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ADSORPTION/ARSENIC/NATURAL CLAY/MESOPOROUS ADSORBENT

Millions of people in more than 70 countries are at risk of developing arsenicosis or
cancer due to consuming elevated arsenic contaminated water. A failure of most applied
remediation technologies is due to energy consumption and high cost. Developing low-cost
and effective adsorbents for arsenic removal can provide a promising solution because the
adsorption technique is simple, cost-effective, more flexible, easily operated and more
efficient. The present research mainly aims to prepare modified natural clay adsorbents and
to investigate their performance toward arsenic adsorption from aqueous solution. Calcined,
ferrous and ferric-impregnated calcined clay adsorbents were prepared and characterized. In
the batch experiments, the maximum adsorption capacities of the adsorbents were in the
range of 250-747 ug/g and 46.7-355 ug/g for arsenate and arsenite, respectively. On the
other hand, iron mixed porous clay pellet was developed in accordance with the mixture
design approach. The optimum ratio was found to be 52.15% (natural clay):19.22% (iron
oxide):28.63% (iron powder) and the maximum adsorption capacities were approximately
13 mg/g and 19 mg/g for arsenate and arsenite, respectively. Among coexisting anions,
phosphate showed a significant negative effect on the removal efficiency of either arsenate
or arsenite for all adsorbents. With central composite design under response surface
methodology, the Pareto analysis suggested that the initial solution pH, initial adsorbate

concentration, and adsorbent dosage had contributing percentage effects of around 47%,
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37% and 14%, respectively, for the coexisting arsenite and arsenate removal. In the
continuous fixed-bed column with iron mixed porous pellet, the highest adsorption
capacities were approximately 431pg/g and 509ug/g for arsenate and arsenite, respectively.
Adding iron mixed porous pellet in the middle of sand layer of lightweight bio-sand filter to
treat polluted groundwater with arsenic ranging from 354-587pg/L improved the removal
efficiency to about 97 and 99 %. Overall, with regard to a wide availability of raw
materials, the simplicity of modification techniques, and the improvement of adsorption
efficiencies, modified natural clay adsorbents could be considered to be effective and low-

cost for arsenic removal from water.
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CHAPTERI I

INTRODUCTION

1.1 Background

Water is a key element of life. People need to access to safe and clean drinking
water, but majority of the world population cannot afford it due to water pollution. The
presence of excess toxins and pathogens in water is a major issue and limits the availability
of drinkable water. One of highly toxic and carcinogenic pollutants is arsenic. Its existence
in soil, air and water results from both natural processes and human activities, e.g.,
weathering reactions, biological activities, geochemical reactions, volcanic emissions,
mining activities, fossil fuel combustions, and utilizations of arsenic pesticides and
additives (Mohan and Pittman, 2007). In recent decades, arsenic contamination in water has
become a global concern because it causes a serious threat to human health at a large scale.
Arsenic is regarded as the number one toxin in the United States Environmental Protection
Agency (USEPA) list of prioritized pollutants and also classified as a class I of human
carcinogen by the International Agency for Research on Cancer (IARC) (Chen et al., 2009;
Ng et al., 2003). Consumption of arsenic contaminated water is one of the main pathways
for its accumulation in human body (Singh et al., 2015). Health problems associated with
excessive and long-term exposure to arsenic are skin problems, skin cancers, internal
cancers (bladder, kidney and lung), leg and feet blood vessel diseases, diabetes, high blood
pressures, reproductive disorders, adverse pregnancy outcomes, and intellectual

malfunction in children (Chen et al., 2009; Sharma et al., 2014).



The World Health Organization (WHO) has newly set the maximum contaminant
level (MCL) of arsenic in drinking water to 10 ppb brought down from 50 ppb (Glocheux et
al., 2013; Ng et al., 2003). More than 70 countries have been reported with elevated arsenic
concentration (>10 ppb) in water sources that poses a health risk to more than 150 million
people, most of whom live in countries as follow: Bangladesh, Cambodia, China, India,
Laos, Myanmar, Nepal, Pakistan, Taiwan and Vietnam (Brammer and Ravenscroft, 2009).
In coming years, the consumption of arsenic contaminated groundwater can result in a
direct cause of around 6500 deaths a year, and over 2.5 million people may develop
arsenicosis in the next 50 years (Glocheux et al., 2013). In some circumstances, the only
solution to provide clean and safe drinking water to local people is to treat contaminated
water via an affordable purification technique.

Remediation technologies applied for arsenic removal from water include
coagulation-flocculation, ion exchange, membrane filtration, reverse osmosis, and
adsorption process (Singh et al., 2015). Many arsenic affected areas are in countryside
lacking of infrastructures, electricity supplies, and high educated people. This makes some
treatment technologies inapplicable. For instance, reverse osmosis and membrane
technologies are energy-requiring methods with technical skill operators and pose a high
cost (Muniz et al., 2009; Sabbatini et al., 2010). Coagulation-flocculation is not suitable for
household scale and has difficulties with a sludge production and a complete separation of
flocs. lon-exchange is considered to be relatively high cost and possibly releases back
harmful chemicals into the environment when the resin is regenerated (Lenoble et al., 2005;
Sabbatini et al., 2010). Adsorption has more advantages over other techniques in terms of
simplicity, economy, removal efficiency, easiness in operation and maintenance, flexibility
to be scaled up (from the point of use to a community based treatment plant), and avoidance
of liquid waste generation on site (Dousova et al., 2006; Masih et al., 2007; Sabbatini et al.,

2010).



The adsorption technique primarily depends on adsorbent materials that can be
either natural or synthetic to obtain high affinities toward pollutants (Muniz et al., 2009).
Clay has gained much attention to be used for removing pollutants such as metal ions,
organic pollutants and bacteria due to its large specific surface area, chemical and
mechanical stability, layer structure, and high cation exchange capacity (Dousova et al.,
2006; Sdiri et al., 2011). However, the adsorption capacity of clays for arsenic is low
compared to that of iron containing minerals. For example, clay minerals such as kaolinite,
montmorillonite, and illite exhibit arsenate adsorption in the range of 0.15 to 8.4 umol/g as
compared to ferrihydrite and goethite that can adsorb arsenate in the range of 200 umol/g to
700 pmol/g (Luengo et al., 2011). Furthermore, clay is difficult for application in a column
adsorption due to its fine particle size that creates a permeability problem (Mohapatra et al.,
2007). To improve the adsorption capacity and permeability, clays can be modified or used
as a binder to iron oxides, iron particles, or other metal oxides (Jiang et al., 2009;
Mohapatra et al., 2007).

Pure iron oxides or particles are well-known for a strong adsorption affinity toward
arsenic (Dousova-et al., 2009; Dousova et al., 2006; Mohan and Pittman, 2007). However,
their direct use for arsenic treatment from water is not really popular or plausible under
some circumstances because they are not cost-effective in their synthetic forms, difficult to
apply for a column study in a fine powdery form, and not easily separated from effluent
after adsorption (Dousova et al., 2009; Liu et al., 2012; Maiti et al., 2010).

