximately 79.30 wt% and 87.00 wt%, respectively. Loss on ignitions (LOI) of RHA
and TRHA in Table 4-8 were determined by weight loss of those substances after
calcining at 700 °C for 8 h. The results in Table 4-8 show that the LOI of RHA is
greater than that of TRHA by approximately 85%. This indicates that the percentage

of silicon in TRHA should be greater than that of RHA because the moisture,
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unburned carbon and other impurities containing in RHA were removed during the

RHA calcination process at 600 °C for 13 h.

The crystalline phase of RHA and TRHA was observed by XRD. The XRD peaks

of RHA and TRHA are illustrated in Figure 4-23.
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Figure 4-23 XRD patterns of RHA and TRHA.

XRD peaks of RHA and TRHA in Figure 4-23 show the broad smooth hump

peak at 20 approximately 22°. Habeeb and Mahmud I and Hassan et al. reported

that the broad peak of XRD at the position in the range of 26 = 22° - 25° referred to

amorphous form of SiO,. Thus, the silicon which contained in RHA and TRHA should

exist in the form of amorphous SiO,. Based on XRF, XRD and LOI results, the removal

of moisture, unburned carbon and other impurities containing in RHA during the RHA

calcination process at 600 °C for 13 h caused the increase in percentage of SiO, in

TRHA (Table 4-8). The XRF and XRD results indicate that, after the heat treatment,

the percentage of SiO, in TRHA increased while SiO, was still in the form of

amorphous structure.
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4.5 OS-TRHA adsorbent pellet characterization

4.5.1. XRD analysis of OS-TRHA adsorbent pellets before and after As(lll)

adsorption tests

XRD patterns of OS-TRHA adsorbent pellet prepared from OS particle size
range of <106 um with OS:TRHA ratio of 0.7:0.3 before and after As(lll) adsorption

tests are illustrated in Figure 4-24.

3000

v
° ¥ C-S-H gel
. (b) * CaSio,
® Ca(OH),
gzooo 1 * Ca-As-O
2 : | o
| * *
< 1500 ’WJ"J 'Jj" | 1 *
& P WAL L | et 0 ) 200,
= 1000 1 (a)
¢,
L 4 |
| v s
500 - \ e Hi . :
| ) LJ"' '{}'1 1 i '?. |‘ .* s
0 (Mg’ W o, ‘.5 . &/ b\»mNuW
5 15 25 35 45 55 65 75
20

Figure 4-24 XRD patterns of the OS-TRHA adsorbent pellet (a) before and (b) after

As(Il) removal tests.

The XRD peaks in Figure 4-24 (a) show that, before As(lll) adsorption test, the
crystalline substances detected in OS-TRHA adsorbent pellet are calcium silicate
(CaSiOs), calcium silicate hydrate (C-S-H) compounds, calcium oxide (CaO) and
calcium hydroxide (Ca(OH),). Meanwhile, the peak patterns of CaCO; and amorphous
SiO, observed in the XRD results of OS (Figure 4-1) and TRHA (Figure 4-23),
respectively were not observed in XRD peaks of OS-TRHA adsorbent pellet. This
implies that, during the OS-TRHA adsorbent pellet preparation, some CaCO; in OS

should react with amorphous SiO, in TRHA and form CaSiO; and C-S-H compounds.
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The remaining CaCO; in OS-TRHA adsorbent pellet also changed into CaO as in

Reaction (2-62) during the calcination step in OS-TRHA adsorbent pellet preparation.

After As(lll) adsorption test, XRD peaks of OS-TRHA adsorbent pellet in Figure
4-24 (b) corresponding to CaO were not detected whereas Ca-As-O peaks could be
observed. It can be also seen in Figures 4-24 that, after As(lll) adsorption test, the
intensity peaks of Ca(OH), of OS-TRHA adsorbent pellet significantly decrease while
the peaks corresponding to CaSiO; and C-S-H compounds insignificantly change. This
indicates that, when OS-TRHA adsorbent pellet was added into the As(lll) solution,
Ca0 in the OS-TRHA adsorbent pellet should react with water and turn into Ca(OH),.

Then, Ca(OH), could further react with As(lll) to be Ca-As-O.

4.5.2. Solubility tests of COS and OS-TRHA adsorbent pellets

The solubility tests of COS and OS-TRHA adsorbent pellets were performed in
Erlenmeyer flasks with rubber corks. In this section, the pH of solution was adjusted
to be 7. After that, COS and OS-TRHA adsorbent pellet were individually added into
the solution and kept for 24 h. The final pHs of the solutions were measured. The
amounts of dissolved COS and OS-TRHA adsorbent pellet reported in terms of
dissolved CaO are presented in Figure 4-25. It is noted that COS <106, 106-150 and
150-250 in Figure 4-25 referred to COS prepared from OS particle size ranges of <106
pm, 106-150 pm and 150-250 um, respectively. Meanwhile, pellets <106, 106-150
and 150-250 referred to OS-TRHA adsorbent pellets prepared from OS:TRHA ratio of
0.7:0.3 with OS particle size ranges of <106 pm, 106-150 pm and 150-250 um,

respectively.
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Figure 4-25 The amount of CaO in COS and in OS-TRHA adsorbent pellets dissolved

in the solutions.

Figure 4-25 shows that the amounts of dissolved CaO of OS-TRHA adsorbent
pellets are much lower than that of COS in all observed OS particle size ranges. Two
possible reasons can be given to explain why the OS-TRHA adsorbent pellets are

much less dissolved in the solution than COS.

(1) The amount of CaO containing in OS-TRHA adsorbent pellets was lower
than that of COS. As mentioned in the previous section, some CaCOj; in the OS-TRHA
adsorbent pellet precursor transformed into CaSiO; and C-S-H which were insoluble
compounds. Thus, less CaO was produced after calcination at 700°C for 8 h causing

the less CaO dissolving in the solution.

(2) The surface area of OS-TRHA adsorbent pellets was much less than that of
COS resulting in less contact of CaO with water in the solution and therefore less

dissolution could occur.

It can be also seen in Figure 4-25 that COS prepared from OS particle size
range of <106 um provides the greatest amount of CaO dissolved in the solution due

to the largest contact area. Meanwhile, the amount of dissolved CaO of OS-TRHA
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adsorbent pellet prepared from OS particle size range of <106 pm is slightly lower
than those of OS-TRHA adsorbent pellets prepared from the other two particle size
ranges. This should be because the smaller particle size of OS could be well
compacted, the solution should less diffuse into the pellet causing the less

dissolving of CaO.

4.6. The effects of OS particle sizes and OS:TRHA ratios on stability

and As(lll) adsorption performance of OS-TRHA adsorbent pellet

In this section, initially, OS and COS were pelletized by using a metal mould
and hydraulic press. After OS and COS pellet preparation, the OS and COS pellets
were individually added into solution (pH7) and kept for 24. The shapes of the
pellets were observed. Figure 4-26 shows OS and COS pellets before and after

adding into the solution.

Figure 4-26 The OS and COS-pellets (a) before (b) after adding into the solution.

It can be seen in Figure 4-26 (a) that, after OS and COS pellets preparation,
the color of those pellets was almost white and the diameter of the pellets was
approximately 10 mm. After OS and COS pellets were individually added into the
solution, those pellets cracked within 5 min as shown in Figure 4-26 (b). This should
be because of the dissolving CaO containing in OS and COS pellets and the porous
structure of those pellets which caused the more diffusion of water into the pellets.

This result indicates that the OS and COS could not be pelletized directly.
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In order to pelletize the COS powder, the binder precursor is necessary to mix
with OS or COS. In this work, RHA was chosen to be a binder as it contained
amorphous SiO, which could introduce pozzolanic reaction with CaO "9 The 0s-
RHA pellets and COS-RHA pellets were then prepared by the metal mould and
hydraulic press. The stability of the OS-RHA and COS-RHA pellets was tests following
the same procedure of the OS and COS pellets tests. The results showed that, after
the OS-RHA and COS-RHA pellets were individually added into the solution, those
pellets cracked within 5 - 10 min. The crack of those pellets should be because the
high unburned carbon and other impurities containing in RHA could inhibit formation
of CaSiO; and C-S-H compound in the pozzolanic reaction ol Thus, the
pretreatment process was applied to remove the unburned carbon and other

impurities containing in RHA.

In this work, the RHA was calcined at 600 °C for 13 h in order to remove the
impurities containing in RHA. The treated RHA was called treated rice husk ash

(TRHA). Figure 4-27 shows RHA before and after heat treatment.

Figure 4-27 (a) RHA and (b) TRHA.

It can be seen in Figure 4-27 that, after heat treatment process, the black
color of RHA in Figure 4-27 (a) changed into gray as in Figure 4-27 (b). This is because

some unburned carbon and impurities were removed during the calcination process.
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Table 4-8 and Figure 4-23 indicated that TRHA contained the percentage of SiO, as
high as 87 wt% while the structure of SiO, in TRHA was still in the amorphous form
which could produce the pozzolanic reaction. Then, TRHA was used to be a binder

for adsorbent pellets preparation.

In order to find the most appropriate condition for OS-TRHA adsorbent pellet
preparation, the OS particle size ranges of <106 pm, 106-150 pm and 150-250 ym
were weighed and mixed with TRHA in the different ratios. After OS-TRHA adsorbent
pellets preparation process, the stability and As(lll) adsorption performances of OS-
TRHA adsorbent pellets were tests in Erlenmeyer flasks. Figure 4-28 (a) illustrated the
OS-TRHA adsorbent pellets after preparation process while Figures 4-28 (b) and (c)

show the OS-TRHA adsorbent pellets after the stability and As(lll) adsorption tests.

Figure 4-28 The OS-TRHA adsorbent pellets before adsorption test (a), the cracked
(b) and the un-cracked (c) OS-TRHA adsorbent pellets after adsorption

tests.

The stability and As(lll) adsorption capacity of OS-TRHA adsorbent pellets
results are presented in Table 4-9. It is noted that the As(lll) adsorption tests were
performed twice and the As(lll) adsorption capacities were reported as the average

values.
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Table 4-9 The stability and As(lll) adsorption capacity of OS-TRHA adsorbent pellets

with different conditions.

OS particle size range OS:TRHA Stability Adsorption capacity
(um) (mg/9)
0:1.0 1.38
<106 1.0:0 241.67
150-250 0.8:0.2 Crack 42.50+0.09
150-250 0.7:0.3 Crack 22.38+2.85
150-250 0.6:0.4 Crack 24.26+24.23
150-250 0.5:0.5 Crack 29.69+2.40
106-150 0.8:0.2 Crack 35.64+7.47
106-150 0.7:0.3 Crack 14.02+0.65
106-150 0.6:0.4 Crack 34.08+10.65
106-150 0.5:0.5 Crack 31.26+1.65
<106 0.8:0.2 Crack 33.10+0.41
<106 0.7:0.3 Not Crack 26.20+2.02
<106 0.6:0.4 Not Crack 19.50+2.83
<106 0.5:0.5 Not Crack 14.01+0.05

In this section, firstly, the stability of OS-TRHA adsorbent pellets was

determined. As seen in Table 4-9, the OS-TRHA adsorbent pellets prepared from OS

particle size ranges of 106-150 pm and 150-250 pm with every observed ratio

cracked (Figure 4-28 (b)) within 30 min after adding into As(lll) solution. Meanwhile,

the OS-TRHA adsorbent pellets prepared from OS particle size range of < 106 um

with OS:TRHA ratios of 0.7:0.3 to 0.5:0.5 did not crack (Figure 4-28 (c)) even after

finishing the adsorption experiment (within 24 h).

Two reasons that can be explained why the OS-TRHA adsorbent pellets

prepared from OS particle size range of < 106 pm with ratios of 0.7:0.3 to 0.5:0.5 did

not crack are.
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(1) The OS particle size range of <106 um contained the particles with the
sizes that small enough to be well compacted and better sintered than the larger
ones. Therefore, after the OS-TRHA adsorbent pellets were added into the solution,
the solution could less diffuse into the denser adsorbent pellets causing lower CaO

to dissolve.

(2) The OS particle size range of <106 um had larger surface area that allowed
the pozzolanic reaction to occur and formed CaSiO; and C-S-H compounds which
were binder substances more than the other two OS size ranges. Then, CaSiO; and C-

S-H compounds could bind the precursor powder to be stable without crackins.

However, the OS-TRHA adsorbent pellet prepared from OS particle size range
of <106 um with ratio of 0.8:0.2 cracked after adding into the solution. This should
be because, in this condition, the OS-TRHA adsorbent pellet contained less amount
of TRHA that resulted in the insufficient CaSiO; and C-S-H compounds to bind the

precursor particles in the pellet.

After considering the stability tests, As(lll) adsorption capacities of un-cracked
adsorbent pellets were further compared. Considering Table 4-9, the As(lll)
adsorption capacity of COS prepared from OS particle size range of <106 is extremely
greater than that of TRHA. As mentioned earlier, COS composed of CaO as high as
97%wt. The XRD (Figure 4-7) and As(lll) adsorption results (Table 4-9) indicate that
Ca(OH), which transformed from CaO in COS should be the sorption sites for
adsorbing As(lll) in the solution. On the contrary, As(lll) adsorption capacity of TRHA
was very poor. It means that TRHA had few sorption sites which could adsorb As(lll)

in the solution.

For OS-TRHA adsorbent pellets, Table 4-9 shows that the As(lll) adsorption
capacities of OS-TRHA adsorbent pellets are greater than that of TRHA. This implies
that OS-TRHA adsorbent pellets have sorption sites more than TRHA. Due to the XRD

result in Figure 4-24, the sorption sites for adsorbing As(lll) in OS-TRHA adsorbent
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pellets should be Ca(OH), which transformed from CaCOs in OS. However, the As(lll)
adsorption capacities of OS-TRHA adsorbent pellets are lower than that of COS
because some CaCO; in OS-TRHA adsorbent pellet changed into CaSiO; and C-S-H

compounds which are inactive compound for adsorbing As(lll).

It can also be seen in Table 4-6 that As(lll) adsorption capacity of OS-TRHA
adsorbent pellet prepared from OS particle size range of < 106 ym with ratio of
0.7:0.3 is greater than those of the pellets prepared from OS same size range with
the ratios of 0.6:0.4 and 0.5:0.5, respectively. The As(lll) adsorption capacity increased
with the increase of OS containing in OS-TRHA adsorbent pellet. This result
confirmed the previous statement that Ca(OH), should be the sorption sites for

adsorbing As(lll).

The results of stability test and As(lll) adsorption capacity indicate that the
adsorbent pellet prepared from OS particle size range of <106 um with ratio of
0.7:0.3 was the most appropriate condition for preparation OS-TRHA adsorbent pellet

to remove As(lll) in aqueous solution.

Furthermore, the errors of As(lll) adsorption capacity of cracked pellets were
in the range of 0.21% - 62.37% while un-cracked pellets had the errors of As(lll)
adsorption in the range of 0.88% - 15.08%. The greater error of the cracked pellets
was because of the uncontrolled cracking patterns of the cracked pellets causing in

different area of cracked pieces exposed to the solution.

4.7. Morphologies of OS-TRHA adsorbent pellets before and after

As(lll) adsorption tests

The surface morphologies of TRHA, COS and OS-TRHA adsorbent pellets
prepared from OS particle size ranges of <106 um, 106-150 um and 150-250 um with

OS:TRHA ratio of 0.7:0.3 before and after As(lll) adsorption tests were observed by
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using SEM. Figure 4-29 illustrates the SEM images of TRHA and COS before and after

As(lll) adsorption tests.

20 pm

—

10 pm

I._l

Figure 4-29 SEM images of TRHA (a) before (b) after As(lll) adsorption tests and COS

(c) before and (d) after As(lll) adsorption tests.

The SEM images in Figures 4-29 (a) and (b) show that the morphologies of
TRHA before and after As(lll) adsorption tests look similar. Since, TRHA was rarely
adsorbed As(lll). Conversely, the SEM images of COS in Figure 4-29 shows that, after
As(lll) adsorption test, the porous structure of COS in Figure 4-29 (c) changed into the
grass-leaves like morphology (Figure 4-29 (d)). This morphology looks similar to the
morphology of arsenic immobilized on lime in Phenrat et al. work which reported

that the grass-leaves like morphology was one form of Ca-As compound e

The surfaces of OS-TRHA adsorbent pellet before and after As(lll) adsorption

tests were also observed by SEM. The SEM images are presented in Figure 4-30.
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Figure 4-30 The SEM images of surface OS-TRHA adsorbent pellet before adsorbed
As(lll) prepared from OS size ranges of (a) <106 pm, (b) - (d) 106-150 ym

and 150-250 pm.

Figure 4-30 (a) shows that, before As(lll) adsorption test, the surface
morphologies of OS-TRHA adsorbent pellet prepared from OS particle size range of
<106 pm could be classified into two types; the rough one and the smooth one.
Meanwhile, the surface morphologies of OS-TRHA adsorbent pellets prepared from
the other two particle size ranges of OS could be observed in three forms; the rough
surface (Figure 4-30 (b)), the smooth surface (Figure 4-30 (c)) and the layer of porous
bars (Figure 4-30 (d)). It can be seen that the rough surface in the Figure 4-30 (b) and
the smooth surface in the Figure 4-30 (c) look like the surface morphologies of the
OS-TRHA adsorbent pellet prepared from OS particle size range of <106 um (Figure 4-
30 (a)). Meanwhile, the layers of porous bars in the OS-TRHA adsorbent pellets is
similar to the porous morphology of COS before As(lll) adsorption test in Figure 4-29

(c). This implies that some parts of OS-TRHA adsorbent pellets prepared from OS
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particle size ranges of 106-150 pm and 150-250 um were still in the form of porous

bars structure of COS.

The porous bars structure of OS-TRHA adsorbent pellets observed in Figure 4-
30 (d) should be the other reason that caused the crack of OS-TRHA adsorbent pellet
and the greater dissolving of the OS-TRHA adsorbent pellets prepared from OS
particle size ranges of 106-150 um and 150-250 pym. When the OS-TRHA adsorbent
pellets prepared from OS particle size ranges of 106-150 um and 150-250 um were
added into the solution, the solution could better diffuse into the pores of the
porous structure in those pellets and contact with CaO inside the adsorbent pellets.
Since Ca0 is a soluble compound, some of it inside the pellet could dissolve causing

the crack of OS-TRHA adsorbent pellet.

After As(lll) adsorption tests, the morphologies of OS-TRHA adsorbent pellets

were also observed by SEM. SEM images are shown Figure 4-31.

AT

Figure 4-31 SEM images of OS-TRHA adsorbent pellet surface after adsorbed As(lll).

It can be seen in Figure 4-31 that, after As(ll) adsorption tests, the
morphologies of OS-TRHA adsorbent pellets prepared from every observed OS
particle size range could be classified into two forms; the grass leaves-like matter
(Figure 4-31 (a)) and the smooth surface (Figure 4-31 (b)). The grass leaves-like
morphology on the surface of OS-TRHA adsorbent pellets looks like the morphology

of COS after As(lll) adsorption test in Figure 4-29 (d) which was one form of calcium-
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arsenite compound. Meanwhile, the smooth surface in Figure 4-31 (b) looks similar to
the smooth surface of OS-TRHA adsorbent pellets before As(lll) adsorption test

(Figure 4-30 (c)).

Furthermore, EDX technique was used to determine the chemical
composition containing in the grass leaves-like matter and the smooth surface. The

EDX results are presented in Figure 4-32.
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Figure 4-32 The EDX results of (a) the smooth surface (b) grass-leaves like

morphology of OS-TRHA adsorbent pellets.

The EDX result of grass leaves-like morphology in Figure 4-32 (b) shows Ca, O
and As elements which should refer to Ca-As-O. This result agrees with the XRD
result (Figure 4-24) which indicated that As(lll) should be adsorbed on CaO adsorption
sites on the OS-TRHA adsorbent pellet in the form of Ca-As-O. For the smooth
surface, the EDX result (Figure 4-32 (a)) shows Ca, O and Si elements which should
refer to CaSiO; and C-S-H compounds. As seen in Figures 4-30 (c) and 4-31 (b), the

smooth surface morphology was observed both before and after As(lll) adsorption
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tests. This implies that the smooth surface should be the surface of CaSiO; and C-S-H

compounds which was inactive with As(lll) adsorption.

The cross-section morphologies of OS-TRHA adsorbent pellets prepared from
OS particle size ranges of <106 pm, 106-150 pm and 150-250 pm with OS:TRHA ratio
of 0.7:0.3 before and after As(lll) adsorption tests were also observed by using SEM as

shown in Figure 4-33.

Figure 4-33 SEM images of cross-section OS-TRHA adsorbent pellet before adsorbed
As(lll) prepared from OS particle size ranges of (a) <106 pum, (b) - (c) 106-
150 pm and 150-250 um and OS-TRHA adsorbent pellet after adsorbed
As(lll) prepared from OS particle size ranges of (d) <106 um, (e) - (f) 106-

150 pm and 150-250 pm.
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As seen in Figure 4-33, before As(lll) adsorption test, the cross-section
morphologies of OS-TRHA adsorbent pellet prepared from OS particle size range of
<106 um (Figure 4-33 (a)) could be divided into two types; the rough one and the
smooth one like the surface morphologies of OS-TRHA adsorbent pellet in Figure 4-
30 (a). Meanwhile, the cross-section morphologies of OS-TRHA adsorbent pellet
prepared from OS particle size ranges of 106-150 ym and 150-250 ym could be
classified into three forms; the rough surface (Figure 4-33 (b)), the smooth surface
(Figure 4-33 (b)) and the layers of porous bars (Figure 4-33 () like the surface

morphologies of OS-TRHA adsorbent pellets in Figures 4-30 (b) - (d).

After As(lll) adsorption tests, the cross-section morphologies of OS-TRHA
adsorbent pellets prepared from OS particle size ranges of <106 um (Figure 4-33 (d)),
106-150 pm and 150-250 pum (Figures 4-33 (e) - (f)) are similar to the cross-section
morphologies of OS-TRHA adsorbent pellets before As(lll) adsorption tests in Figures
4-33 (a) - (c). The grass-leaves like morphology of Ca-As-O was not observed in the
cross-section surface of OS-TRHA adsorbent pellets. This indicates that As(lll) should
not diffuse and be adsorbed inside the OS-TRHA adsorbent pellets. The As(lll) should

be adsorbed only on the surface of OS-TRHA adsorbent pellets.

4.8. Adsorption mechanism of As(lll) on OS-TRHA adsorbent pellet

In this section, the adsorption mechanism of As(lll) on OS-TRHA adsorbent
pellet was investigated. Considering XRF in Tables 4-1 and 4-8 and XRD in Figures 4-1
and 4-23, OS and COS mainly composed of CaCO,; and CaO, respectively while
almost SiO, containing in RHA and TRHA was in the form of amorphous phase.
Furthermore, XRD result in Figure 4-24 (a) indicated that, after pellet preparation
process, the OS-TRHA adsorbent pellet composed of CaSiOs, C-S-H, CaO and Ca(OH),.
Based on the XRD and XRF results, during the OS-TRHA adsorbent pellet preparation
process, the following reactions should take place.

SiO , +2H,0 ——> H,SIiO, (4-10)
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H,SiO, +CaCO, —— CaH,SiO, +H,CO, (4-11)
H,CO, —2 5 H,0+CO, (4-12)
CaH,SiO , —2 5 (CaSiO; + H,O (4-13)
CaCO, —2 5 CaO + CO, (2-62)
CaO +SiO, —2 5 (CaSiO, (4-14)

In the preparation process, when OS and TRHA were weighed and blended
with a few drops of water, the amorphous SiO, in TRHA contacted with water and
changed into H4SiO,4 as in Reaction (4-10). Then, H,SiO, could further react with some
CaCO5 in OS and form CaH,SiO4 (C-S-H) and H,CO5 as in Reaction (4-11). After the
mixture paste was shaped into the pellet by a metal mould, the pellet was calcined
at 700°C for 8 h. During the calcination process, H,CO; decomposed and released
H,O and CO, as shown in Reaction (4-12). Hager " and Rodriguez et al. ol reported
that C-S-H compounds could transform into CaSiO; at calcining temperature above
600°C. However, in this work, the XRD peaks of OS-TRHA adsorbent pellet after
preparation process in Figure 4-24 (a) corresponding to CaSiO; and C-S-H compounds
were detected. It means that some CaH,SiO, (C-S-H compounds) should decompose
into CaSiOs and release H,0 as in Reaction (4-13) while the rest still remained in the
OS-TRHA adsorbent pellet. Meanwhile, the remaining CaCOs in OS released CO, and
changed into CaO as in Reaction (2-62). In addition, during the calcination process,

some CaO could further react with SiO, and form CaSiOs as in Reaction (4-14).

After As(lll) adsorption process, the As(lll) adsorption results in Table 4-6
showed that the OS-TRHA adsorbent pellet could adsorb As(lll) with the maximum
adsorption capacity about 26.20 mg/g. pHs of solution before and after As(lll) removal
tests were measured. The result showed that, after As(lll) adsorption test, pH of As(lll)
solution increased from pH 7 to pH about 11. As described before, after adding OS-
THRA adsorbent pellet into the solution, some CaO in the pellet could dissolve into
the solution as in Reaction (4-2) causing the increase in pH of solution. The

precipitation result (Section 4.2.1) showed that the precipitate of As(lll) and Ca”" was
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not observed within 48 h. Considering the XRD result in Figure 4-24, after As(lll)
adsorption test, the XRD peaks corresponding to CaO were not detected while the
peaks corresponding to Ca-As-O were observed. In addition, the intensities of the
peaks corresponding to Ca(OH), decreased. This implies that, after the OS-TRHA
adsorbent pellet was put into As(lll) solution, CaO in the pellet should change into
Ca(OH), and further adsorb As(lll) containing in the solution. However, after As(lll)
adsorption test, XRD peaks of CaSiO; and C-S-H compounds (Figure 4-24 (b)) were
still observed and their intensities insignificantly changed. The SEM images and EDX
results in Figures 4-30 - 4-32 indicated that the smooth morphology observed on OS-
TRHA adsorbent pellets before and after As(lll) adsorption tests should be CaSiO; and
C-S-H compounds which should not react with As(lll). The solubility tests in Figure 4-
25 also showed that the CaSiO; and C-S-H compounds in OS-TRHA adsorbent pellet
caused less CaO dissolving. Moreover, the CaSiO; and C-S-H compounds in the pellet

could bind the precursor powders in the pellet to be stable without cracking.

According to the information obtained from those experiments, the OS-TRHA
adsorbent pellet could be divided into two parts. The first part is CaO which could
adsorb As(lll). The other part is CaSiO; and C-S-H compounds which could not react
with As(lll) but it could bind the precursor powders in the pellet to be stable without
cracking. Then, the reactions of As(lll) adsorption by OS-TRHA adsorbent pellet could

be proposed as the following reactions.

CaO + 2H,0 —— Ca(OH), (4-1)
Ca(OH), «— Ca’ + 20H" (4-2)
Ca(OH), +H;AsO, —— HCaAsO, + 2H,O (4-15)
H,AsO, +OH —— H,AsO; + H,0 (4-16)

Ca(OH), + H,AsO; —— HCaAsO, + H,0 +OH" (4-3)
H,AsO; +OH —— HAsOI + H,0 (4-4)
Ca(OH), + HAsO} ———  HCaAsO, + 20H (4-5)

Ca> +HAsO> ——>  HCaAsO, (4-17)
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After OS-TRHA adsorbent pellet was added into As(lll) solution, CaO in the
pellet changed into Ca(OH), as in Reaction (4-1) causing the absence of CaO peaks in
XRD (Figure 4-24 (b)). Some Ca(OH), could dissolve and dissociate into Ca” and OH
as in Reaction (4-2) causing the increase in pH of solution. The adsorption tests
showed that the pH of solution increased from 7 to 11. As mentioned before, the

[1,12, 35, 126

species of As(lll) depended on pH of solution ! The fraction of As(Ill) species

versus pH of solution is illustrated in Figure 4-34.

1.0 ,

Fraction of Total As(lll)

Figure 4-34 The distribution of As(lll) species as a function of pH at 25 °C ",

It can be seen in Figure 4-34 that, at pH 7, almost As(lll) exists in the form of
H3AsO5. When pH of solution increases, HsAsO5 is deprotonated by OH into H,AsO5
(Reaction (4-16)) and H,AsQO; is further deprotonated into HAsong (Reaction (4-4)).
During adsorption process, HzAsO; H,AsO; and HASO32_ reacted with un-dissolved
Ca(OH), in OS-TRHA adsorbent pellet by ligand exchange and formed CaHAsO; as in
Reactions (4-15), (4-3) and (4-5), respectively. The formation of CaHAsO; caused the
decrease in the intensity of peaks of Ca(OH), and the appearance of Ca-As-O peaks in

Figure 4-24 (b).

Furthermore, it is interesting that pH of solution after As(lll) adsorption test

(pH 11) was lower than that of the OS-TRHA adsorbent pellet after adding into
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distilled water in the solubility test (pH 11.3). Two possible reasons can be given to
describe why final pH in the As(lll) adsorption experiment was lower than pH in the

solubility test.

(1) As soon as the OS-TRHA adsorbent pellet was added into the As(lll)
solution, the dissolution of Ca(OH), and the reaction between As(lll) and un-dissolved
Ca(OH), on the OS-TRHA adsorbent pellet surface occurred simultaneously resulting
in the coverage of un-dissolved CaHAsOs; on the OS-TRHA adsorbent pellet surface.
Then, the dissolution of Ca(OH), decreased and causing in the lowering of pH

increase.

(2) Along the pH increased, Reactions (4-3) - (4-5), (4-15) and (4-16) should
occurred. It can be seen that the Reaction (4-15) did not affect the change in pH of
As(lll) solution. However, the pH of solution should decrease when As(lll) was
deprotonated by OH as in Reactions (4-4) and (4-16). Meanwhile, the As(lll) species
reacted with Ca(OH), as in Reactions (4-3) and (4-5) caused the increase of pH
solution. It can be seen in the diagram in Figure 4-34 that HAsO32_ appeared at pH
above 10. The As(lll) exists in form of HASO327 only 0.64% at pH 10 and reaches
68.40% at pH 12.76 [137]. Thus, it can be assumed that the extent of Reaction (4-5)
was very low in comparison with Reactions (4-3), (4-4) and (4-16). It means that

totally the pH should be in decreasing direction.