Low cost materials such as alumina, bauxite, carbon, calcined bauxite, cellulose
bead, and clay have been used to support iron oxides or particles to improve pollutant
removal efficiency from aqueous solution, and to extend the application in a continuous
flow system (Maiti et al., 2010). Previous researchers have observed a significant
improvement of the pollutant treatment using iron-clay-based adsorbents. Dousova et al.

(2006) has modified some clay minerals with iron salts to adsorb arsenic from aqueous



solution and found that the sorption capacity increased from about 0.5 mg/g to around 20
mg/g. Bhowmick et al. (2014) indicated that montmorillonite-supported nanoscale zero-
valent iron (Mt-nZV1) expressed the arsenic adsorption capacity of more than 45 mg/g that
is much higher than montmorillonite (only 0.64 mg/g found by Mohapatra et al. (2007)).
This may imply that clays could stabilize and disperse iron species on their surface to
improve the adsorption capacity.

Most previous studies, however, focus only on using specific pure clay minerals
such as kaolinite, montmorillonite, illite and smectite as direct adsorbents or iron modified
clay mineral adsorbents for treating arsenic from water. So far of reviewing literatures, no
study has completely addressed the use of natural clays for hosting iron species to produce a
more cost-effective and efficient adsorbent toward arsenic removal from aqueous solution
or treating real elevated arsenic contaminated water in both batch equilibrium and column
dynamic systems. Therefore, in this research, natural clay manually collected from the field
was used to support iron species to be the novel modified clay based adsorbent for being
investigated the arsenic adsorption performance from water, especially the application to

treating real contaminated groundwater in an arsenic-affected area.

1.2  Objectives of the research

The overall goals of this research are 1) to develop an efficient iron-based adsorbent
through a modification of natural common clay with iron species for a better arsenic
adsorption from water and 2) to apply the new developed adsorbent to treat groundwater
bearing elevated arsenic concentration in the arsenic-affected area in Cambodia. This is
achieved through the following specific objectives:

1) To prepare, investigate and characterize iron impregnated calcined natural clay

adsorbents for arsenic removal from aqueous solution.
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ii) To apply a mixture design approach for developing an efficient iron mixed
porous pellet adsorbent with a characterization and an investigation for arsenic
adsorption from aqueous solution.

iii) To determine optimal condition of contact time, initial solution pH, adsorbent
dosage, and initial arsenic concentration for arsenic adsorption with iron mixed
porous pellet adsorbent via the application of response surface methodology.

iv) To investigate the arsenic removal from water by iron mixed porous pellet
adsorbent in a continuous fixed-bed column study.

v) To add iron mixed porous pellet as active media in a filter to treat real arsenic

contaminated groundwater in Cambodia.

Scopes of the research

This research has been undertaken within scopes as follow:

1) Natural common clay in Thailand is used to impregnate with ferrous and ferric
solutions to be iron impregnated calcined natural clay adsorbents for conducting
adsorption experiments on arsenite and arsenate from aqueous solution via a
batch mode in a laboratory. The characterization of the adsorbent is conducted
using X-ray fluorescence (XRF), X-ray diffraction (XRD), the Brunauer-
Emmett-Teller (BET) and Scanning electron microscope (SEM) techniques.

ii) Iron mixed porous pellet adsorbent is designed by the augmented simplex-
centroid mixture design method for obtaining high adsorption efficiency on both
arsenite and arsenate via a batch mode. Regeneration and leaching test of the

adsorbent are included.



iii) Central composite design under response surface methodology is applied for

optimize the condition of contact time, initial solution pH, adsorbent dosage and

adsorbate initial concentration in batch mode experiments.

iv) Performance of the continuous fixed-bed column in terms of breakthrough curve

analyses is investigated with the variation of influent flow rate, adsorbent bed
height, initial solution pH and initial adsorbate concentration in a laboratory.

The real arsenic contaminated groundwater in Kandal Province, Cambodia, is
fed to lightweight bio-sand filter embedded with iron mixed porous pellet
adsorbent. The main target is to have effluent arsenic concentration less than 10

ppb and to produce daily 30 L of arsenic free drinking water for a household.



CHAPTER II

LITERATURE REVIEW

2.1 Arsenic

Arsenic is a heavy metal occurring in group 15 of the elemental periodic table, the
20™ most abundant element in the earth’s crust, and a component of more than 245 minerals
(Mandal and Suzuki, 2002). In natural environment, arsenic can exist in several oxidation
states such as -III, 0, III and V, but the (-III) oxidation state is found only in an extremely
reduced environment and (0) arsenic metal rarely occurs (Choong et al., 2007; Wang and
Mulligan, 2006). Thus, the occurrence of arsenic is primarily in the oxidation states of (III)
and (V) as inorganic and organic forms. The structures of some inorganic and organic
arsenic forms identified in water are presented in Figure 2.1. The organic forms include
monomethylarsonous  acid (MMA(HD), monomethylarsonic  acid (MMA(V)),
dimethylarsinous acid (DMA(HD), and dimethylarsinic acid (DMA(V)), and the major
inorganic forms include arsenous acid or arsenite and arsenic acid or arsenate (Smedley and
Kinniburgh, 2002; Wang and Mulligan, 2006). Arsenite is reported 10 times more toxic
than arsenate and 70 times more toxic than MMA®" and DMAY); however, it is less toxic
than MMA™ and DMA™ in terms of causing DNA breakdown (Katsoyiannis and
Zouboulis, 2002). The quantitative presence of arsenite and arsenate in natural water and
their toxicity seem to be more significant. Therefore, this research would interest more for

the review on arsenite and arsenate.
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Figure 2.1  Structures of some arsenic forms found in natural water (Hughes, 2002)

Arsenate [As(V)] is a thermodynamically stable form of inorganic arsenic species
and predominates in oxygen-rich environments like surface water, whereas arsenite
[As(II)] favors and predominates in a moderate reducing environment like anaerobic
groundwater (Villaescusa and Bollinger, 2008; Wang and Mulligan, 2006). In water with
the influence of redox potential (Eh) and pH value, As(V) can be derivative into species
H3AsO4, HyAsOy, HAsO42' and AsO43', while As(IIl) species can be converted into
H3AsO3;, H,AsO5', HA5032', and AsO32' (Mohan and Pittman, 2007; Mondal et al., 2013).

As shown in Figure 2.2, the arsenite species occur in a low redox potential, and the
arsenate species exist in a higher redox potential conditions. Under an oxidizing condition,
H;AsO4 is dominant at pH less than 6.9, HASO427 becomes dominant at higher pH, and
H3;As0,’ and AsO,>~ present in either extremely acidic or alkaline conditions, respectively.
Under a reducing condition, the uncharged arsenite specie (H3A8030) dominates at pH less

than 9.2.
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Figure 2.2 Eh-pH diagram for aqueous arsenic species at 25 °C and 1 bar (Left) and

arsenic speciation as a function of pH (Right) (Smedley and Kinniburgh, 2002)

Arsenic can mobilize through different flow paths in the environmental media like
soil, air and water via various mechanisms (Figure 2.3). Sorption-desorption and
precipitation-dissolution are the two principal mechanisms to release arsenic into water
from soils, sediments and rocks (Sullivan et al., 2010). Arsenic can be adsorbed to the
surface of various materials such as iron oxides, aluminum oxides, and clay minerals under
certain conditions. For instance, in acidic and near-neutral conditions (pH =4 or pH = 7 to
8.5), As(IIl) or As(V) are strongly adsorbed by iron oxides, but desorption process occurs
and results in releasing arsenic into water when pH of the solution becomes more alkaline
(Hossain and Piantanakulchai, 2013).