Since the Ca(OH), contained in the OS-TRHA adsorbent pellet could dissolve
and dissociate into Ca~* and OH (Reaction (4-2)), As(lll) in the form of HASO327 could
precipitate with the Ca’" as in Reaction (4-17). However, as previously described, the
CaHAsOs precipitate was not observed within 48 h thus the Reaction (4-17) should
not occur in this work. Dutfe and Vandecasteele " >° reported that Ca”" could
precipitate with HASO327 only at pH above 11.91. Moreover, they also introduced
Saturation Index (SI) calculated by Equation (4-18) to be the other criterion of

precipitation occurrence. They proposed that precipitation could occur when Sl value
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is greater than zero since the solution was saturated with the ion products i.e. ca”

and HAsO32’.

Saturation index (SI) = log[[caz+]EASO§_]j (4-18)

S

where K; is solubility product of CaHAsO5 that is equivalent to 1.07x10" 7,

In order to be easy to calculate the Sl value, in this work, the concentration
of HASO?)Z» was assumed to be equivalent to the As(lll) initial concentration.
Meanwhile, the concentration of Ca2+ was calculated from the OS-TRHA adsorbent
pellet solubility in Section 4.5.2. The calculated SI value was equivalent to -0.124.
According to the precipitation and calculation results, there are three reasons that

can be described why Ca-As(lll) precipitate did not observed in this work.

(1) The concentrations of Ca2+ solution and HASO32- in this work were lower

than the suitable condition for forming the precipitate.

(2) The pH of solution during the experiment was lower than 11.3, hence
As(lll) should be mainly in the form of H,AsO; which was not suitable to form

CaHAsO; precipitate.

(3) The period of time to form CaHAsO; precipitate was too short as the
experiment was performed for only 24 h. However, precipitation may occur if the
experiment is kept longer as Moon et al. "™ studied the arsenic immobilized by
using lime and kaolinite within 4 days - 4 months and found that As(lll) was

precipitate with lime in form of Ca-As-O (CaHAsO»).
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4.9 Adsorption kinetics of As(lll) on OS-TRHA adsorbent pellet

4.9.1 The comparison of As(lll) adsorption on the OS-TRHA adsorbent

pellet and on the ground OS-TRHA adsorbent pellet

The As(lll) adsorption of ground and un-ground OS-TRHA adsorbent pellets
prepared from OS particle size range of <106 pm with OS:TRHA ratio of 0.7:0.3 were
performed via batch tests. Figure 4-35 illustrates As(lll) concentration remaining in the

solution over time.
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Figure 4-35 The As(lll) concentration remaining in the solution with time.

As seen in Figure 4-35, when OS-TRHA adsorbent pellet was put into As(lll)
solution, As(lll) concentration rapidly decreased within 60 min because, at initial
period, the OS-TRHA adsorbent pellet had plenty of unoccupied sorption sites and
As(lll) concentration gradient between the bulk solution and the OS-TRHA adsorbent
pellet surface was still high. After that, As(lll) concentration slowly decreased with
time because of the decrease in the available sorption sites on OS-TRHA adsorbent
pellet and As(lll) concentration gradient. The adsorption reached equilibrium at

approximately 360 min. For the ground OS-TRHA adsorbent pellet, the decreasing
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trend of As(lll) concentration remaining in the solution was similar to that of the un-
ground one. However, the adsorption process of the ground OS-TRHA adsorbent
pellet reached equilibrium slower than that of the other one. The final As(lll)
concentration remaining in the solution of the ground pellet was also lower than
that of the un-ground pellet. These should be because the ground OS-TRHA
adsorbent pellet had contact surface area greater than the un-ground one. As stated
before, the OS-TRHA adsorbent pellet could adsorb As(lll) only on the surface of the
pellet, when the OS-TRHA adsorbent pellet were ground into the powder, the active
sites inside the adsorbent pellet could contact with As(lll) solution and adsorb As(lll)

causing the longer time to reach equilibrium and less As(lll) remaining in the solution.
4.9.2 The adsorption kinetics of As(lll) on the OS-TRHA adsorbent pellet

To study the adsorption kinetics of As(lll), the experiments were performed via

batch tests. The As(lll) initial concentrations were in the range of 100 mg/L - 200 me/L

with initial pH 7. The pseudo-first order presented by Lagergren in 1898 1T and

pseudo-second order proposed by Ho 08 hodels were investigated to describe

the As(lll) adsorption on the OS-TRHA adsorbent pellet. The equations of those

models are presented as the following.

Pseudo-first order: d(?t =k,,(q.-q,) (2-13)
¢ :

dq
Ttt = k,,(q. -q,)’ (2-15)

Pseudo-second order:

where ¢ and g. are the amount of As(lll) adsorbed at time t and at equilibrium
(mg/g), respectively. The k,; and k,, are adsorption rate constants of pseudo-first

order (1/min) and pseudo-second order (g¢/mg min), respectively.

The accuracy of those models was based on the values of the correlation
coefficient (RZ) and agreement between Qeq Vvalues obtained from experimental

data and Qe Values calculated from those models. The more R’ values approaching
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to one, the better correlation between the experiment data and the model is. The

calculated constant parameters are presented in Table 4-10.

Table 4-10 Kinetic parameters of As(lll) adsorption on OS-TRHA adsorbent pellet.

Initial Pseudo first order Pseudo second order
concentration Qe exp Ka1 Oe,cal R’ Kz Oe.cal R’

(mg/L) (min’) (g/mg min)
100 10.55 0.01850 859  0.99 0.00750 10.72  0.98
120 11.44 0.00290 10.3¢  0.92 0.00191 8.89 093
140 12.40 0.00340 12.49  0.97 0.00078 12.50 0.96
160 13.71 0.00160 994  0.73 0.00331 9.24 096
180 14.12 0.00250 14.22  0.77 0.00365 13.04  0.99
200 14.64 0.00400 1191 0.85 0.00332 14.31  0.99

As seen in Table 4-10, the g, values obtained from pseudo-second order
model are closer to the Qee. values than those of pseudo-first order model.
Furthermore, the R’ values of pseudo-second order model are approach to one than
those of pseudo-first order model. This indicates that the pseudo-second order
model is better fit with the experimental data than the other model. It means that
the As(lll) adsorption should carry on via chemical adsorption "2 12 and the rate of
As(lll) adsorption on the OS-TRHA adsorbent pellet was proportional to the number
of available sorption sites and the amount of As(lll) containing in the solution. The
average observed adsorption rate constant calculated from pseudo-second order
model is approximately 0.0034 g¢/mg min. Moreover, the result shows that the ge .,

values increases from 10.55 to 14.64 mg/g as As(lll) initial concentration increases

from 100 mg/L - 200 mg/L. Two reasons can be given to explain this result.

(1) The concentration difference of As(lll) between the bulk solution and OS-
TRHA adsorbent surface increased with the increase of As(lll) initial concentration

causing the increase in the mass transfer driving force.
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(2) The more increase of As(lll) initial concentration, the more amount of As(lll)
in the solution causing the increase in the chance of As(lll) to be adsorbed on the

sorption sites of OS-TRHA adsorbent pellet.
4.10. Adsorption isotherms of OS-TRHA adsorbent pellet

To study the behavior of As(lll) adsorption on OS-TRHA adsorbent pellet, the
linear forms of Langmuir (Equation (2-32)) and Freundlich (Equation (2-34)) adsorption
isotherms were applied to fit the experimental data. The adsorption parameters are

presented in Table 4-11.

r o, v (2-32)

qe qm KLque

logq., = logK, + 1 C. (2-34)
n

where K_ is Langmuir equilibrium adsorption constant while Kg is Freundlich
adsorption constant and 1/n relates to the adsorption capacity and intensity of

adsorption.

Table 4-11 Adsorption parameters corresponding to Langmuir and Freundlich

isotherms.
Langmuir isotherm Freundlich isotherm
KL Omax R2 KF 1/n R2
(L/mg) (mg/g) (L/9)
0.0099 23.26 0.98 0.1784 0.4425 0.96

Table 4-11 shows that R’ corresponding to Langmuir isotherm is closer to one
than that corresponding to Freundlich isotherm. This implies that the behavior of
As(lll) adsorption on OS-TRHA adsorbent pellet should be better described by
Langmuir isotherm which means that As(lll) should be monolayer adsorbed on the
OS-TRHA adsorbent pellet at specific sorption sites on the adsorbent surface with no

N . . _[83]
significant interaction among adsorbate species
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4.11. Determination of CaSiO; and C-S-H compounds in the OS-TRHA

adsorbent pellet

As described before, the OS-TRHA adsorbent pellet could be classified into
two parts. The first part is CaO which is the sorption sites for adsorbing As(lll) in the
form of Ca-As-O. The other one is CaSiO; and C-S-H compounds which are the binder
compound in the OS-TRHA adsorbent pellet. The CaSiOs; and C-S-H compounds are
inactive compound for adsorbing As(lll). In order to determine the amount of inactive
CaSiO; and C-S-H compounds obtained from Reactions (4-11), (4-13) and (4-14),
initially, all CaCO5; which contained in OS was assumed to be converted into CaO in
the OS-TRHA adsorbent pellet as in Reaction (2-62). According to the As(lll) adsorption
mechanism discussed in Section 4.8, CaO could be divided into three fractions as in

Equation (4-19).

Caoovcrall Caodissolvc + Caoads + Caorxn (4‘19)
while CaOyissoe = Ca0 dissolving in the solution
Ca0,ys = (Ca0 that can convert into As(lll) reactive sites

Ca0, Ca0 reacting with SiO, in TRHA during the preparation process

In this section, the OS-TRHA adsorbent pellet prepared from OS particle size
range of <106 um with OS:TRHA ratio of 0.7:0.3 was determined. The initial weight of
OS (CaCOs;) containing in the OS-TRHA was approximately 0.21 g. After the calcination
process, CaCO; transformed into CaO as in Reaction (2-62). The weight of CaO in the
OS-TRHA adsorbent pellet could be calculated from Equation (4-20). Thus, 0.21 ¢ of
CaCO; should convert into approximately 0.1177 g of CaO.

56.08 g/mol

_—= (4-20)
100.09 g/mol

W.of CaO(g) = W.of CaCO;(g) x

The dissolved CaO was determined by dissolving the ground OS-TRHA

adsorbent pellet in distilled water with initial pH 7. The pHs of solution before and
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after dissolving (24 h) were measured. As described before, when CaO in the OS-
TRHA adsorbent pellet contacted with water, it changed into Ca(OH), as in Reaction
(4-1) and some of it could further dissolve in water and dissociate into Ca’ and OH
as in Reaction (4-2). In this section, assuming that all dissolved Ca(OH), dissociated
into Ca”" and OH, based on the change of pH in the solubility test of ground OS-
TRHA adsorbent pellet from 7 to 11.4, the CaOggsone Can be calculated as

approximately 0.0007 g.

For CaO,gs, it was also assumed to have the same properties as COS. Based
on As(lll) adsorption capacity of COS (241.67 mg/g), the ground OS-TRHA adsorbent
pellet could remove As(lll) approximately 70.50 mg/L which was equivalent to the
ability to remove As(lll) by 0.0513 ¢ of COS or Ca0,g. Thus, CaO,,, in Equation (4-19)
could be calculated as approximately 0.0657 g. Therefore, the inactive CaO (CaSiOs,
and C-S-H compounds) in OS-TRHA adsorbent pellet could be calculated as about
55.8 wt%. It means that 75 wt% of the OS-TRHA adsorbent pellet is CaSiO; and C-S-H
compounds. In addition, the ratio of Ca0:SiO, in the pozzolanic reaction was also
calculated. CaO:SiO; ratio is equivalent to 0.8:1 which is in the range of the C-S-H

compounds that was reported by Yu et a[.[173] and Dia et aL.[174].

4.12. The larger scale of As(lll) removal by OS-TRHA adsorbent pellets

To observe the As(lll) adsorption performance of OS-TRHA adsorbent pellet in
the larger scale, 3-4 g of OS-TRHA adsorbent pellets was added into 2 L of synthetic
As(lll) contaminated water. The initial As(lll) concentration was equivalent to 34 me/L
which was comparable with arsenic concentration in water resources in Thailand. The
experiment was set as in Figure 4-36. The OS-TRHA adsorbent pellets were changed
every 2 days, 3 times. The concentrations of As(lll) remaining in the solution were
measured by an inductively coupled plasma (ICP, In-house method based on

).

Standard Methods for Examination of Water and Wastewater 20th Edition ool
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Figure 4-36 The images of (a) side view and (b) top view of the larger scale of As(Ill)

removal experiment.

The result showed that OS-TRHA adsorbent pellets could remove As(lll) from
the synthetic As(lll) contaminated water for approximately 98.95%. The final
concentration of As(lll) remaining in the solution was as low as 0.36 mg/L. The pHs of
solution before and after As(lll) adsorption tests were measured. The result showed
that the pH of solution increased from 7 to 12.4 which should be because of the
dissolving of OS-TRHA adsorbent pellets. However, pHs of water resources are
usually lower than 7 as Pattanapipitpaisal and Suraruk "1 collected the data of
groundwater quality in Thailand and reported that pH of ground water was in the
range of 5.70 - 6.90. Waste water, particularly dirty acid waste water obtained from
many processes such as hydrometallurgy industry, textile industry, mining industry,
etc., usually contained highly concentration of arsenic (5,240 mg/L - 14,740 mg/L)
which mainly exists in As(lll) form with very low pH (0.5 - 3.25) . e Many
processes have been used to treat the waste water. The main processes consisted of

e Therefore, the OS-TRHA

neutralisation by lime, followed by arsenic adsorption
adsorbent pellet should be a good dual-function material to be used as As(ll)

removal material and pH neutralizer compound in the single step.
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4.13. The comparison of COS and OS-TRHA adsorbents with other

materials

The maximum As(lll) adsorption capacities of COS and OS-TRHA adsorbent

pellet in this work compared to other materials is presented in Table 4-12.

Table 4-12 Comparison of As(lll) removal capacity of COS and OS-TRHA adsorbent

pellets with other materials.

As(lll) removal capacity

Name of material Reference

(mg/s)
COS 150-250 um (Initial pH 11) 345.09 Present work
COS<106 pm (Initial pH 7) 241.67 Present work
OS-TRHA adsorbent pellet with

26.20 Present work
OS:TRHA ratio of 0.7:0.3 (Initial pH 7)
FePO4 (Amorphous) 21.00 [71]
FePO, (Crystalline) 16.00 [71]
lron oxide coated cement (I0CQC) 0.69 [26]
l[ron-oxide-coated natural rock

1.647 [178]
(IOCNR)
Iron oxide coated sand (IOCS) 0.05 [131]
Raw red mud (RRM) 8.86 [27]
Activated red mud (ARM) 11.80 [27]
Bentonite 0.317 [179]

Shale 0.181 [179]
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Table 4-12 Comparison of As(lll) removal capacity of COS and OS-TRHA adsorbent

pellets with other materials (continue).

As(lll) removal capacity

Name of material Reference
(mg/s)
Amorphous Iron hydroxide (HFO) 28.00 [29]
Goethite 22.0, 7.50 [28, 29]
Oxisol 2.60 [28]
Char carbon (CC) 5.04 [25]
Carbon produced by arcing of
4.56 [25]
graphite rods (AC)
Activated carbon 29 [25]
Innovative coal-based mesoporous
1.491 [180]
activated carbon (NCPAC)
Commercial available carbon (CPAC,
0.713 [180]
200 meshes)
Coconut (Cocos nucifera L.) fiber 0.118 [181]
Coconut husk carbon 146.30 [132]
Zinc peroxide functionalized
18.8 [182]
synthetic graphite (FSG)
Silica gel supported Fe-Ag-PVA
0.024 [183]
nanocomposite (G.Y-9)
Silica gel supported Mn-Ag-PVA
0.022 [183]
nanocomposite (G.Y-10)
Chitosan-iron oxyhydroxide (CFOH)
7.2 [37]

bead

Copper (I) oxide nanoparticles 1.10 [30]
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As seen in Table 4-12, in As(lll) adsorption tests with initial concentration of 1000
mg/L (pH 11), the maximum As(lll) adsorption capacity of COS prepared from OS
particle size range of 150-250 pm was about 345.09 mg/L. Meanwhile, in As(lll)
adsorption test with initial concentration 100 mg/L (pH 7), the maximum As(lll)
adsorption capacity of COS prepared from OS particle size range of <106 um was
approximately 241.67 mg/L. When comparing the maximum As(lll) adsorption
capacities of COS prepared from OS particle size ranges of <106 um and 150-250 pm
with other materials in Table 4-12, the maximum As(ll) adsorption capacities of those

COS are greater than those of the other materials.

It can be also seen in Table 4-12 that the As(lll) adsorption capacity of the OS-
TRHA adsorbent pellet prepared from OS particle size range of <106 pm with
OS:TRHA ratio of 0.7:0.3 is about 9 times lower than that of COS prepared from OS
particle size range of <106 um. However, the As(lll) adsorption capacity of the OS-
TRHA adsorbent pellet is still high when comparing with the maximum As(lll)
adsorption capacities of the other kind materials in literature. Therefore, COS and OS-
TRHA adsorbent pellet are the promising adsorbent used to remove As(lll) as it

provides high adsorption capacities with very low cost of raw materials.



Chapter 5

Conclusions and suggestions

5.1 Conclusions

This research studied As(lll) removal from contaminated water by using COS
and OS-TRHA adsorbent pellets. These adsorbents were prepared from waste
materials i.e. OS and RHA that caused the environmental problems. The experiments
were divided into two parts. In part A, the effect of anions on As(lll) adsorption
performances by using COS prepared from OS particle size range of 150 - 250 ym
was investigated. Meanwhile, the As(lll) removal by using OS-TRHA adsorbent pellet

was studied in part B. The results could be concluded as the following.

PART A : The effect of anion contamination on As(lll) adsorption

performance by using COS as an adsorbent

1. After calcination of OS at 700°C for 8 h, CaCO5 in OS transformed into CaO
in COS. The smooth layer surface of OS also changed into the porous structure on

the COS surface.

2. After adding COS into the solution, some CaO in COS dissolved and

dissociated into Ca’" and OH. pH,pc of COS was about 12.1.

3. As(lll) NO5, 5042’ were removed from contaminated water via adsorption
process in the forms of Ca-As-O, Ca(NOs),*2H,0O and CaSOy, respectively. Meanwhile,
HPO42_ was removed via adsorption and precipitation processes in the form of
CaHPO;. HPO42_ could precipitate with ca’’ approximately 46.62% while the

precipitates of As(lll), NO5, SO, with Ca’" were not observed.
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4. In individual adsorption tests, COS had capability to adsorb HPOf greater

than those of As(lll), NO; and 50427, respectively.

5. In bi-solutes system, binding affinity between COS sorption sites and HPOf

was stronger than those of As(lll) and 50427 and NOs, respectively.

6. The adsorption rate constants of HPO427 were greater than those of the
other anions in every observed case. Conversely, the adsorption rate constants of
SO42> were lower than those of the others. Furthermore, when the solution
contained HPO42_, the observed adsorption rate constants of NO; were greater than

those of As(lll).

7. The amounts of As(lll) and anions occupied on the sorption sites depended
on (1) the binding affinity between sorption sites and adsorbates, (2) the interaction
between the adsorbates (adsorbates charge repulsion) and (3) the effect of
electrostatic attraction/repulsion between the adsorbent surface charge and

adsorbates charge.

8. After As(lll) adsorption process, the porous surface of COS looked like it was
covered by grass leaf - like matter. Meanwhile, the COS surface seemed to be
covered by small grains after 5042_ adsorption test. The flaky matter was observed

after COS was used to remove NO; and HPO,”.

9. In bi-, tri-, and tetra-solutes systems, the morphologies of COS after
removal process were more complex. The different morphologies of used COS
depended on type of adsorbates and number of adsorbates containing in the

solution.



149

PART B : As(lll) removal by using OS-TRHA adsorbent pellet

10. After calcination process of RHA at 600°C for 13 h, the unburned carbon
and other impurities containing in RHA were removed while SiO, in TRHA was still in

the amorphous structure.

11. After preparation process, OS-TRHA adsorbent pellet composed of Ca0,

CaSiO5 and C-S-H compounds.

12. The dissolving of CaO in OS-TRHA adsorbent pellets prepared from every
observed OS particle size range was about 86.40% - 93.70% less than that in COS

prepared from the same OS particle size rages.

13. The OS-TRHA adsorbent pellet prepared from OS particle size range of
<106 um with OS:THRA ratio of 0.7:0.3 was the best condition for preparation OS-
TRHA adsorbent pellet. It could provide the maximum As(lll) adsorption capacity of

about 26.20 mg/s.

14. After adsorption process, CaO in OS-TRHA adsorbent pellet could adsorb
As(lll) and form Ca-As-O whereas CaSiO; and C-S-H compounds did not react with

As(Ill) but it could bind the precursor powders to be stable without cracking.

15. Before adsorption process, the smooth surface and the rough surface
were observed on OS-TRHA adsorbent pellets prepared from every observed OS
particle size ranges while the porous bars structure was detected only on the OS-
TRHA adsorbent pellets prepared from OS particle size ranges of 106-150 and 150-
250 pm. After adsorption process, the rough surface and porous bars seem to be
covered by the grass-leaves like morphology whereas the smooth surface was still
observed on the OS-TRHA adsorbent pellets prepared from OS every observed

particle size range.
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16. The As(lll) adsorption data of OS-TRHA adsorbent pellet prepared from OS
particle size rage of <106 um with OS:TRHA ratio of 0.7:0.3 fitted with pseudo-second
order adsorption rate model. The calculated average observed adsorption rate was
approximately 0.0034 ¢/mg min. Meanwhile, the equilibrium data of As(lll) adsorption
on OS-TRHA adsorbent pellet prepared from OS particle size rage of <106 pm with

OS:TRHA ratio of 0.7:0.3 followed the Langmuir isotherm.

17. The calculated amount of CaSiO3; and C-S-H compounds containing in the
OS-TRHA adsorbent pellet prepared from OS particle size range of <106 pm with

OS:TRHA ratio of 0.7:0.3 was approximately 75 wt%.
5.2 Suggestions

The future work concerns the effects of other ions containing in the water
resources and the applications of adsorbent pellet for removing As(lll) in the water

resources. There are some ideas that should be useful for the future work.

1. The effect of anions and cations on As(lll) adsorption performance by COS
should be more studied. As the result of As(lll) adsorption by COS under the
presence of NOs, SO, and HPO,~ showed that, when the solution contained other
anions, the As(lll) adsorption performances decreased. In water resources, there are
many kinds of ion containing in the water that should also affect As(lll) adsorption

performance. Thus, it should be run more tests and more study about those effects.

2. The effects of anions and cations on As(lll) adsorption by using OS-TRHA
adsorbent pellet should be more studied. As mentioned above, when the solution
contained other anions in the solution, the As(lll) adsorption performances decreased
depending on type and number of anions containing in the solution. In addition, the
contaminated water in the water resources contained many kinds of anion and
cation. Thus, it is also necessary to study the effects of anions and cations containing

in the water resources on As(lll) removal performance by OS-TRHA adsorbent pellet.
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3. The effect of acidic pH solution (pH<7) on As(lll) adsorption performance by
using OS-TRHA adsorbent pellets should be also studied. As mentioned before, in
many processes, almost waste water, pH solution is in the range of acidic pH (pH 0.5

175,

~3.05) 1P According to XRD and As(lll) adsorption results, the OS-TRHA adsorbent
pellet composed of CaO which is the sorption sites for adsorbing As(lll). CaO could
react with acid in the solution and causing the increase of pH solution. Thus, the OS-
TRHA adsorbent pellets could be used as a dual function adsorbent. But, in the case
of pH solution is very low, the CaO in OS-TRHA adsorbent pellet should be more

dissolved into the solution and causing the lower As(lll) adsorption performance.

Thus, it is important to run more experiments and study about this effect.

4. The pilot scale of As(lll) removal by OS-TRHA adsorbent pellet is also
needed to study in order to test the adsorption performance of OS-TRHA adsorbent
pellets in the water treatment process before applying the OS-TRHA adsorbent pellet

into the water resources.

5. The application of OS-TRHA adsorbent pellet after being used in water treatment
is also necessary to study. The adsorption and desorption results indicated that As(lll)
should form the chemical bonding with CaO in the OS-TRHA adsorbent pellet. Thus,
it is difficult to desorb from the adsorbent pellet. Then, the OS-TRHA adsorbent
pellet should not be regenerated to use as the recycle adsorbent for As(lll) removal.
As mentioned before, OS and RHA were used in the construction materials i.e. the
replacement cement in the concrete, brick production, ceramic production, etc.
Thus, the used OS-TRHA adsorbent pellet should be able to apply in the
construction materials like OS and RHA. However, As(lll) is a hazardous material
therefore it needs to carefully run more tests such as synthetic precipitation leaching
procedure (SPLP, US EPA Method 1312) (US EPA, 1994), toxicity characteristic leaching
procedure (TCLP, US EPA Method 1311) (US EPA, 1997) [184], etc. to assure that As(lll)
will not leak from those materials and cause the harm to human health and

environment problem.
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Calibration curves

In this work, the concentrations of As(lll), NO; , SOQZ_ and HPOQZ_ remaining in
solution were analyzed by redox titration with KMnOy,, Brucine method, Turbidimetric
method and Colorimetric & Ascorbic acid method, respectively. The concentration of
KMnO,4, NO; |, SO, and HPO,  were determined by using UV-spectrophotometer
with wavelength of 520 nm, 420 nm, 420 nm and 880 nm, respectively. The

calibration curves of KMnO,, NO5 | SO, and HPO,  are presented in Figures A-1 to A-
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Experimental data of As(lll) and anions individually adsorption on COS

The experimental data of As(lll) and anions individually removal by using OS is

presented in Table B-1. It is noted that the amount of COS used in each case is

approximately 1 g.

Table B-1 Experimental data of As(lll) and anions individually removal by COS.

Initial Final Adsorption
Anions concentration concentration Precipitation Adsorption  capacity
(mg/L) (mg/L) (mg/L) (mg/L) (mg/s)
As(lll) 1016.00 13.00 0.00 1003.00 345.09
NOs 1195.58 871.60 0.00 323.98 111.71
5042— 1076.92 817.31 0.00 259.62 89.24
HPO42> 1775.56 208.14 579.41 988.01 378.40
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Experimental data of As(lll) and anions desorption

The experimental data of As(lll) and anions in desorption test is shown in
Table C-1. It is note that, the adsorption process of As(ll) and anions was in the
period of initial time - 1440 min while the desorption process of those anions was in

the period of 1440 min - 1860 min.

Table C-1 Concentrations of As(lll) and anions.

Concentration of anion

As(lIl NO, SO HPO,

time (mg/L) (mg/L) (mg/L) (mg/L)
0 111.54 102.04 113.46 95.86
1440 72.79 32,63 98.91 9.21

1860 73.55 2572 86.96 10.49
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ground oyster shell as the adsorbent
P. Khownpurk and W. Chandra-Ambhorn

Department of Chemical Engineering, Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang, Ladkrabang, Thailand

ABSTRACT

The calcined ground oyster shell was used as the adsorbent to remove As(lll) from contaminated
water under the presence of anions. The solubility and precipitation tests indicated that As(lll),
NO;~, and SO, were removed by adsorption process whereas HPO,> was removed by precipita-
tion and adsorption processes. The adsorption results showed that, in bi-solutes, HPO,* strongly
interfered with As(lll) removal. In the case of tri- and tetra-solutes, the adsorption performances of
As(lll) and anions depended on (1) the binding affinity between the sorption sites and adsorbates,
(2) observed adsorption rate constant of adsorbates, (3) electrostatic interaction, and (4) adsor-

bates interaction.

Introduction

Arsenic contamination in ground water is an environ-
mental problem affecting people health in many areas
around the world as it can cause many types of cancers,
pigmentation change, neurological disorders, muscular
weakness, etc. for long-term intake."*) The WHO has
set the guideline of the maximum drinking standard as
10 pg/L. There are many countries, for example,
Bangladesh, India, China, Western US, Vietnam,
Thailand, etc., reported the contamination of arsenic
above the WHO standard limit.!>””) Arsenic usually
contaminates in the natural water in trivalent form
(As(III)) and pentavalent form (As(V)). The toxicity
and mobility of As(III) are more than that of
As(V).”#! Many industries such as copper extraction
and refinery and agriculture pesticide used As,O; in
their processes.[g’lo] Therefore, As(III) should be the
major form of arsenic in contaminated water. As(III)
is more difficult to remove than As(V). In some pro-
cesses, As(III) was pretreated by oxidizing into As(V)
before removal by coprecipitation or adsorption.'"?!
Due to the high toxicity and the removal difficulty,
As(IIT) contaminated in water is the critical issue that
needs to be focused.

Adsorption is the promising technique that has the
advantages of high efficiency, low cost, simplicity, and
usability for both As(IIT) and As(V) removals.[631371]
Many kinds of adsorbent from synthetic materials like
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iron oxide-coated sand,'® iron (III) hydroxide-loaded
coral limestone,"'”) activated carbons,!™*®! carbon black,"
zeolitic imidazolate framework-8 (ZIF-8),l'”) ZIF-8
nanoparticles,” or from low cost materials, such as orange
juice residue,*"! soils,"* clays,"! and minerals”® have
been applied to remove arsenic.

Plenty of tons per year of waste oyster shells are pro-
duced around the world. Some researchers have investi-
gated the capability to use the waste oyster shells both in
the forms of raw oyster shell powder and calcined oyster
shell powder as adsorbents to remove heavy metals, such
as boron, cadmium, copper, and nickel.??-** In the pre-
vious work, As(IIT) adsorbent was prepared by calcination
of oyster shells powder at 700°C in air for 8 h and called
calcined ground oyster shell(COS). The COS could
remove As(III) from aqueous solution with maximum
capacity of 1955 mg/g (pH 11).*°) However, in water
resources, the soluble ions contained in water, such as
sulfate  (SO,*), bicarbonate (HCO; ), carbonate
(CaCO3), chloride (Cl,), nitrate (NO3~), phosphate (PO,
3, etc. may affect As(IIT) removal performance.[%_zs] The
interference of competitive ions on arsenic removal per-
formance depends on (1) the nature of the adsorbent and
adsorbate. If sorption sites of adsorbent have capability to
adsorb competitive ions greater than arsenic, those com-
petitive ions can strongly interfere arsenic removal per-
formance as the results of Bang et al.**) and Bang et al.*"!
works. Their results showed that silicate and PO,*
strongly interfered with arsenic removal by iron
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hydroxide but it was insignificantly interfered with arsenic
removal by TiO, at neutral pH. (2) pH of solution during
the adsorption process. The change of pH of solution
could affect species of adsorbates and surface charge of
adsorbents. For oxide and hydroxide materials, the surface
of the adsorbent could be ionized by protonation or
deprotonation.[31_35] Park et al*®! who studied Cd(II)
removal from aqueous solution by activated biochar (tor-
refied loblolly pine) reported that Cd(II) adsorption per-
formance increased with increasing pH (from pH 3 to 8)
because of the electrostatic attraction between Cd** which
was the main form of Cd(II) at this pH range and the
negative surface charge of activated biochar. Furthermore,
the tendency of multicharge anions could adsorb on the
positive adsorbent surface greater than the monovalent
anion.*” % Das et al.*”! studied the adsorption of fluor-
ide by calcined Zn/Al hydrotalcite-like compound, a super
abundant positive surface charge. They found that the
decrease in percentage of fluoride adsorption under the
presence of PO,> was greater than that of SO,* because
charge density of PO,”" was greater. Furthermore, Lui
et al." studied the adsorption of arsenic and antimony
(Sb(V)) by ZIF-8 in single-solute and bi-solutes and
reported that at pH lower than 9.5, the adsorption capacity
of As(IIT) decreased when As(III) combined with Sb(V)
because the charge density of Sb(V) in the form of
Sb(OH)s~ was greater than that of As(III) in the form of
H3AsOs. However, the effect of Sb(V) on As(III) adsorp-
tion performance declined with the elevated pH because
the positive charge of the adsorbent decreased with the
increase of pH.