Many ores of transition metals like arsenopyrite (FeAsS) dissolve under reducing

conditions, leaving arsenic into the system (Sullivan et al., 2010). Arsenic cannot be easily
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destroyed and can be converted into different forms or transformed into insoluble
compounds in combination with other elements (Choong et al., 2007). Figure 2.4 shows the

detail of arsenic transformation in reducing and oxidizing sediments in aqueous

environments.

Atmosphere

Sorption-Desorption
Precipitaion-Dissolution

Sediments
Rocks

Oxidation-Reduction
Microbial Activities

Figure 2.3 A modified diagram of arsenic mobilizing in the environment (Wang and

Mulligan, 2006)
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Figure 2.4 Arsenic transformations in oxidizing and reducing sediments in aqueous

environments (Henke, 2009)
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2.2 Technologies for removing arsenic from water
Arsenic remediation technologies based on the physical-chemical processes include

oxidation, coagulation-flocculation, ion exchange, membrane filtration, and adsorption

(Figure 2.5).
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Indigenous filters
and cartridges

——Miscellaneous adsorbents

Figure 2.5 Schematic diagram of various methods for arsenic removal from soil and water

(Singh et al., 2015)

Oxidation is considered as a pre-treatment rather than a treatment technology of
arsenic from water. The main purpose of applying this method is to covert As(III) to As(V),
which adsorbs easily onto solid surfaces (Garelick et al., 2005; Malik et al., 2009). Oxidants
such as chlorine, chlorine dioxide, chloramine, hydrogen peroxide, ozone and permanganate
have been used for oxidizing As(IIl) (Sharma et al., 2007). More than 95% of As(III) could
be oxidized within less than 20s by MnO4 (Ghurye and Clifford, 2004). More than 96%

oxidation of As(IIl) by ozone occurs within 10 min whereas 5 day oxidation is required to
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oxidize around 50% of As(III) by air and pure oxygen (Kim and Nriagu, 2000). The
efficiency of As(Ill) oxidation in water is influenced by interfering ions or compounds such
as Fe(Il), Mn(II), sulfide (HS™ and S*), total organic carbon (TOC) and dissolved organic
carbon (DOC) (Dodd et al., 2006).

Coagulation-flocculation is a method that uses coagulants for transforming
dissolved arsenic into insoluble solids or for co-precipitating with arsenic. The solids or
precipitates are then removed from liquid phase by a clarification, sedimentation or
filtration. Das and Anand (1999) found that around 82-93% arsenic could be precipitated
within 15 min in Fe(II)-NH;-(NH4),S04-O, system. Pallier et al. (2010) observed that using
kaolinite and FeCl; as coagulants and flocculants could remove over 90% and 77% of
As(V) and As(IIl), respectively. Hu et al. (2012) used aluminum chloride and poly-
aluminum chloride coagulants and reduced 280 ppb As(V) to less than 10 ppb. Initial
arsenic concentration, dosage of coagulants, pH and arsenic species are the main factors
affecting the removal efficiency through the coagulation-flocculation process (Garelick et
al., 2005). For this method, the negative effects occur for the presence of anions such as
phosphate, silicate, bicarbonate, and organic matter, whereas Ca®" and Mg®" provide
positive effects (Sharma et al., 2014). The major limitation of this method is the generation
of considerable amount of arsenic contaminated sludge, which is possibly the secondary
pollution to the environment (Mondal et al., 2013).

Ion exchange is a process of exchanging between ions in the solution and similar
ions on the surface of a solid, typically a synthetic ion exchange resin (Chiban et al., 2012).
Resins are generally coated with hydrochloric acid (HCI) to hold ion CI” on their surface,
which later exchanges with anion arsenic in the solution (Mondal et al., 2013). The
efficiency of the method has been proved to be able to reduce elevated arsenic
concentration to below the WHO’s MCL. Barakat and Ismat-Shah (2013) used anion

exchange resin Spectra/Gel eluted by 2M NaCl to remove arsenic from water and the results
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showed that As(III) was poorly adsorbed whereas As(V) was 99.2% removed. Arsenic
removal efficiency through ion exchange method is relatively pH and initial influent
concentration independent, and the presence of competing anions or compounds such as
sulfate, phosphate, fluoride, and nitrate, total dissolved solid, and precipitated iron results in
a negative effect (Jain and Singh, 2012; Litter et al., 2010; Mondal et al., 2013).

Membrane filtration can remove contaminants by excluding them from passing a
barrier or membrane that is driven by a difference in pressure. Membrane filtration are
commonly developed as a microfiltration (MF) (possibly removing bacteria and suspended
solids with pore sizes of 0.1 micron or higher), ultrafiltration (UF) (possibly removing
colloids, viruses and certain protein with pore sizes of 0.003 to 0.1 micron), nano-filtration
(NF) (possibly rejecting molecular size in the range of 0.001 to 0.003 microns), and reverse
osmosis (RO) (possibly used for desalination with pore size of about 0.0005 microns)
(Chiban et al., 2012). Arsenic in water has relatively low molecular weight that can pass
through MF and UF membranes; therefore, only NF and RO membranes are able to remove
arsenic from water (Jain and Singh, 2012). The efficiency of arsenic removal for NF are in
the range of 60% to >95%, while As(V) and As(III) removal efficiency was achieved by
>95% and 74%, respectively, using RO experiments (Holl, 2010).

Adsorption is a process to remove contaminants from water by adhering a molecular
pollutant (an adsorbate) onto the solid surface (an adsorbent or sorbent) driven by physical
and chemical forces (Ali, 2012). The adsorbent reported for arsenic remediation from water
include modified sands, natural sorbents, carbon based sorbents, agricultural wastes,
industrial wastes, bio-sorbents, and other miscellaneous adsorbents (Baig et al., 2015;
Mohan and Pittman, 2007). Among those applied adsorbents, iron based adsorbents have
gained more popularity for arsenic treatment from water (Mondal et al., 2013) most
probably due to their widely availability, low-cost, and high adsorption capacity. The

adsorbents express a certain level of arsenic adsorption capacity based on their nature and
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the experimental conditions, and the arsenic removal efficiency can be in the range of 30-
90% for some adsorbents, and can be higher than 90% for some cases.

Each removal technology has advantages and disadvantages over its application for
pollutant treatment, as shown in Table 2.1. From the Table 2.1, a low-cost technique is with
oxidation and adsorption technologies, coagulation-flocculation has a cost from medium to
high, and ion exchange and membrane pose high to very high cost. Although an oxidation
method has a low cost, it does not technically remove arsenic from water without a help of
other physical or chemical transformations (Litter et al., 2010). On the other hand,
sophisticated and expensive techniques cannot work sustainably when people in the
affected regions cannot afford or maintain the treatment system in a long run. For domestic
or community treatments in rural or urban isolated populations, low-cost technologies using
non-expensive materials should be developed (Litter et al., 2010). Sharma et al. (2014)
suggested that the adopted arsenic technologies in the rural areas lacking of main
infrastructure should meet following criteria: low initial and maintenance cost, giving clear
water with no color and odour, sufficient capacity per day of producing safe drinking water,
ability to function without electricity, only dependent on local resources and skill, and no
use of dangerous chemicals and no extra added contamination to the water.