In this work, oyster shells were used as a starting
material for CaO-rich adsorbent preparation. The abilities
to adsorb As(III) and some competitive anions, such as
NO;~, SO,*, and hydrogen phosphate (HPO,>) using
this adsorbent were investigated individually. The
removals of As(II) under the presence of anion(s) were
also studied in order to observe the effect of competitive
anions on the removal efficiency of As(III). The observed
adsorption rate constants were estimated and the adsorp-
tion mechanism was proposed.

Materials and methods
Chemicals and materials

All chemicals were analytical grade and all solutions were
prepared with distilled water. The 1000 mg/L stock solu-
tions of As(III), NO;~, SO,*, and HPO,* were prepared
from As,Os (Ajax Finechem), NaNO; (CARLO ERBA),
Na,SO, (CARLO ERBA), and Na,HPO, (CARLO
ERBA), respectively. Furthermore, the pH adjusters were
prepared from NaOH (Ajax Finechem) and HCI (Qrec).

The preparation and characterization of COS

COS was prepared from oyster shells collected from
some restaurants in Chanthaburi province, Thailand.
The oyster shells were washed and scrubbed until the
dirtiness was removed and then ground and sieved. The
150-250 pum oyster shell powder was calcined at 700°C
in air for 8 h before being kept in a desiccator.

The chemical composition of COS was evaluated
using XRF (Philips model PW2400, Philip, Japan).
The XRD technique (XRD 6100, SHIMADZU, Japan)
was also used to characterize oyster shell powder, COS,
and soaked COS. The surface area of the oyster shell
powder and COS were measured using Brunauer-
Emmett-Teller (BET) nitrogen gas sorption method
(Belsorp max model, BEL, Japan). The morphology of
COS was observed by using a scanning electron micro-
scope (SEM, Carl Zeiss EVO°*MA10, Germany).

COS solubility and precipitation tests

The solubility test of COS was performed by adding
1000 mL of distilled water into an Erlenmeyer flask cov-
ered with a rubber cork. The initial pH of distilled water
was adjusted to be 11 using 0.1 M of NaOH or/and HCI.
After that, 0.3 g of the COS was further added into the
flask and stirred for 7 h. Finally, the mixture was filtrated
through Whatman filter paper no. 1 in order to remove
COS and pH of the filtrate was measured.

The precipitation test was carried out by adding As(III)
stock solution into the filtrate with the volume ratio of 1:9
in order to obtain the 1000 mL of 100 mg/L As(III). After
continuously stirred the solution for 7 h, the solution was
filtered and then the pH of the filtrate and As(III) con-
centration were measured. The same procedure was per-
formed with other anions: NO5;~, SO,*, and HPO,*".

Adsorption experiments

Adsorption of As(IIl), NO;~, SO,%*, and HPO,* ions
was observed individually by batch tests. The As(III),
NO;, SO,*, and HPO,> stock solutions were sepa-
rately added into Erlenmeyer flasks. Then, pH of the
solution in each flask was adjusted to be 11 by using
0.1 M of NaOH and/or HCI. After that, COS was added
and the solution was stirred for 24 h. The COSs were
filtered out by Whatman filter paper no. 1 and the
concentrations of As(III), NO;~, SO,*, and HPO,*
were determined. The final pHs of solution were mea-
sured by a pH meter (Hanna instrument, HI 98107).
The effect of competitive anions on As(III) adsorp-
tion performance was also studied. The As(IIT) and
anions stocks solutions were mixed and diluted with
distilled water in order to obtain the initial concentration



of each ion in the solutions as 100 mg/L. Then, pH of
the initial solution was adjusted to 11 using 0.1 M of
NaOH and/or HCIL. After that, 0.3 g of COS was added
into the solution. During agitation, samples were taken
at appropriate time intervals. The concentrations of
As(ITI), the other competitive anions in the samples
were analyzed. The final pHs of solution were measured
by a pH meter (Hanna instrument, HI 98107). The
adsorption capacity of As(III) and anions were calcu-
lated as in Equation (1):

As(III)oranionremovalcapacity(q,)
(Co—C,)V

= w (1)

where C, and C, are the concentrations of As(III) or
anion at initial and at equilibrium (mg/L), respectively
while V is the volume of solution (L) and W is the
mass of the material used in the As(III) or anion
removal test (g).

Moreover, the adsorption kinetics of As(III) and
anions were also studied. To determine the observed
adsorption rate constants of As(III) and anions, the
following assumptions were set: (1) As(III) and anions
adsorbed on the sorption sites as monolayer; (2) the
sorption sites of the adsorbent were uniform; (3) there
were no interactions between adsorbates; (4) the mole-
cules of As(III) or anions in the bulk solution did not
displace the molecules that occupied on the sorption
sites; (5) the number of active sites on COS was
assumed to be equivalent to the maximum adsorption
capacity of COS in As(III) combined with NO;~, SO,%,
and HPO,> adsorption test (838.21 mg/g); (6) deso-
rption rates of As(III) and anions were negligible com-
paring with adsorption rate. Adsorption rate equations
were derived as in Equations (2)-(4):

dC
TA = kagaCa(1 — 05 — 0p) (2)
t
dC
T,[A = KaqaCa(1 —04 — 05 —0,) (3)

dd% =KqaaaCa(1 — 04 — 0 —0c — Op) (4)
where k,q, is observed adsorption rate constant of
substance A (min~') and 04, 0, 6c and Op are the
fractions of sorption sites covered by substances A, B,
C, and D, respectively.

Since the concentration of substance A in the bulk
solution decreased by adsorption of substance A on the
sorption sites of the adsorbent, therefore
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Ca = Copa —B40a (5)
where Cy 4 is the initial concentration of substance
A (mg/L) and f,is a constant defined as in Equation (6):

Mcqm
Ba =
MW,V

(6)

where M, is mass of adsorbent (g), g,, is the maximum
capacity of the adsorbent (mg/g), MW ,is molecular
weight of substance A (g/mol), and V is volume of
solution (L).

The observed adsorption rate constants were initially
estimated by using the extended geometric method pur-
posed by Azizian et al. [40.41] A frer that the values of As(III)
and anion occupied sites (0,4, 05, O¢, and Op) in Equations
(2)-(4) were solved by Runge-Kutta method*>**! and
compared with the experimental results. The observed
adsorption rate constants were gradually adjusted until
the values of As(III) and anion occupied sites were well
fitted with the experimental data.

Analytical methods

The concentration of As(III) was analyzed by the titra-
tion with KMnO, while the concentrations of NO;~,
SO,*, and HPO,* that remained in the samples were
analyzed by Brucine method, Turbidimetric method,
and Colorimetric and Ascorbic acid method, respec-
tively. Furthermore, after the batch tests, some COSs
were also analyzed by SEM (Carl Zeiss EVO°MA10)/
EDX (Oxford Instrument X-Max20).

Results and discussion
COS characterization

According to XRF results, the calcination of ground
oyster shell in air at 700°C for 8 h made the change
of main composition of the ground oyster shell from
CaCOsto be CaO with the percentage as much as 97%.
The BET results are shown in Table 1.

It can be seen that the specific surface area of ground
oyster shell increased by almost eight times after cal-
cined which should be the consequence of the absence
of CO, molecules. The BET analysis was also per-
formed with the commercial grade CaO and the result
shows that its specific surface area is comparable with
COS. The specific surface area of COS is also compared
with the specific surface areas of CaO-rich materials
reported by Salameh and the coworkers”! and Islam
and Patel.!** The results show that the specific surface
area of COS is around two times greater than that of
the dolomite charred at the same condition and also



4 . P. KHOWNPURK AND W. CHANDRA-AMBHORN

Table 1. Physical properties of COS in comparison with the raw material and similar materials from other sources.

Properties
Material Specific volume (cm3(STP)/g) Specific surface area (mz/g) Total pore volume (cm3/g) Mean pore diameter (nm)
Ground oyster shell 0.47 2.05 0.003 5.63
(€0 3.63 15.80 0.018 4.67
Commercial grade calcium oxide 3.73 16.22 0.021 5.16
Charred dolomite”! - 7.31 - -
Thermally treated quicklime®®® - 11.75 - -

greater than that of the quicklime thermally treated at
450°C for 4 h for almost 75%.

The SEM images of ground oyster shell, COS, and
moist COS were also taken as illustrated in Fig. 1.

As observed from Fig. 1, COS and moist COS are
more porous than the ground oyster shell caused by the
absence of CO, from the structure during calcination.
When comparing with moist COS, it can be observed
that COS morphology looks similar but the surface of
moist looks slightly rougher. This might be because
when CaO contacts with water, it transforms into
Ca(OH),.

COS solubility and precipitation tests

Since around 97% of COS is CaO, when it is in water,
the chemical reaction occurs as in Reaction (7):

CaO + H,0 — Ca(OH), (7)

Some of Ca(OH), can dissolve in water. Therefore, the
amount of dissolved Ca(OH), was estimated based on
the change of pH. According to the solubility test, pH
of the solution changed from 11.0 to 11.6. This means
that about 0.0835 g or 27.8% of COS became dissolve
Ca(OH),.

To observe the occurrence of precipitation of the
anions with dissolved Ca(OH),, precipitation tests
were performed with each observed anion. The results
showed that, for As(III), NO;, and SO,*, no precipi-
tate was observed in the solution and there were no
significant changes in pH and concentrations of these
anions. This implies that precipitation between COS
and As(II), NO;~ and SO,* should not occur and,
therefore, these anion removals by COS via adsorption

can reasonably be assumed. On the other hand, in the
case of HPO,>, the result showed that after adding
HPO,” solution into the filtrate, white precipitate was
clearly observed and the concentration of HPO,*
decreased by 46.6%. This means that HPO,”> can be
removed by COS via both precipitation and adsorption.

As(lll) and competitive anions adsorption
characteristics

In this section, the batch tests were performed to
observe the anion removal abilities of COS. The initial
pH 11 was chosen to be the condition of the experi-
ments as it provided the highest removal percentage of
As(III) and at this pH, As(IIT) absorbed was in the form
of HyAsO5"'*?*! Figure 2 shows the adsorption capa-
cities of COS with respect to H,AsO;~, NO;™, SO,
and HPO,* obtained from the batch tests. It is noted
that the effect of precipitation was eliminated by using
the precipitation data in the previous section.

The values in Fig. 2 represent the capability of non-
dissolved COS to adsorb each anion. It can be seen that
COS has the capability to adsorb HPO,* more than H,
AsO;~ for about 10% while NO;~ and SO,* can be
adsorbed by COS for less than three times of the
amounts of H,AsO;~ and HPO,?* adsorbed.

The morphologies of COS after the adsorption tests
were also investigated via SEM images as shown in
Fig. 3. It can be observed that the surfaces of COS after
adsorbing these four anions were different. However,
all four images illustrate the COS surfaces covered by
each anion as the surfaces do not look as porous as the
surface of fresh COS shown in Fig. 1(c). Comparing
the morphologies of COS surfaces after adsorption

Figure 1. The SEM images of (a) ground oyster shell **" (b) COS, and (c) moist COS.
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Figure 2. Adsorption capacity of COS corresponding to individual ions.

tests with the four observed anions, in Fig. 3a, it looks
like the surfaces were covered by grass leaf - like
matter when H,AsO;™ adsorbed on the COS surface.
This morphology looked similar to the morphology of
arsenic immobilized on lime in the work of Phenrat
et al.™! who studied the iron-arsenic sludge immobi-
lized by wusing cement and lime. Figure 3b,
d corresponding to NO;~ and HPO,> adsorption
tests shows the COS surfaces that look flaky while
the COS surface after SO,> adsorption appears to be
covered by small grains.

SO> HPO,>

As(III) and anions adsorption on the COS could be
explained by Reactions (7)-(14).

Ca(OH),; + H,AsO; — HCaAsO; + H,O + OH ~

2 um

2 um

Ca(OH), — Ca*" +20H"

H,AsO; + OH ~ — HAsO;™ + H,0

Ca(OH); + HAsO?™ — HCaAsO; + 20H ™

Figure 3. SEM images of COS after being used to adsorb (a) As(lll), (b) NO5~, (c) SO,%, and (d) HPO,*.

8)

)

(10)

(11)



6 P. KHOWNPURK AND W. CHANDRA-AMBHORN

Ca(OH); + 2NO; — Ca(NO 3), +20H = (12)
Ca(OH), + SO;” — CaSO4 + 20H ~ (13)
Ca(OH), + HPO; — CaHPO, + 20H ~ (14)

After COS was added into the solution, CaO in COS
changed into Ca(OH), as Reaction (7). Some of
Ca(OH), could dissolve in the solution and dissociate
into Ca** and OH~ which caused the increase in pH of
the solution as Reaction (8). Initially, pH of the solution
was approximately 11, As(III) and the other anions
should be in the form of HZAsO3_’[46] NO;7, SO, and
HPO,2"*7*8] These anions should adsorb on the undis-
solved COS by ligand exchange as in Reactions (9),
(12)-(14). While pH of the solution increased from
pH 11 to pH 12.3-12.6, H,AsO3™ was further deproto-
nated by OH" into HAsO;* as in Reaction (10). Then,
HAsO5;*> adsorbed on the undissolving COS as
Reaction (11). As seen in Reactions (9), (11), (13),
and (14), H,AsO5 ", HAsO5%, SO,*, and HPO,* form
mononuclear bidentate complexes with Ca-OH while
NO;™ forms mononuclear monodentate complex with
Ca-OH as in Reaction (12).

As described before, the removal of the observed
anions by COS could occur in different ways as it
provided different adsorption capacities and morphol-
ogies. Therefore, the H,AsO;™ adsorption performance
would probably be interfered by these competitive
anions in water. The effect of the observed competitive
anions on the adsorption of HAsO;  was then inves-
tigated and the percentages of the anions remaining in
the solution after adsorption experiment are shown in
Table 2. It is noted that the removal percentages of
HPO,* in this table were the values which the effect
of precipitation was eliminated by using the data in the
precipitation tests.

Considering the cases which As(III) were paired
with NO5~, SO,*, and HPO,*, it can be seen that the
presence of HPO,> as a competitive anion caused the

Table 2. Effect of competitive anions on As(lll) adsorption
performance.

Removal percentage of each anion

Anions in the system As(ll)  NOs~ SO~  HPO,”
As(lll) 74.90 - -

As(lll) + NO3~ 68.46  37.62 - -
As(lll) + SO,> 63.02 - 25.60 -
As(lll) + HPO,* 4073 - - 42.00
As(lll) + NO3~ + SO,* 53.06  43.73  23.15 -
As(lll) + NO;~ + HPO,> 2083  67.30 - 53.95
As(lll) + SO4* + HPO,> 40.00 - 2119 4344
As(lll) + NO3™ + SO, + HPO,>~ 4253 6573  27.97 37.57

adsorption of H,AsO;” to decrease the most, i.e.
decreased by 45.62%. Meanwhile, SO,>" and NO;™ less
affected the decrease of H,AsO;  adsorption perfor-
mance, ie. by 15.9% and 8.6%, respectively. These
results correlate with the adsorption capacity trend
observed from the individual anion adsorption experi-
ments presented in Fig. 2. Rajapaksha et al.l"* studied
the feasibility to use natural red earth (NRE) which
consisted of Fe,O; and Al,O; as the adsorbent to
adsorb arsenic in water. They investigated the effect of
NO5~, SO,*, and HPO,* on the adsorption of arsenic
on NRE and the results were in the similar trend with
the results in this paper.

Considering the effect of HPO,* on the As(IIl)
adsorption, the reasons why HPO4>" could considerably
interfere the adsorption of H,AsO3™ should be because
their anionic radii have comparable size and by the
nature of COS, it provided comparable adsorption capa-
cities for H,AsO5;~ and HPO,* as illustrated in Fig. 2.
This competitive As(III) and phosphate adsorption
result is also in good agreement with the results of
Huang'*”), Jian et al?*), and Meng et al.*® who studied
the competitive adsorption between As(III) and phos-
phate on goethite, ZIF-8 nanoparticles, and iron hydro-
xide, respectively. All of them found that the amount of
As(IIT) adsorbed on their materials decreased when
phosphate was present.

It is interesting that although the presence of NO;~
caused the decrease of H,AsO; adsorption by only
8.6%, the adsorption percentage of NO;~ was as high
as almost 37%. Three possible explanations can be
given. (1) The binding affinity between sorption sites
and NO;~ was lower than that of As(III) causing in less
reduction of As(III) adsorption. (2) Since the radius of
NO;~ is smaller than As(III), NO;~ should be able to
adsorb on the sorption sites which neighboring sorp-
tion sites were occupied by As(III) without the overlap
between the radii of NO3;~ and As(III) and better reach
the sorption sites inside the pores of COS causing in
high adsorption capacity of NO; . (3) Since NO;~
adsorbed on the adsorbent in the form of monomole-
cular monodentate complex with Ca-OH, two ions of
NO;™ could adsorb on one sorption site while As(III)
forms monomolecular bidentate complex with Ca-OH,
only one ion of As(III) could adsorb on one sorption
site. For the rest experiments which H,AsO;  was
mixed with the other two or three anions, the ability
of COS to remove NO; increased particularly when
HPO,> was present. The removal performance of H,
AsQOj;~ dropped down the most when it was mixed with
HPO,* and NO; . However, SO,* seems not to be
affected by the other anions as its removal percentages
were comparable in every experiment.



The adsorption kinetics of As(III) and anions
were also investigated. As described before, the
observed adsorption rate constants were obtained
by fitting the calculated results with the experimen-
tal data. Figure 4 shows the data fitting of the frac-
tions of adsorbed sites versus time corresponding to
the case of As(III) mixed with NO5;~, SO,*, and
HPO,?". It can be seen that the calculated results of
NO;™ and SO,* occupied sites are well fit with the
experimental data while the calculated results of
As(IIT) and HPO,*> considerably deviate from the
experimental ones. Since it was assumed that there
was no interaction between the adsorbates but in
fact there should be the interaction between each
anion either more or less depending on charge
repulsion and radius overlapping. Radii of As(III)
and HPO,> are comparable and charge of As(III)
was negative (ranging from —1 to —2 depending on
pH of the solution during adsorption process) which
should cause negative charge repulsion with HPO,*".
Therefore, the interaction between As(III) and
HPO,> should be significant and should be the
cause of calculated result deviation from the experi-
mental data.

The observed adsorption rate constants of As(III)
and anions obtained from the fitting with the experi-
mental data are presented in Table 3.

As seen in Table 3, in the case of bi-solutes, the
observed adsorption rate constant of HPO,>" was greater
than that of As(III) while the observed adsorption rate
constants of NO;~ and SO,> were lower than that of
As(III). This implies that HPO,* should adsorb on the
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sorption sites faster than other anions. When As(III)
combined with anions in tri- and tetra-solutes, the
observed adsorption rate constants of HPO,> were still
greater than that of other anions thus it should also adsorb
on the sorption sites faster than the others. It can be seen
in Table 3 that when the solution contained HPO,*, the
observed adsorption rate constants of NO;~ were greater
than those of As(III) in every case. In the case of SO,%, its
observed adsorption rate constants were the lowest in
every condition of interest thus it should be the slowest
adsorb on the sorption sites.

To investigate more about the interaction between
As(III) adsorption and other anion(s) presented in the
system, the theoretical amount of the adsorption sorp-
tion sites of COS was estimated by assuming that one
molecule of undissolved CaO represented one adsorp-
tion active site. According to the adsorption mechan-
ism mentioned above, it could be assumed that As(III),
SO,*, and HPO,* form mononuclear bidentate com-
plexes with Ca-OH while NO5;~ forms mononuclear
monodentate complex with Ca-OH. The percentages
of each anion adsorbed on the sorption sites were
then calculated and plotted as in Fig. 5.

In Fig. 5, when As(III) was combined with other
anion(s) in bi-, tri-, and tetra-solutes, the percentages
of As(IITI) occupied sorption sites decreased from
17.17% (without anions) to different values depending
on types and number of anions contained in solutions.
In the case of bi-solutes, the percentages of As(III)
occupied sites slightly decreased when As(III) paired
with NO;~ or SO,* but it dramatically decreased
when As(III) paired with HPO,*. This implies that

0.9
S 08
= ® Exp. As(lll)
- 07
8 * Exp. NOy
06
2 ® Exp. SO
g 05 A Exp. HPO>
Z
E’ & * . P * " = Cal. As(I1I)
1 X A . A — Cal. NO;
5 . o ° ® — Cal. SO2
= o o ~— Cal. HPO

n
- w v w ]
100 200 300 400 500

Time (min)

Figure 4. The variation of of As(lll), NOs~, 50,%, and HPO,> with time. The symbols are the experimental data and solid lines are

predicted values.
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Table 3. The observed adsorption rate constants of As(lll) and
anions.

Observed adsorption rate constant
(kog x10°, min™")

Anions in the system As(l)  NO;~ SO~  HPO,>
As(lll) 23

As(lll) + NO3~ 35 2.0

As(Ill) + 5042' 18 06

As(lll) + HPO,> 20 40
As(lll) + NO;~ + SO,% 16 15 06

As(ll) + NO5~ + HPO4 1.2 34 40
As(lll) + SO,% + HPO,* 13 0.8 26
As(lll) + NO;™ + SO,% + HPO,Z 89 19.5 7.8 20.0

the binding affinity of HPO,> on the sorption sites
should be greater than that of As(III), SO,*” and NO;
~, respectively.

Furthermore, Fig. 5 shows that the decrease in
percentages of As(III) occupied sites in tri- and tetra-
solutes was greater than that of As(IIl) paired with
anions because in tri- and tetra-solutes, the solutions
contained a large number of anions which could com-
pete to adsorb on the sorption sites. Moreover, the
interaction between anions contained in the solution
might interfere As(III) adsorption on the sorption
sites such as the case of As(III) combined with NO;~
and HPO4>". As illustrated in Fig. 5, the percentage of
As(III) occupied sites dramatically decreased. The per-
centage of HPO,>™ occupied sites was greater than that
of NO;™ and As(III), respectively. From the results in
Table 3 and bi-solutes adsorption tests in Table 2,
HPO,* should adsorb on the sorption sites faster
and greater than the other anions. As mentioned
before, the net surface charge of COS within the initial
period was positive and better adsorbed HPO,>” which
has charge density greater than As(III) and NO;™.

100

After that As(III) and NO;~ should gradually adsorb
on the remaining sorption sites. In bi-, tri-, and tetra-
solutes, there are various molecular sizes of adsor-
bates. When the adsorbates adsorbed on the nearby
sorption sites, the adsorbates interaction, i.e. the over-
lapping of anionic radii, the repulsion between the
negative charge of anions should occur. Therefore,
only the adsorbate that has low interaction with
anions occupied on the sorption sites should be pre-
ferred to adsorb on the available neighboring sorption
site. As mentioned above, the radius of NO;  was
smaller than that of As(II) and HPO,*; thus, the
interaction due to overlapping of anionic radii should
be less resulting in the greater percentage of NO;~
occupied site. Meanwhile, during adsorption process,
the COS dissolution and adsorption mechanism in
Reactions (8), (9), and (12)-(14) caused the increase
of pH solution. Therefore, the form of As(III) changed
from H,AsO;~ into HAsO;* as in Reaction (10) dur-
ing adsorption process. Soon after HyAsO;~ changed
into HAsO;”", the charge density of NO;~ was lower
than that of HAsO5” thus repulsion between neigh-
boring adsorbates and NO;~ should become lower,
thus NO;™ should adsorb on the sorption sites better
than As(III).

Moreover, it is interesting that when SO,> was
added in the system of As(IIT) with NO5;~ and HPO,
%, the percentage of HPO,>" occupied sites decreased
from 16.66% to 10.35% as illustrated in Fig. 5. There
are two reasons that could explain why SO,*" affected
HPO,* adsorption. (1) The radius of SO,* is compar-
able with As(II) and HPO,*. Therefore, it has more
chance that SO,* would obstruct or block HPO,*" and
As(IIT) from reaching the sorption sites where the
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neighboring sorption sites were occupied by SO,*.
However, SO,” had two negative charges while
HPO,> also had two negative charges but As(III)
was mostly in the form of H,AsO;", the repulsion
between two negative — anions should be stronger,
hence SO,* should affect the adsorption of HPO,*
more than As(III). (2) The two negative charges of
SO4>" should rapidly balance the positive adsorbent
surface charge causing the rapid increase in electro-
static repulsion between adsorbent surface charge and
negative charge of anions. HPO,> which has two
negative charges should be affected by electrostatic
interaction causing the decrease in the percentage of
HPO4*" occupied sites.

The morphologies of COS after adsorption tests
were observed by SEM and the result is illustrated as
in Fig. 6. It can be seen that grass leaf-like morphology
representing As(III) adsorption can still be obviously
observed in Fig. 6a, b even though some areas were
coated by flat surface in Fig. 6a and mixed by flaky
matter in Fig. 6b which should be the results of com-
peting adsorptions of NO;~ and SO4>, respectively. In
Fig. 6¢, the surface of COS looks similar with the one
taken from COS after HPO,>" adsorption test in Fig. 6d.
However, grass leaf-like morphology can still slightly be
observed. In Fig. 6d which is the morphology of COS
after the adsorption experiment which all observed
anions were mixed in the solution, the surface looks

2 um

2 jm
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less flaky while grass leaf-like morphology cannot be
observed.

Conclusions

COS was used as the adsorbent to remove As(III) in
contaminated water under the presence of NO;~, SO,
and HPO,*". The precipitation tests indicated that As(III),
NO; 7, and SO,* should be removed by COS via adsorp-
tion process whereas HPO,*" should be removed by COS
via precipitation and adsorption processes. As(III), SO4°-,
and HPO,* should form mononuclear bidentate com-
plexes with Ca-OH while NO;~ should form mononuc-
lear monodentate complex with Ca-OH. In individual ion
adsorption tests, the adsorption capacity of HPO4>" was
greater than those of As(III), NOs~, and SO,%, respec-
tively. In bi-, tri-, and tetra- solutes systems, HPO,* could
interfere with As(IIT) adsorption more than NO;~ and
SO,* . The percentages of As(III) occupied sites could
decrease from 17.17% into about 5% under the presence
of competitive anion(s) which probably depended on (1)
adsorbent properties, e.g. chemical composition, surface
charge, etc., (2) binding affinity between adsorbent and
adsorbates, (3) the physical and chemical properties of
adsorbates, i.e. anionic radius, charge density, (4) adsorp-
tion rate constant, (5) the electrostatic attraction or repul-
sion between adsorbent and adsorbates, and (6) the
adsorbates interaction during the adsorption process.

Figure 6. SEM images of COS after competitive anion adsorption tests of (a) As(lll) paired with NOs~, (b) As(lll) paired with 50,7, (0)
As(lll) paired with HPO,>* and (d) As(lll) combined with NO;~, $0,%, and HPO,*.
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ABSTRACT

OS-TRHA pellets prepared from oyster shell (OS) powder and treated rice husk ash (TRHA) were used as the
adsorbent for arsenite (As(lll)) removal from contaminated water. The effect of the OS:TRHA ratio on As(lll)
removal performance was investigated via batch tests. The most appropriate ratio of OS and TRHA for OS-TRHA
pellet preparation was 0.7:0.3 since it provided the acceptable As(lll) adsorption capacity of about 26.2 mg g™
without cracking. The OS-TRHA pellets before and after As(lll) adsorption tests were characterized by X-ray
diffraction (XRD) and scanning electron microscope (SEM). The mechanism of As(lll) adsorption by OS-TRHA
pellets was proposed. The experimental data correlated with the pseudo-second-order adsorption rate, and
the adsorption behavior was better described by the Langmuir adsorption isotherm. The results of XRD, SEM,
As(Ill) adsorption tests and calculation based on the Ca balance indicated that 25 wt% of OS-TRHA pellets was
Ca0 that could react with As(lll) and formed Ca-As-O (CaHAsOs) on the surface of the OS-TRHA pellets, while
the other 75 wt% of OS-TRHA pellets was composed of CaSiO3 and C-S-H compounds which bound the
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precursor powders into stable pellets without cracking.

1. Introduction

Arsenic contamination in water is a worldwide problem as it
causes diseases such as cancers, nerve tissue injuries and
Blackfoot disease that have affected more than 100 million
people around the world (Mohan and Pittman 2007;
Mazumder 2003; Choong et al. 2007). In Thailand, arsenic
contamination in groundwater has been found in many
areas of 25 provinces, particularly in Suphanburi Province,
Ubon Ratchathani and Nakorn Si Thammarat (Pansamut and
Wattayakorn 2010; Kohnhorst et al. 2002; Pattanapipitpaisal
and Suraruk 2012; Hossain et al. 2013).

Arsenic is a metalloid that exists in various oxidation states such
as -3, 0, +3 and +5. In water, most arsenic exists in the forms of
arsenite (As(lll)) and arsenate (As(V)). It has been reported that
As(lll) is more toxic, more mobile and more difficult to remove
from contaminated water than As(V) (Maji, Kao, and Liu 2011; Maji,
Pal, and Pal 2008; Maiti et al. 2007; Sharma and Sohn 2009; Zhang
et al. 2007). Furthermore, As,0s is used in many industries such as
agricultural pesticides, the glass industry and the copper refining
industry (Dermatas et al. 2004). In order to remove arsenic from
contaminated water, several methods have been used. Adsorption
is the one most widely applied to remove arsenic due to its
simplicity and low operating cost. There are many types of materi-
als applied as adsorbents to remove arsenic from contaminated
water, such as char-carbon (Pattanayak et al. 2000), iron oxide-
coated cement (I0CC) (Kundu and Gupta 2006), activated red mud
(ARM) (Altundogan et al. 2002), etc.