Therefore, the adsorption technique using natural clays modified with iron seem to
be a good solution for arsenic removal from water and easily applied in the real arsenic

contaminated areas in many developing countries like Cambodia.
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2.3 A brief concept of adsorption for liquid-solid phase

Accumulation of an adsorbate at the liquid-solid interface refers to the adsorption
process. The process of adsorption proceeds by migrating the concentration of adsorbate to
the surface of adsorbent, diffusing on the external surface characterized by the available
external surface area on the adsorbent, and later diffusing on the available pores of the
adsorbent (Figure 2.6). Adsorption process can occur as either chemical adsorption or
physical adsorption (Sarkar and Paul, 2016). Chemical adsorption or chemisorption is
characterized by forming strong chemical associations between molecules or ions of
adsorbate and the surface of adsorbent, generally involves the exchange of electrons, and
thus is normally irreversible (Yagub et al., 2014). Physical adsorption or physisorption is

illustrated by weak van der Waals bonds between an adsorbate and adsorbent, reversible in

v g2+ ; S
Activated carbon, biochar, zeolite, etc. Cd, meﬂ')'lf.'f" blue, phenol, etc.

Adsorbent

Occupied
binding site

Mono-layer Vacant

/‘/ binding site

Active or
-«—2  energy site

Surface or
interface

Boundary
layer

Adsorption
4

@
Absorption (for gas phase)
e

Figure 2.6 The processes with some basic terms in adsorption science (Tran et al., 2017)
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most cases, accompanied with formation of a multilayer of the adsorbate on the adsorbent
surface, likely to polarize the adsorbate, and absent of transfer of electrons between
adsorbate and adsorbent (Sarkar and Paul, 2016; Yagub et al., 2014). Factors that influence
the adsorption efficiency include properties of adsorbent, contact time or exposure time,
initial adsorbate concentration, adsorbent dose, solution pH, temperature, and the presence
of other chemical species (Ali, 2012; Sarkar and Paul, 2016).

Adsorption seems to rely much on the surface area of the adsorbent. Other important
properties of adsorbents include morphology, crystalline structure, elemental composition,
surface chemistry, physicochemical properties...etc. Numerous analytical methods can be

used to characterize an adsorbent (Figure 2.7).

N; adsorption/desorption isotherm

(BET specific surface area, total pore volume, etc.)

Scanning electron microscope (SEM)

Thermogravimetric analyzer (TGA)
Transmission electron microscope (TEM)
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Diffuse reflectance infrared fourier transform . The ASTM
spectroscopy (DRIFT) . ; international
Adsorbent

X-ray photoelectron spectroscopy (XPS) standards
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property Proximate analysis
Raman spectra (RS) . (moisture, volatile, total ash,
fixed carbon)

Conductometric (Boehm) titration ’.'" // Elemental apalyzer

Potentiometric titration

. Surface chemistry

Point of zero charge (pHpzc) P,

Isoelectric point (pH;ge) Physicochemical properties

Adso n property (pH .20, cationic exchanged capacity,
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Ed

lodine number, molasses number,
and methylene blue index "

Figure 2.7  Basic properties of an adsorbent determined by various techniques (Tran et

al., 2017)
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2.4  Clay-based adsorbents

2.4.1 Clays and clay minerals
Clay can contain a fraction of soils, sediments, rocks, mixtures of clay
minerals and other minerals such as quartz, carbonate, and metal oxides (Bhattacharyya and
Gupta, 2008). Clay mineral is formed by layers of one or two tetrahedral silicate (Si-O)
sheets and one octahedral metal oxide or hydroxide (M-O or M-OH) sheet (Figure 2.8)
(Murray, 2006). A clay mineral with one tetrahedral silicate sheet and one octahedral metal

oxide or hydroxide sheet is called a 1:1 type, i.e., kaolinite, halloysite and serpentine.

O O oxygens O O oxygen
@ © Hydroxyls @ o silica
@ Aluminum iron..etc.

Figure 2.8 Diagrammatic sketch of the octahedral sheet in 3D (1a) and 2D (1b) and the

tetrahedral sheet in 3D (2a) and 2D (2b) (Murray, 2006)

A clay mineral with an octahedral sheet sandwiched between two tetrahedral silicate
sheets is called a 2:1 type, i.e., talc, vermiculite, montmorillonite, saponite, and sepiolite

(Figure 2.9) (Zhou and Keeling, 2013).
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Figure 2.9  Schematic drawing of 2:1-type clay mineral (Zhou and Keeling, 2013)

Some clay minerals tend to express low adsorption capacity for some anionic metals
due to predominant negative charges on their surface (Ren et al., 2014). To improve the
adsorption efficiency, clay minerals are modified with following methods: adsorbing with
active solutions, exchanging ions with inorganic cations or cationic complexes, binding to
inorganic or organic anion (mainly at the edges), grafting with organic compounds, reacting
with acid solutions, pillaring by different types of poly cations, and applying calcination
(Bergaya and Lagaly, 2001).

2.4.2 Clays and modified clay adsorbents for arsenic removal

Clays and clay minerals are considered as natural contaminant scavengers in
the environment and used as effective adsorbents for toxic metal removal from aqueous
solutions (Srinivasan, 2011). Many researches have used clays or clay minerals and their
modified forms for As(Ill) and/or As(V) removal from water.

Mohapatra et al. (2007) investigated the As(V) adsorption onto kaolinite,

montmorillonite and illite from aqueous solution. The results showed that the As(V)
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adsorption were pH dependent with the maximum efficiency in the pH range of 2.0-5.0.
The Langmuir isotherm was the best model to fit the adsorption data, and the maximum
adsorption capacities were 0.86, 0.64, and 0.52 mg/g for kaolinite, montmorillonite and
illite, respectively. Plus, the study also suggested that kaolinite was a successful adsorbent
for arsenic removal from two contaminated groundwater with arsenic in the range of 1.36-
1.41 mg/L.

Rivera-Hernandez and Green-Ruiz (2014) used red clay as adsorbent for
As(III) adsorption from aqueous solution in batch experiments. The red clay consists of
quartz, albite, illite and kaolinite. The adsorption data were well fitted the pseudo-second
order model, suggesting that the adsorption process were in a multistep. The Langmuir
model was a better fit model to the experimental data, suggesting the process was carried
out on a homogenous surface. The maximum As(III) adsorption capacity of the adsorbent
was found to be 0.292 mg/g.

Bentahar et al. (2016) studied on As(V) adsorption behavior onto clayey
materials from Morocco in a batch mode. The effect of the pH on the adsorption indicated
that the arsenic adsorption was most favorable in the acidic pH range. The Langmuir model
provided the best fit with the experimental adsorption data. The Freundlich model could
describe the data well for some cases. The most effective clay adsorbent provided a
maximum adsorption capacity of 1.076 mg/g.