It was reported in 2005 that 4 million tons of waste oyster shell
(OS) were produced and needed to be utilized or removed
(Alidoust et al. 2015). CaCOs5 is the main constituent of OS (Yoon

et al. 2003) and can be used as a raw material to produce Ca0, the
adsorbent for heavy metals adsorption (Alidoust et al. 2015; Tsai,
Lo, and Kuo 2011). In addition, Tseng (1988) investigated whether
adding CaO to Portland cement, used to remove hazardous
sludges by solidification/stabilization, could enhance the strength
of Portland cement and reduce the leachability of heavy metals
from the Portland cement. The previous work reported that cal-
cined OS (COS) powder could be used to remove As(lll) from
contaminated water with a maximum As(lll) adsorption capacity
as high as approximately 1955 mg g~' (pH 11) (Khownpurk,
Wongpromrat, and Chandra-Ambhorn 2017). However, fine COS
powder was difficult to separate from treated water. There are
many methods used to solve this problem, such as increasing the
particle size of the adsorbent or transforming the adsorbent pow-
der into granules (Mangwandi et al. 2016). In this work, pelletiza-
tion, the method normally used to prepare electrolyte pellets in
solid oxide fuel cells (Su et al. 2011; Zhang et al. 2004), was applied;
this improves the functionality of the As(lll) removal material by
blending it with other compounds and forming pellets. This
method can control the size and shape of the pellets in order for
them to be easier to separate from treated water.

Rice husk ash (RHA) is an SiO, source used in many pro-
cesses such as concrete and brick production, ceramic produc-
tion, soil stabilization, etc. (Prasara and Gheewala 2016; Woo
and Lee 1978; Hwang, Huynh, and Risdianto 2016). It has been
reported that the potential global RHA production is approxi-
mately 70-78 million tons per year (Hassan, Noha, and Ahmad
2014; Srinivasreddy, McCarthy, and Lume 2013). Therefore,
there is plenty of waste RHA, particularly in Thailand, where
rice is an industrial crop. Villar-Cocifa et al. (2011) and other
researchers reported that amorphous SiO, could react with
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Ca(OH),, a pozzolanic reaction, and form calcium silicate
hydrate (C-S-H), which helped improve the strengths of con-
crete, mortar, compacted soil block, etc. (Habeeb and
Mahmud 2010; Prasara and Gheewala 2016; Srinivasreddy,
McCarthy, and Lume 2013).

In order to develop the As(lll) removal material to be
environmental-friendly and easily further removed through
use as a construction material, the waste OS and RHA were
used as raw materials for adsorbent preparation. In this
research, OS powder was mixed with treated RHA (TRHA)
and pelletized. The sample pellets are called OS powder-
TRHA composite pellets (OS-TRHA pellets). The most appro-
priate ratio of OS and TRHA was determined. The adsorption
behavior and kinetics of As(lll) adsorption on OS-TRHA pellets
were also studied. The mechanism of As(lll) adsorption on the
OS-TRHA pellets was proposed.

2. Materials and methods
2.1. Preparation of the OS-TRHA pellets

The OS and RHA used in this work were collected from restau-
rants in Chanthaburi province and a power plant in Thailand,
respectively. The TRHA was obtained by calcination of the RHA
at 600°C in air for 13 h. OS-TRHA pellets were prepared from
OS sized <106 pym and TRHA. The OS and TRHA were weighed
and combined in various ratios. Distilled water was added into
the mixture to provide plasticity. Adapting from the method
to pelletize electrolyte pellet (Su et al. 2011; Zhang et al. 2004),
0.3 g of paste was filled in a pellet mold and hydraulically
pressed (Winner, model 30 tons) at a pressure of 30 kg-f cm™
for 5 min. Finally, the OS-TRHA pellets obtained were calcined
at 700°C in air for 8 h. The chemical compositions of the RHA,
TRHA and OS were evaluated by X-ray fluorescence spectro-
metry (XRF, Bruker model S8 Tiger). The OS-TRHA pellets were
also characterized by an X-ray diffractometer (XRD 6100,
SHIMADZU, Japan) with Cu-Ka radiation, at 40 kV and 26
range from 5° to 80° with the scan speed of 2.0° min~". The
morphologies of the OS-TRHA pellets were observed by using
a scanning electron microscope (SEM, Carl Zeiss EVO°MA10).

2.2. Solubility and precipitation tests

First, 0.2 g of COS, OS-TRHA pellets and ground OS-TRHA
pellets prepared from OS with a ratio of 0.7:0.3 were added
into 100 ml distilled water (pH 7) filled in Erlenmeyer flasks
and kept for 24 h. Finally, the solutions were filtered through
Whatman filter paper no. 1 and the pHs of the solutions were
determined by using a pH meter (Hanna instrument, Hl
98,107). The amounts of dissolved COS, OS-TRHA pellets and
ground OS-TRHA pellets were calculated.

Since some CaO in the OS-TRHA pellets could dissolve
in water, precipitation of Ca®* and As(lll) was tested by
adding 0.00081 mol L™" (100 mg L™") of As(lll) solution
into the aqueous solution which contained about
0.00149 mol L™ of dissolved CaO and was kept for 48 h.
After that the solution was filtered through Whatman filter
paper no. 1 and the As(lll) concentration was determined
by titration with KMnO,.

2.3. The As(lll) adsorption by OS-TRHA pellets

The performance of As(lll) adsorption by using the OS-TRHA pellets
and ground OS-TRHA pellets was investigated in Erlenmeyer flasks
covered with rubber corks. First, the stock solution of As(lll) was
diluted to 100 mg L™" with distilled water. The solution pH was
adjusted to pH 7 by using 0.1 M of NaOH and/or HCI. After that, the
OS-TRHA pellets and ground OS-TRHA pellets were individually
added into Erlenmeyer flasks which contained 100 ml of As(lll)
solution and were kept for 24 h. Finally, the concentration of As(lll)
remaining in the solution was determined by using titration with
KMnOQ,. The As(lll) adsorption capacity of the OS-TRHA pellets was
calculated using Equation (1).

As(lll)adsorption capacity (qg;) = W, (1)
where C, and C, are the concentrations of As(lll) at the initial
stage and at equilibrium (mg L™, respectively, while V is the
volume of the solution (L) and W is the mass of the material used
in the As(lll) adsorption test (g).

To study the adsorption kinetics of the OS-TRHA pellets, the OS-
TRHA pellets prepared with the OS:TRHA ratio of 0.7:0.3 were
added into 100 mg L' of As(lll) solution (pH 7). The samples
were taken immediately after the pellets were added and at 30,
60, 180, 360, 540, 720, 900, 1080 and 1440 min after addition. The
linear forms of pseudo-first-order (Equation (2)) (Lagergren 1891;
Malana, Qureshi, and Ashiq 2011) and pseudo-second-order mod-
els (Equation (3)) (Ho 2006; Ho and McKay 1999) were applied to fit
the experimental data. Furthermore, the equilibrium data were
determined by fitting with linear forms of Langmuir and
Freundlich adsorption isotherms as in Equations (4) and (5),
respectively.

In(ge — qt) = InGe — kant, )
t 1 1
ar ka2G? Qe
1 1 1
—=—+—, (4)
de dm KLque
1
log ge = log K¢ + ﬁCe, (5)

where g, and g, are the amounts of As(lll) adsorbed at time t and at
equilibrium (mg g”), respectively, k, ; and k> are adsorption rate
constants of pseudo-first-order (min~") and pseudo-second-order
(@ mg™" min™"), respectively. K, is the Langmuir equilibrium
adsorption constant, while Kris the Freundlich adsorption constant
and 1/n relates to the adsorption capacity and intensity of
adsorption.

3. Results and discussion
3.1. Material characterization

3.1.1. XRF analysis
The compositions of the OS, COS, RHA and TRHA were deter-
mined by X-ray Fluorescence (XRF). The main elements



Table 1. Compositions of OS, COS, RHA and TRHA (wt%).

% content

Composition oS Cos RHA TRHA
Ca0 95.99 97.00 0.74 0.82
MgO 0.65 0.90 0.50 0.57
Na,0 0.98 0.50 - 0.20
SO; 0.73 0.50 0.18 0.20
SiO, 0.70 0.40 79.30 87.00
P,0s 0.20 0.20 1.25 1.32
c - 0.10 0.58 0.14
Fe,05 - 0.10 0.47 0.29
Al,05 0.42 0.10 0.54 0.56
SrO 033 0.10 - -

K,0 - 0.10 251 2,52
MnO - 0.13 0.14
Loss on ignition 12.14 1.80

(expressed as oxides) presented in OS, COS, RHA and TRHA are
shown in Table 1.

The XRF results show that the major composition of OS was
CaCOs3, while the COS consisted of 97 wt% of CaO, which was
caused by the transformation of CaCOs; (Khownpurk,
Wongpromrat, and Chandra-Ambhorn 2017). Furthermore,
Table 1 shows that silica (SiO,) is the main constituent of
RHA (79.30%) and TRHA (87.00%), followed by K,O, P,Os,
Cao, Cl and Al,Os, respectively. Loss on ignition (LOI) was
determined by the weight loss of RHA and TRHA after calcin-
ing at 700°C for 8 h. It was found that the LOI of RHA was
more than that of TRHA by approximately 85%. The XRF and
LOI results indicated that the percentage of SiO, in TRHA
increased due to the removal of moisture, unburned carbon
and other impurities from the RHA after calcination at 600°C
for 13 h.

3.1.2. XRD analysis
The XRD patterns of the OS-TRHA pellets before and after
As(lll) adsorption tests are presented in Figure 1.

It can be seen from the XRD pattern of the OS-TRHA
pellets before the As(lll) adsorption test (Figure 1(a)) that
the crystalline substances detected are calcium silicate
(CaSiOs), calcium silicate hydrate (C-S-H), calcium oxide

3000 -
° v C-S-H gel
(b) * CaSiO;
2500 - s Ca0
¢ Ca(OH),
2000 ¢ Ca-As-O
= L J
H T | *“ T *
& I s* el Kk o
~ 1500 - WAL T T T T x
g 1500 “"MW"W‘W“QJM IS o, seo,
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Figure 1. XRD patterns of the OS-TRHA pellets (a) before and (b) after As(lll)
adsorption tests.
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(Ca0) and calcium hydroxide (Ca(OH),). However, after
As(lll) adsorption (Figure 1(b)), the peaks corresponding to
CaO0 can no longer be observed while the other peaks corre-
sponding to Ca-As-O can be observed. This means that the
Ca0 reacted with water and turned into Ca(OH), and further
reacted with As(lll) to become Ca-As-O.

3.1.3. The solubility and precipitation tests

The solubility test showed that the pH of the solution
increased from 7 (pH of water before adding COS, ground
OS-TRHA pellets and OS-TRHA pellets) to 12.5, 11.4 and
11.3 after adding COS, ground OS-TRHA pellets and OS-
TRHA pellets, respectively, for 24 h. This means that some
Cao, after reacting with water, could dissolve in the water
and dissociate into Ca* and OH~, resulting in the increase
of the solution pH. Based on the increasing pH, the
amounts of CaO in COS, ground OS-TRHA pellets and OS-
TRHA pellets dissolved in the water were equivalent to
4.39, 0.34 and 0.29 wt%, respectively. The reason why the
solubility of OS-TRHA pellets is much less than that of COS
is because OS-TRHA pellets contained less CaO and some
of this CaO reacted with the TRHA (insoluble) and formed
CaSiO; and C-S-H compounds, which are insoluble sub-
stances (Seidell 1919). In the case of the OS-TRHA pellets,
the ground OS-TRHA pellets could dissolve in the distilled
water more than the un-ground OS-TRHA pellets because
the contact surface area of the ground OS-TRHA pellets
was greater.

The result of the precipitation test showed that, after 48 h,
the precipitate was not observed and the As(lll) concentration
changed insignificantly. The pH of the Ca®* solution before
and after adding As(lll) into the solution was approximately
equal (pH 11.6). This implies that the precipitation of Ca-As(lll)
did not occur. The precipitation result in this work agrees with
the work of Dutfe and Vandecasteele (1995, 1998), who stu-
died the immobilization of arsenic-containing waste by using
cement and lime and reported that Ca®* in solution precipi-
tated with HAsO3> in the form of CaHAsOs only at a pH above
11.91.

3.2. As(lll) adsorption result

The As(lll) adsorption capacities of the OS-TRHA pellets with
different OS:TRHA ratios are illustrated in Figure 2.

It can be seen that the As(lll) adsorption capacity of TRHA is
extremely low in comparison with the As(lll) adsorption capa-
city of COS, which is as high as 241.67 mg g~' of CaO. This
implies that the CaO provides sorption sites in the OS-TRHA
pellets. The As(lll) adsorption capacities of OS-TRHA pellets
with different OS:TRHA ratios also confirmed the previous
statement, as the As(lll) adsorption capacity increased with
the increasing fraction of OS. Furthermore, this also implies
that the products of the reaction of OS and TRHA, such as
CaSiOs and C-S-H compounds, do not contain sorption sites
for the As(lll) adsorption process.

The adsorption kinetics of OS-TRHA was also investi-
gated. The result showed that As(lll) adsorption on OS-
TRHA pellets approached equilibrium within 24 h. The
kinetic parameters are shown in Table 2.
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Figure 2. As(lll) adsorption capacities of As(lll) on the TRHA, COS and the OS-
TRHA pellets.

Table 2. Kinetic parameters of As(lll) adsorption on OS-TRHA pellets.

Pseudo-first-order Pseudo-second-order

; Ge,cal ; ka1 . 5 Ge,cal ; kz1z,2 . 5
Geesp Mg g™) (Mgg™) (min™) R° (mgg ) (gmg min") R
10.55 8.59 0.019 099 10.72 0.0075 0.98

It can be seen that although the values of R? corresponding to
both fits are comparable, g, ., calculated from the pseudo-second-
order model is much closer than that of the pseudo-first-order
model. Therefore, As(lll) adsorption on the OS-TRHA pellets can be
better described by the pseudo-second-order model, which
means that As(lll) adsorption can carry on via chemical adsorption,
and the rate of As(lll) adsorption on the pellets is proportional to
the square of the number of available active sites (Ho and McKay
1999; Manju, Raji, and Anirudhan 1998).

Moreover, the adsorption isotherm was determined using
the equilibrium data of As(lll) adsorption on OS-TRHA pellets.
The adsorption isotherm parameters are presented in Table 3.

As seen in Table 3, R? corresponding to the Langmuir isotherm
is closer to 1 than that corresponding to the Freundlich isotherm.
This implies that the behavior of As(lll) adsorption on OS-TRHA
pellets can be better described by the Langmuir isotherm, which
means that As(lll) adsorption on the OS-TRHA pellets is monolayer
(Sener 2008). The As(lll) adsorption capacity of OS-TRHA pellets in
this work compared with other materials is presented in Table 4.

It can be seen from Table 4 that, although the As(lll)
adsorption capacity of the OS-TRHA pellets decreased by
nine times compared with COS powder, its As(lll) adsorption
capacity is still high when compared with the As(lll) adsorption
capacities of other kinds of materials.

Table 3. Adsorption parameters corresponding to Langmuir and Freundlich
isotherms.