Ramesh et al. (2007) modified montmorillonite with a combination of
aluminum and ferric solutions for As(Ill) and As(V) adsorption. The results indicated that
the maximum adsorption of polymeric Al/Fe modified montmorillonite was observed in the
pH ranges of 3.0-6.0 and 7.0-9.0 for As(V) and As(Ill), respectively. The adsorption data
were well correlated with the pseudo-second order kinetic model and Freundlich isotherm

model, suggesting the adsorption process was in a multi-stage and heterogeneous
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distribution of active sites. The adsorption process was endothermic and spontaneous in
nature based on the results of thermodynamic studies.

Dousova et al. (2009) conducted a study on using modified kaolin and
bentonite with irons, aluminum and manganese salts to remove As(IIl) from anoxic
groundwater. Synthetic groundwater with As(IIl) was prepared to obtain the composition of
6.0 ppm of Fe**, 0.8 ppm of Mn**, 500.0 ppm of HCO5, and 130.0 ppm of SO4*, and 10
ppm of AsOs”. The As(IIl) adsorption capacities of kaolin modified with Fe", Fe", A1
and Mn" were 1.4, 3.8, 0.8, and 1.3 mg/g, respectively, whereas the adsorption capacities of
bentonite modified with Fe", Fe'", A" and Mn" were 4.3, 7.3, 1.3, and 3.0 mg/g,
respectively. This suggested that the iron modified adsorbents expressed high As(III)
adsorption capacities for synthetic groundwater.

Na et al. (2010) used Ti-pillared montmorillonite to adsorb As(V) and
As(III) from aqueous solution. The results indicated that pH has little effect on the As(III)
adsorption, whereas the As(V) adsorption was more favorable under acidic condition. The
pseudo-second order kinetic reaction model well fitted to the adsorption data of both As(III)
and As(V). Adsorption isotherms of both As(IIl) and As(V) were well fitted both the
Freundlich and Langmuir models. The maximum As(Ill) and As(V) adsorption capacities
were 14.72 and 12.503 mg/g, respectively. The As(IIl) adsorption decreased with an
increase of temperature, and the As(V) adsorption decreases in the temperature range of 25-
35°C and increases in the temperature range of 45-65°C. The presence of phosphate
significantly decreased the As(V) adsorption.

Zhao et al. (2012) modified montmorillonite with hydroxyl Al modifiers for
removing As(V). The adsorption data were better correlated with the pseudo-second order
kinetic, Freundlich and Redlich-Peterson isotherm models. The maximum adsorption

capacity from the Langmuir model was in the range of 1.530-5.008 mg/g with regression
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coefficients in the range of 0.9154-0.9947. The As(V) adsorption had changed from
physisorption to chemisorption after the modification.

Ren et al. (2014) investigated the arsenic adsorptive behavior on modified
montmorillonite with Fe polycations (Fe-M) and cetyltrimethylammonium bromide (C-Fe-
M). The adsorption reactions reached equilibrium within 20 min and the adsorption data
were well fitted the pseudo-second order kinetic and Langmuir adsorption models. The
maximum adsorption capacities of Fe-M and C-Fe-M were 8.85 and 15.15 mg/g for As(V),
respectively, and 13.89 and 16.13 mg/g for As(IIl), respectively. The adsorption was
efficient in the pH range of 4-10.

Mishra and Mahato (2016) synthesized iron and manganese oxide pillared
clays as adsorbents towards As(II) and As(V) removal from water. For both As(Ill) and
As(V) adsorption, the adsorption capacity of the modified adsorbents increased
approximately 4-6 times in comparison to the raw clay. The modified adsorbents performed
much better when subjected to actual contaminated water. No leaching of arsenic was
observed after the adsorption.

In a short summary of those mentioned previous researches, different types
of raw clays and clay minerals have an ability to adsorb arsenic from water in a batch
technique. The maximum arsenic adsorption capacities of those raw materials are in a range
0f 0.292-1.076 mg/g. Many active materials or compounds have been used as modifiers on
raw clays and clay minerals to improve the arsenic adsorption capacity. The modified
adsorbents can uptake arsenic at the maximum uptake rate of 1.3-16.13 mg/g. The
adsorption process is favorable with acidic or neutral pH conditions. Kinetic data are well
described with a pseudo-second-order kinetic model. The Langmuir and Freundlich models
perform well to fit the isotherm data. The presence of phosphate in water provides greatly

adverse effects on the adsorption efficiency.
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2.4.3 Clay-iron oxides/zero valent iron adsorbents for arsenic removal

Iron oxides and zero valent iron (iron powder) are widely used in the
remediation of water pollutants. However, their applications have been limited by the facts
that they tend to aggregate in the solution to become larger particles that make their surface
area lower and the adsorption capacity greatly decreased, they are inapplicable in fixed-
beds or other flow-through systems due to the excessive pressure drop resulting from poor
mechanical strength, and they are difficult to be separated from aqueous systems after
treatments (Ezzatahmadi et al., 2017; Hua et al., 2012). To overcome their restriction, they
are impregnated into porous materials or supported by binder materials to be composite
adsorbents. Many researchers have used clays or clay minerals as supporters or binders of
iron oxides or zero valent iron for As(IIl) and/or As(V) adsorption from aqueous solutions.

Chen et al. (2012) developed a novel tablet ceramic adsorbent (TCA) with
mixing prepared powders of Akadama mud, wheat starch and Fe,O; at a ratio of
56%:24%:20% for As(V) adsorption from aqueous solution. TCA is a typical mesoporous
material, and possesses a specific surface area of 38.19 m?/g, an iron content of 27.23%,
and a point of zero charge (pH,,) of 6.4. Batch adsorption experiments demonstrated that
the adsorption capacity of TCA was 5.32 mg/g estimated by the Langmuir-Freundlich
model.

Shafiquzzam et al. (2013) developed a porous adsorbent by heating the
mixture of clay, rice bran and Fe(0) powder at 600°C to adsorb arsenic from synthetic
groundwater under batch experiments. The adsorption was pH dependent and most efficient
for both As(IIl) and As(V) at pH 5-7. The adsorption followed the pseudo-second order
kinetics and well fitted both the Freundlich and Langmuir isotherm models. The maximum
adsorption capacities were 4.0 and 4.5 mg/g for As(Ill) and As(V), respectively.

Phosphorous showed an adverse effect on both As(IIl) and As(V) adsorption.
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Bhowmick et al. (2014) prepared montmorillonite-supported nZVI (Mt-
nZVI) composite adsorbent to remove arsenic from aqueous solution in batch experiments.
The results indicated that adsorption kinetics followed the pseudo-second-order model, high
adsorption efficiencies for both As(V) and As(III) were obtained at pH values in the range
of 4.0-8.0, and the efficiencies were significantly decreased at pH>9. Form the Langmuir
adsorption isotherm, the maximum adsorption capacities for As(V) and As(III) at pH 7 were
45.5 and 59.9 mg/g, respectively. Moreover, the results suggested that an increase in the
PO,> concentration would decreased the arsenic adsorption, while the other co-present oxy-
anions such as nitrate, sulfate, and bicarbonate had an insignificant effect on arsenic
adsorption.

Yin et al. (2017) prepared a low-cost arsenic adsorbent through loading
hydrate iron oxide into porous charred granulated attapulgite clay. Batch studies indicated
that As(IIl) and As(V) fitted well with the Langmuir model as the maximum adsorption
capacities were 3.25 and 5.09 mg/g, respectively. The kinetic data followed the pseudo-
second-model. The iron modified adsorbent performed well with a pH range of 5-9. The
presence of ions SO42', HCO35 and PO43' provided inhibition effects on the adsorption
process.

In a short note, iron oxides or zero valent iron plays important roles to
improve the adsorption capacity of clay-based adsorbents for arsenic removal from aqueous
solution. The arsenic maximum adsorption capacity was in the range of 3.25-59.9 mg/g and
4.5-45.5 mg/g for As(IlT) and As(V), respectively. The improvement is approximately 3 to
60 folds in comparison to that of the raw clay adsorbents. The adsorbents works efficiently
in a wide pH range. The Langmuir and the pseudo-second-order models described well for
isotherm and kinetic data, respectively. The adsorbent seems to be resistant to the presence

of some coexisting anions, but phosphate.
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2.4.4  Mechanisms of arsenic uptake with clay-based adsorbents

Figure 2.10 illustrates the possible mechanisms of the minerals/solution

interface in the adsorption process. lons up-take from aqueous solution by minerals consists

of two main mechanisms: a surface adsorption and structural incorporation.
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The surface adsorption includes processes such as adsorption (inner or outer sphere
complexation), ion exchange, and surface reduction/oxidation, and the structural
incorporation involves co-precipitation, solid solution (crystallization), and micro-
encapsulation.

Many researches have proposed at least one of the suggested processes in the
arsenic removal by clays or clay minerals.

Churchman et al. (2006) suggested that the uptake of heavy metal ions by
clay minerals is possibly performed through surface complexation (either inner-sphere or
outer-sphere), simple ion exchange, and surface precipitation. Inner-sphere complexation
results from direct bonding of an ion to atoms on the mineral surface, whereas outer-sphere
complexation indicates the presence of water or hydroxyl ligands between the metal center
and the surface (O'Day and Vlassopoulos, 2010). On their surface, clays contain variety of
cations and anions that can be easily exchangeable with other ions without affecting the
structure of the clay. The most commonly found cations and anions on the clay surface
include Ca2+, Mg%, H', K', NH,, Na', and SO42', CIl, PO43', NOs’, respectively
(Bhattacharyya and Gupta, 2008).

Mohapatra et al. (2007) suggested that the surface charge of the clay
minerals is responsible for a better or worse As(V) adsorption. At lower pH, more positive
charge formation occurs on the surface of clay minerals due to the interaction of water with
oxygen atoms on the clay surface in the acidic medium, resulting in higher As(V)
adsorption. At higher pH, the clay surface becomes more and more negatively charged,
resulting in lower As(V) adsorption. The formations can be represented as follows:

—~MO +H-OH —— M-OH," + OH’ (Low pH)

—MOH + OH —— -MO" + H,O (High pH)

M-OH," + As(V) —— M-OH, "As(V)
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This implies that mechanisms of As(V) adsorption onto clay minerals under their studies is
surface complexation.

Na et al. (2010) also suggested that the adsorption of arsenic onto Ti-pillared
montmorillonite occurs through both inner and outer surface complexation. The
complexation reactions of arsenite are as follows:

XOH;) + H' (aq)> XOHy)"

XOHy) <> XO'9+ H'ag)

XOHs) + H3AsO33q) <> XH2A503(5) + HyO(ag)

XOHs) + H3A503aq) > XHASO3'5) + H'(aq) + HoOaq)

The complexation reactions of arsenate are as follows:

XOH +H" < XOHyg'

XOHgy) <> XO'9+ H'g)

XOHs) + HyAsO4 (ag) <> XHASO4 5) + HyOgag)

XOH ) + HyAsO4 (aq) <> XHASOs (o) + H'(aq) + H2O(aq)

XOHs) + HyAsO4 (aq) <> XOHy)-H2A8047(s)

In the reactions above, XOHg represent a hydroxyl group of the Ti-pillared
montmorillonite, H+(aq) is-the H' in the solution, XH»AsO3¢) and XHAsOs() are the inner
complexes of arsenite, XHAsO4i) and XAsOyg) are the inner complex of arsenate, and
XOH," - H>AsOy) is the outer complex of arsenate.

Similar suggestions have been proposed by Dousova et al. (2009) and Ren et
al. (2014). Therefore, the arsenic adsorption form aqueous solutions onto clay-based
adsorbents occur mainly through a surface complexation process by forming both inner and
outer complexes of the adsorbent surfaces.

2.4.5 Mechanisms of arsenic uptake with iron oxide/zero valent iron
The surface of clay-based adsorbents is predominated with iron oxides or

zero valent iron if those iron species are applied, and the interaction between arsenic species
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and those iron species will occur during the adsorption process. Therefore, mechanisms of
arsenic uptake onto iron oxides or zero valent iron should be mentioned or understood.
Goldberg and Johnston (2001) suggested that arsenate forms inner-sphere
surface complexes on iron oxides while arsenite forms both inner-and outer surface
complexes. Inner-sphere surface complexes can either form with 1:1 stoichiometry
(forming monodentate complex), or with 1:2 stoichiometry (forming bidentate complex), as

illustrated in Figure 2.11.

3 3

Fo Fe

Fe —O- As‘/ Fe o H‘As_— F‘-"éﬂ“\ Aat Q
- =T = / - 5
\ 1 H'f 0 \0 L ‘ . —"_G._.. %0
8] 0 g\
I'e - 0 Fe v
monodentate bidentate complex bidﬁlltate complex
complex mononuclear binuclear

Figure 2.11  Schematic representation of arsenate complexes formed on iron oxide

surfaces (Gallegos-Garcia et al., 2012)

Grossl et al. (1997) proposed that the mechanisms for As adsorption on
goethite follows two-step processes (Figure 2.12). First, a reaction of oxyanions like
H;AsOy4 in the aqueous with goethite occurs, forming an inner-sphere monodentate surface
complex. Then, the succeeding step involves a second ligand exchange reaction, resulting in

the formation of an inner-sphere bidentate surface complex.
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Figure 2.12 Proposed mechanism for oxyanion adsorption/desorption on goethite. The X

represents either As(V) or Cr(VI) (Grossl et al., 1997)

Li et al. (2017) presented the summary of the major mechanisms of heavy
metals removal by zero valent iron, as shown in Figure 2.13. Zero valent iron contains a
metallic iron core and an amorphous oxide shell. Oxyanions like arsenate (AsO4>) could be
reduced by a reducing or electron-donating power of a metallic iron. This chemical
reduction followed by sorption is likely one of the most important mechanism responsible

for contaminant immobilization.
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Figure 2.13  Schematic removal of heavy metals using zero valent iron (Li et al., 2017)
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Moreover, arsenic could be precipitate with Fe(Il), a derivative ions from ZVI. This
precipitation process is significant in removing concentrated arsenic at near neutral pH. The
iron oxide shell of ZVI and its corrosion products offer the coordinative and electrostatic

functions to attract and adsorb charged ion.