Langmuir isotherm Freundlich isotherm

KL Qmax KF 1/n
(L mg”) (mg g’1) R? (L g’1) R?
0.0017 82.6446 0.8588 5.3015 0.8964 0.8386

Table 4. Comparison of As(lll) adsorption capacity of OS-TRHA pellets made
from OS and TRHA with other materials.

As(lll) adsorption

Material capacity (mg g™") Reference
C0S<106 um 241.67 Present work
OS-TRHA pellets (OS: 26.20 Present work
TRHA = 0.7:0.3)
Iron oxide coated cement 0.69 (Kundu and Gupta 2006)
(IocQ)
Iron-oxide-coated natural 1.647 (Maji et al. 2013)
rock (IOCNR)
Raw red mud (RRM) 8.86 (Altundogan et al. 2002)
Activated red mud (ARM) 11.80 (Altundogan et al. 2002)
Bentonite 0317 (Mar et al. 2013)
Shale 0.181 (Mar et al. 2013)
Char carbon (CC) 5.04 (Pattanayak et al. 2000)
Zinc peroxide functionalized 18.8 (Uppal, Hemlata, and

synthetic graphite (FSG) Singh 2016)

3.3. Morphology

The SEM images of TRHA and OS before and after the As(lll)
adsorption tests are illustrated in Figure 3.

It can be seen that the TRHA morphologies before and after
the As(lll) adsorption tests in Figure 3(a) and 3(b) look similar.
From the result of the As(lll) adsorption test shown in Figure 2,
the As(lll) adsorption capacity of TRHA was very low. This
could be the reason for the insignificant change in the mor-
phology of TRHA after the As(lll) adsorption test. In the case of
COS, a grass leaf-like morphology appears on the COS surface
after the As(lll) adsorption test, as in Figure 3(d). The As(lll)
adsorption test and XRD results revealed that COS reacted
with As(lll) and formed Ca-As-O (Khownpurk, Wongpromrat,
and Chandra-Ambhorn 2017), which appeared as the grass-
leaf-like structure. Phenrat, Marhaba, and Rachakornkij (2005)
studied iron-arsenic sludge immobilized by using cement and
lime and also found that the morphology of arsenic immobi-
lized on lime by forming calcium-arsenic compound was in
the form of the grass-leaf-like structure.

The surface morphologies of the OS-TRHA pellets with the
OS:TRHA ratio of 0.7:0.3 before and after the As(lll) adsorption
tests are presented in Figure 4.

It can be seen that the morphologies of the OS-TRHA
pellets were classified into two forms: the rough surface and
the smooth surface, as in Figure 4(a,b), respectively. The
energy dispersive X-ray spectroscopy (EDX) results (not
shown in this paper) showed that the smooth surface con-
sisted of calcium, silica and oxygen which indicated CaSiOs
and/or C-S-H compounds. After the As(lll) adsorption test,
the morphologies of the OS-TRHA pellets can be seen in
two forms. The first one is the grass-leaf-like morphology
(Figure 4(c)) which looks similar to the morphology of COS
after the As(lll) adsorption test. The other one (Figure 4(d))
looks similar to the second form of OS-TRHA pellet mor-
phology before the As(lll) adsorption test in Figure 4(b). This
indicates that As(lll) reacts with CaO on the rough area of
the OS-TRHA pellets and forms Ca-As-O, while the smooth
area which consisted of CaSiO; and/or C-S-H compounds
was not able to react with the As(lll). In addition, the cross-
sectional areas of the OS-TRHA pellets before and after the
As(lll) adsorption tests were also analyzed by SEM and EDX
and the As(lll) compound could not be detected.
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Figure 4. The SEM images of (a) and (b) the OS-TRHA pellet surface before As(lll) adsorption test, (c) and (d) the OS-TRHA pellet surface after As(lll) adsorption test.

3.4. As(lll) adsorption mechanism

The XRF result showed that COS consisted of 97% CaO, while
RHA and TRHA consisted of SiO, 79.3 and 87 wt%, respec-
tively. Furthermore, the XRD results of RHA and TRHA showed
a broad smooth humped peak at about 22° (not shown in this
paper). Habeeb and Mahmud (2010) and Hassan, Noha, and

Ahmad (2014) reported that the broad XRD peak at the posi-
tion of 26 = 22-25° referred to an amorphous form of SiO,.
This indicates that calcination at 600°C for 13 h did not change
the amorphous form of SiO, in the RHA, but removed moist-
ure, unburned carbon and other impurities. The OS and COS
could not be pelletized directly. Therefore, TRHA was chosen
to be a binder as it contained SiO, which could introduce
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a pozzolanic reaction with CaO (Alavéz-Ramirez et al. 2012).
The appropriate ratio of precursors for the pelletization was
determined. It was found that mixing OS (instead of COS) with
TRHA with the fraction range of 0.5-0.7 could form OS-TRHA
pellets without cracking. As mentioned before, the XRD result
of the OS-TRHA pellets after calcination at 700°C for 8 h
(Figure 1(a)) showed the peaks of CaSiO;, C-S-H, CaO and
Ca(OH),. During the pelletizing process, the following reac-
tions are assumed to take place.

Si0; + 2H,0 — HaSiOs, ©)
H4Si04 + CaCO; — CaH,Si0; + H,COs, 7)
CaH,Si0, 2 CaSiO; + H,0, ®)

CaC0; > Ca0 + CO,, 9)

Ca0 + Si0, 2 CaSio;. (10)

Reactions (6) and (7) occur during mixing OS with TRHA and
water. First, SiO, in the TRHA reacts with water during pelletiz-
ing and forms H,SiO,4 as in Reaction (6). Then, H,SiO,4 further
reacts with CaCO; and forms CaH,SiO,4 (C-S-H) and H,CO3 as in
Reaction (7). During the calcination process at 700°C for 8 h,
H,COs; decomposes and is released as H,O and CO,. Hager
(2013) and Rodriguez et al. (2017) reported that the
C-S-H compounds transformed to CaSiOs; at above 600°C.
Therefore, some of the CaH,SiO; could decompose into
CaSiOs; and release H,O as in Reaction (8) resulting in the
appearance of both CaSiOs; and C-S-H peaks in the XRD pat-
tern in Figure 1(a). Meanwhile, CaCOs releases CO, and trans-
forms into CaO as in Reaction (9). Then, CaO reacts with SiO,
and also forms CaSiO3 as in Reaction (10).

The As(lll) adsorption test showed that the OS-TRHA pellets
prepared from OS and TRHA could remove As(lll) with an
adsorption capacity of about 26.2 mg g~'. The solution pHs
before and after the As(lll) adsorption tests were measured.
The result showed that the pH of As(lll) solution increased
from 7 to 11. As mentioned before, the solubility test showed
that the pH of the solution increased from 7 to 11.3 after
putting the OS-TRHA pellets into distilled water due to the
dissolution of Ca(OH),. According to the XRD results in Figure
1, the intensities of the Ca(OH), peaks decreased after As(lll)
adsorption, while the intensities of the CaSiO5 and C-S-H peaks
changed insignificantly. According to the information
obtained from the experiments, the mechanism of As(lll)
adsorption by using the OS-TRHA pellets can be proposed as
the following reactions.

Ca0 + 2H,0 — Ca(OH),, (11)

Ca(OH), «» Ca*" +20H", (12)
Ca(OH), + H3AsO; — HCaAsO; + 2H,0, (13)

H3AsOs + OH™ — H,AsO5 + H,0, (14)

Ca(OH), + H,AsO; — HCaAsO; + H,0 + OH™, (15)

H,AsO; + OH™ — HAsO2™ + H,0, (16)

Ca(OH), + HAsO3™ — HCaAsO; + 20H, 17)

Ca*" + HAsO?™ — HCaAsO;. (18)

After putting the OS-TRHA pellets into the As(lll) solution, CaO
converted into Ca(OH), as in Reaction (11), causing the
absence of a CaO peak in the XRD result after the As(lll)
adsorption test (Figure 1(b)). After that, some of the Ca(OH),
dissolved and dissociated into Ca?* and OH™ as in Reaction
(12), causing the pH in the solution to increase. The As(lll)
could be in different species depending on the pH of the
solution (Khownpurk, Wongpromrat, and Chandra-Ambhorn
2017; Sharma and Sohn 2009; Mohan and Pittman 2007;
Kwok et al. 2014). Most of the As(lll) was in the form of Hs
AsO; at pH 7. As the pH increased, the H3;AsO3z was deproto-
nated by OH™ into H,AsOs3™ as in Reaction (14), until at pH 10
the H,AsO;~ was further deprotonated into HAsO;> as in
Reaction (16). During the As(lll) adsorption process, H3AsOs,
H,AsO;~ and HAsOs? reacted with the undissolved Ca(OH), on
the surface of the OS-TRHA pellets by ligand exchange and
formed CaHAsO; as in Reactions (13), (15) and (17), respec-
tively. This causes the appearance of Ca-As-O peaks in the XRD
pattern and the decrease in the intensity of Ca(OH), after
As(lll) adsorption. As mentioned before, the final pH of the
As(lll) solution after As(lll) adsorption (pH 11) was lower than
the final pH of the OS-TRHA pellets after being put into dis-
tilled water (pH 11.3). There are two reasons that could explain
why the final pH in the As(lll) adsorption experiment did not
reach the level of pH in the solubility or blank test. One is that,
soon after the OS-TRHA pellets were put into the As(lll) solu-
tion, the dissolution of Ca(OH), and the reaction between
As(lll) and undissolved Ca(OH), on the OS-TRHA pellet surfaces
occurred simultaneously, resulting in the coverage of undis-
solved CaHAsO3 on the OS-TRHA pellets, and therefore redu-
cing the dissolution of Ca(OH), that caused the pH to increase.
The other possible reason is that, along with the pH increase,
Reactions (13)-(17) occurred. Reaction (13) did not affect the
change in pH. However, the deprotonations of As(lll) species in
Reactions (14) and (16) caused the pH to decrease, while the
reactions of As(lll) species and Ca(OH), in Reactions (15) and
(17) caused the pH to increase. As previously mentioned,
HAsO5% appeared at pH above 10. Dutfe and Vandecasteele
(1995) reported that, at pH 10, As(lll) existed in the form of
HAsO;% only for 0.64% and reached 68.40% at pH 12.76.
Therefore, it can be assumed that the extent of Reaction (17)
was very small in comparison with Reactions (14)-(16). This
means that, by neglecting Reaction (17), the effect of
Reactions (14) and (16) on the change of pH should be stron-
ger than that of Reaction (15) and, therefore, the total pH of
the solution should be in the decreasing direction. Moreover,
As(lll) in the form of HAsOs% could precipitate with Ca®* from
Reaction (12) as in Reaction (18). However, in this work, the
precipitation test indicated that no CaHAsOs precipitate was
observed within 48 h. Therefore, Reaction (18) should not



occur in our case. As mentioned before, Dutfe and
Vandecasteele (1995, 1998) reported that Ca®* could precipi-
tate with HAsOs? only at pH above 11.91. In this work, the
solution pH was lower than 11.3, hence the As(lll) would be
mainly in the form of H,AsOs~, which was not suitable to form
CaHAsOs precipitate.

3.5. Determination of CaSiO3 and C-S-H compounds in
the OS-TRHA pellets

As mentioned before, the OS-TRHA pellets are composed of
two parts: CaO which can convert into As(lll) reactive sites and
unreactive compounds (CaSiO; and C-S-H compounds). In
order to determine the amount of unreactive CaSiO; and
C-S-H compounds obtained from Reactions (7), (8) and (10),
all of the CaCO;5 in OS was assumed to be transformed into
Ca0 in the OS-TRHA pellets (Reaction (9)). Then, the CaO in the
OS-TRHA pellets was divided into three fractions as in
Equation (19).

CaooveraII = Caodissolve + Caoads + Caorxny (19)

where CaOyissove = CaO dissolving in the solution

Ca0,4s = CaO that can convert into As(lll) reactive sites

Ca0,,, = Ca0 reacting with SiO, in TRHA during the preparation
process

Starting from 0.21 g of OS (CaCOs) in ground OS-TRHA
pellets prepared from OS:TRHA in a ratio of 0.7:0.3, assuming
that all the dissolved Ca(OH), dissociated into Ca?* and OH™,
based on the change of pH in the solubility test of the ground
OS-TRHA pellets from 7 to 11.4, the CaOy;ssone can be calcu-
lated as approximately 0.0007 g. Then, CaO,4s was assumed to
have the same property as COS. Based on the As(lll) adsorp-
tion capacity of COS (241.67 mg g™'), the ground OS-TRHA
pellets could reduce As(lll) by approximately 70.50 mg L™,
which was equivalent to the ability to reduce As(lll) by
0.0513 g of COS or CaOggs. Finally, CaO,,, could be determined
as approximately 0.0657 g. Therefore, the unreactive CaO in
the OS-TRHA pellets was about 55.8 wt%, which was equiva-
lent to 75 wt% of CaSiOs; and C-S-H compounds.

3.6. Application of OS-TRHA pellets for As(lil) adsorption

In order to observe the As(lll) adsorption by using OS-TRHA
pellets on a larger scale, OS-TRHA pellets (3-4 g of total
weight) were put into 2 L of synthetic As(lll) contaminated
water with the concentration equivalent to the arsenic con-
centration in water resources in Thailand, i.e,, 34 mg L™". The
used OS-TRHA pellets were replaced by fresh ones every
2 days, 3 times. The concentration of As(lll) in the solution
was measured by inductively coupled plasma (ICP, In-house
method based on Standard Methods for Examination of Water
and Wastewater 20th Edition (APHA, AWWA, and WEF 1998)).
The result showed that the OS-TRHA pellets could remove as
much as 98.95% of the As(lll) from the synthetic As(lll) con-
taminated water. The final concentration of As(lll) obtained
was as low as 0.36 mg L™". Although As(lll) adsorption by OS-
TRHA pellets causes the pH to increase, the pHs of water
resources are usually lower than 7; Pattanapipitpaisal and
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Suraruk (2012) collected the data of groundwater quality in
Thailand and reported that the pH of ground water was in the
range of 5.70-6.90. Moreover, waste water, particularly dirty
acid waste water obtained from many processes such as the
hydrometallurgy industry, textile industry, mining industry,
etc, usually contains highly concentrated arsenic
(5,240-14,740 mg L"), which mainly exists in As(lll) with very
low pH (0.5-3.25) (Cui et al. 2014; Du et al. 2016). Many
processes have been used to treat the waste water. The
main processes consisted of neutralization by lime, followed
by arsenic adsorption (De Klerk et al. 2012; Du et al. 2016; Cui
et al. 2014). Therefore, OS-TRHA pellets need to be a good
dual-function material to be used to remove As(lll) and
neutralize waste water in one step.

4. Conclusions

OS and TRHA were used as raw materials to produce the OS-
TRHA pellets for removing As(lll) in contaminated water. The
most appropriate ratio of OS:TRHA, providing stable OS-TRHA
pellets, was 0.7:0.3. The adsorption kinetics data were fitted
with the pseudo-second-order model while the equilibrium
data were fitted with the Langmuir isotherm. During the calci-
nation process, some CaO reacted with SiO, and formed CaSiOs
and C-S-H compounds which could bind the precursor powder
into stable OS-TRHA pellets without cracking. The amount of
unreactive CaSiOs; and C-S-H compounds was calculated as
about 75% by weight of OS-TRHA pellets. Meanwhile, the
unreacted CaO could still convert into Ca(OH), and be able to
adsorb As(lll) in water. The maximum As(lll) adsorption capacity
was about 26.2 mg g~' of OS-TRHA pellets.
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