2.5 Experimental mixture design for optimization

An experimental mixture design is used to study the effects of mixture components
on the response variable. If ‘q’ represents the number of constituents in the system under a

study and X;” represents the proportions of i"™ constituent in the mixture, then:

q
DX =X AN kX, = X, >0i=1,23,....q (2.1)

%
In a mixture problem, the purpose of the experiment is to model the blending with some
forms of mathematical equations so that predictions of the response for any mixture or
combination of the constituents can be made empirically, and a measure of the influence on
the response from a single component and a combination of components can be drawn (Rao
and Baral, 2011).

Scheffe (1963) firstly introduced the models and designs, known as Simplex Lattice
Designs and Simplex Centroid Designs, for a mixture experiment where the mean response
is assumed to depend only on the relative proportions of the ingredients or components
(Mandal et al., 2008).

In a simplex-centroid design, with the exception of the overall centroid point, all the
design points are on the boundaries of the simplex. Points on the vertices represent pure
mixtures, points on the edges represent binary blends and any other point with in the region
is a ternary blend (Scheffe, 1963). In a g-component simplex-centroid design, the number of

distinct points is 29 — 1. These points correspond to q permutations of (1, 0, 0,...,0) or ¢
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single-component blends, the (gj permutations of (1/2, 1/2, 0, ...,0) or all binary mixtures,

the (2] permutations of (1/3, 1/3, 1/3, 0, ..., 0), ..., and so on, with the overall centroid

point (1/q, 1/q ..., 1/q). Figure 2.14 presents the three-component and four-component

simplex-centroid designs (Cornell, 2011).

Figure 2.14  Simplex-centroid designs for (a) 3 components and (b) 4 components

At the design points of the simplex-centroid design, data on the response are

collected, and the polynomial equation to be developed for modeling is given as follow:
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n =Zq:/3ixi +qu:ﬂijxixj +>> Zq: BicXiX X+ By Ay X (2.2)

i<j i<j<k
where £, represents the coefficient of the expected response to the pure component i, and
B; is the coefficient subjected to components i and j. The other £, parameters are defined

similarly. To make a better prediction of a complete mixture, it would be highly desirable to
have more runs in the interior of the simplex. This can be done by augmenting the usual
simplex designs. The augmented simplex centroid design (ASCD) is superior for studying
the response of complete mixtures because it can detect and model curvature in the interior.
Figure 2.15 illustrates the design points in the augmented simplex centroid design for three
components.

Some mixture designs normally have constraints on the component proportions, and
the components with the upper and lower bound constraints can be expressed as follow:

L<x<U,i=12,....q (2.3)
where L; is the lower bound for the i™ component and Uj is the upper bound for the i™
component. The transformed region is still a simplex design, so it is possible to define a
new set of components that take on the values from 0 to 1, which the regression polynomial
of the simplex-centroid design model can be constructed and fitted with. These new
components (X;’) are called pseudo components and are defined using the following

formula:

X =3 (2.4)
q
where L = Z L, <1, denoting the sum of all the lower bounds. Rearranging the above given
i=1
equation, the original components of the mixtures can be derived from the following shown
equation:

x =L +(1-L)X (2.5)
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Figure 2.15 The augmented simplex centroid design for three components (Rao and Baral,

2011)

For example, using this equation, the coordinate (X;,X,,X;) = (1,0,0);(0,1,0);(0,0,1) of the

pseudo setting components correspond to the coordinates (X, X2, X3) = (1 — L, — L3 , Ly, L3);

(Ly, 1 = L; — Ls, Ls); (L1, Ly, 1 = L; — L) of the real setting components, respectively.

2.6 Adsorption concepts in a fixed-bed column study

Adsorption in a fixed bed column depends on a time and distance passing through
the adsorbent. The process of the adsorbent particle accumulating adsorbate from the
introduced influent to reach equilibrium takes place in the mass transfer zone (MTZ) or
adsorption zone. Three different zones within the adsorbent bed in the column can be

observed for a single-solute adsorption at a given time (Worch, 2012) (Figure 2.16)
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Figure 2.16  Concentration profile during single-solute adsorption in a fixed-bed column

of adsorbent height h (Worch, 2012)

In zone 1, the adsorbent is already fully loaded with the adsorbate from the influent.
No more mass transfer from the liquid phase to the adsorbent particles occurs in this zone.
In zone 2, the interaction between adsorbate from the solution and the surface of the
adsorbent just takes place. The adsorbate concentration in this zone decreases from the
initial value to zero. For zone 3, the surface of adsorbent is still fully available for
adsorption because the adsorbate in this zone is zero.

During the adsorption process in a fixed-bed column, more or less height of MTZ
travels through the adsorbent bed to the outlet. When the MTZ has not reached the column
outlet, the effluent concentration is supposed to be zero. The presence of adsorbate in the
effluent is observed for the first time when the MTZ reaches the end of the column. The
corresponding time to the first appearance of adsorbate is referred to as breakthrough time
(ty). When the entire MTZ has left the column, the effluent concentration would be equal

the influent concentration and no more adsorption occurs at this point. The corresponding
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time to this event is referred to as saturation time (ts). The plot of the effluent-influent ratio
versus service time or treated volume is referred to as the breakthrough curve (BTC). The
movement of the MTZ and the development of the BTC are related, as presented in Figure

2.17 (Worch, 2012).

I A

cley

Ideal breakthrough time

Figure 2.17 Traveling of the MTZ through the adsorbent bed and development of the

breakthrough curve (BTC) (Worch, 2012)

Afroze et al. (2015) provided an example of an ideal BTC for a completely utilized
capacity of the column (Figure 2.18). At the breakthrough point, the effluent concentration
is arbitrarily chosen at C,. The adsorbent is considered to be saturated when the effluent
concentration (C,) reaches approximately 99.5% of the influent concentration (C,). At this
point, the adsorption in the fixed-bed column can be stopped.

The parameters for column data analysis can be calculated as follow (Lin et al.,
2017):

Time equivalent to total or Stoichimoetric capacity is:
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Y C _
t=], [1 —C—ojdt —A+A (2.6)
Time equivalent to usable capacity is:
(b Cily
t, = to(l—c—o t=A (2.7)

Areas under the breakthrough curve (Al and A2) can be determined either

graphically or by numerical integration.

C[/Cg

Time

Figure 2.18 An example of an ideal breakthrough curve (Afroze et al., 2015)

Worch (2012) suggested that a fixed-bed column experiment should be initially
conducted in a laboratory to determine the BTC, and the column data could be used to
verify a chosen adsorption model to predict the adsorption behavior of a full-size column.
The laboratory-scale fixed-bed column should have the ratio of column diameter and
adsorbent particle diameter greater than 10 to eliminate wall effects, and the influent should
be introduced from the bottom to the top of the column to ensure a uniform streaming and

avoid channeling.
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2.7 Rationale for the Study

The application of adsorption process for removing contaminants from water is
extensively carried out due to its exclusive benefits over other remediation techniques.
Currently, the development of a low-cost and effective adsorbent with natural materials is
still a challenge and gains much attention for a reason that it reduces an operational cost and
more plausible for a real application. Although clays and clay minerals are popularly used
as adsorbents for water or wastewater treatment, using natural clays as main materials to
develop clay-based adsorbents for arsenic adsorption from water is few reported.

Natural clays collected from Dan Kwian, Nakhon Ratchasima, Thailand would be
used as a main raw material to develop modified natural clay adsorbents for arsenic removal
from aqueous solution. Previous studies indicate that raw clays or clay minerals expressed
low adsorption capacities toward arsenic in comparison to modified ones. During a
preliminary investigation, Te et al. (2015) observed that natural and modified clays in
powdery forms (<75 pm) were difficult to separate from the liquid solution after adsorption,
and natural clays with initial bigger particle sizes tended to break down and became plastic
when they were mixed with water. On the other hand, natural clays calcined at a high
temperature (500-600°C) appeared to be stable in particle size, even in water. Enchancing
the surface of the calcined natural clays by treating with ferrous and ferric iron solutions
follwed by heating at a moderate temperature is a simple impregnating and cost effective
technique.

The average pore size of calcined natural clay and its modified forms is in the range
of 4-6 nm, whereas ferric-coated porous clay ceramic filter has pore size of 25.9 nm (Te et
al., 2017a; Te et al., 2016). When pore sizes are small for adsorbate ions passing through,
pore blocking takes place, resulting in less available active sites and low adsorption

efficiency (Tran et al., 2017). Therefore, natural clays, iron oxide, iron powder and rice bran
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are mixed to develop iron mixed porous clay pellet adsorbents for improving arsenic
removal from water. On the other hand, the proportion selection of constituent materials for
composite adsorbents is generally equalized, i.e., 1/2:1/2 for two materials, 1/3:1/3:1/3 for
three materials, and 1/4:1/4:1/4:1/4 for four materials. A mixture design approach allows for
determining the best proportions of constituent materials to obtain a final product in
accordance with the target (BahramParvar et al., 2015). In this case, the optimum
proportion of natural clay, iron oxide and iron powder can be obtained to produce high
adsorption efficiencies for both arsenite and arsenate removal.

The iron mixed porous clay pellet adsorbent is applied for arsenic adsorption from
aqueous solution in both batch mode and dynamic fixed-bed column systems. The batch
experiments are mainly performed in laboratory to determine adsorption capacity of
adsorbents for designing a particular water treatment system. Contact time, initial solution
pH, adsorbent dosage, and initial adsorbate concentration are the main operational
parameters that can be optimized using a response surface methodology (RSM). On the
other hand, a fixed-bed adsorption is normally conducted to obtain the breakthrough data
for providing an accurate full scale design of the column system. Plus, the dynamic system
is easily scaled up, simple to operate, cost effective and practical in a real situation.

Additionally, a lightweight bio-sand filter is embedded with iron mixed porous clay
pellet adsorbent for treating a real arsenic contaminated groundwater in Cambodia to make

ensure that the adsorbent is practical.



CHAPTER 111

GENERAL PROCEDURES

3.1 General research processes

The overall research processes can be summarized in the following flowchart

diagram (Figure 3.1).
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for As(III)/As(V) of As(IlI+V) adsorption groundwater treatment

Figure 3.1  Flowchart diagram for the overall processes of the present study
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The present research is conducted in five main stages as follows: arsenic adsorption
from aqueous solution with modified calcined natural clay adsorbents, application of
mixture design approach for a development of iron mixed porous pellet adsorbent,
optimization of arsenic adsorption from water with response surface methodology, arsenic
adsorption in a continuous fixed-bed column study, and the use of iron mixed clay

adsorbent in bio-sand filter for treating arsenic contaminated groundwater.

3.2 Natural clay material

Natural clay as a raw material for the present study was collected from a ceramic
production village located in Dan Kwian sub-district, Chok Chai district, Nakhonratchasima
province, Thailand. This village is famous for pottery products made from the local natural
clays. It is believed that the uniqueness of the Dan Kwian clay lies on the possession of
small particle sizes, high plasticity, and high durability and toughness after firing
(Srilomsak et al., 2014). The materials were taken from piles of clays stored for molding
into pottery shape products, and no chemical additives or preservatives were added. The
clays were broken down into small pieces, dried under the sun, and stored for further usages
in the study. The main chemical compositions of the natural clay samples consist of Al,Os
(25.26%), Si0; (66.86%), K,0O (1.48%), CaO (0.52%), TiO, (1.04%), MnO; (0.05%), and
Fe,05 (5.29%). The BET surface area, total pore volume, and mean pore diameter are 52.45
mz/g, 0.075 cm3/g, and 5.76 nm, respectively. The point of zero charge (pHp.) is

approximately 5.90 (Te et al., 2015).



CHAPTER IV
MODIFIED CALCINED NATURAL CLAY ADSORBENTS

FOR ARSENIC REMOVAL FROM AQUEOUS SOLUTION

4.1 Introduction

One of the highly potential toxic and carcinogenic elements is arsenic. Elevated
arsenic concentration found in natural water is ranged from <100pg/L to 5000ug/L, i.e., an
average of 552ug/L in groundwater in Cambodia (Te et al., 2017a). The major arsenic
forms in natural water are arsenate, As(V), and arsenite, As(IIl). The most suitable arsenic
remediation method is the adsorption technique due to its simple operation, high removal
efficiency and cost-effectiveness (Mahmood et al., 2012). Many low cost materials such as
natural materials, agricultural wastes, and industrial wastes have increasingly gained
interest to be used as adsorbents for arsenic removal from water (Baig et al., 2015). Natural
clay has been interestingly used as adsorbents to uptake various pollutants due to its widely
availability and low cost (Srinivasan, 201 1; Zehhat et al., 2015).

Typically, the adsorption capacity of natural adsorbents is low, so a modification
process is applied. Among several modification techniques, iron impregnation seems to be
simple, cost-effective, and removal efficiency-improved. This was proved by several
studies such as modified porous ceramic adsorbents (Chen et al., 2012a), iron-impregnated
chitosan (Gang et al., 2010), iron-modified bamboo charcoal (Liu et al., 2012), iron oxide-
coated pumice and sepiolite (Oztel et al., 2015), and magnetic nanoparticle-coated sand

(Kango and Kumar, 2016).
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A preliminary investigation suggested that natural and modified clays used as a fine
powder form were difficult to completely separate after adsorption. Plus, natural clays with
initially bigger size tended to break down when mixing with water, while natural clays
calcined at high temperature appeared to be stable in particle size. Furthermore, so far of
our knowledge, research on using modified calcined natural clays for As(Ill) and As(V)
removal from water is still limited. Hence, in this study, it aims to modify the natural clay
heated at high temperature through a simple impregnation method to remove As(IIl) and

As(V) from aqueous solution.

4.2 Materials and methods

4.2.1 Chemical reagents
All chemicals in the experiments were of analytical grade and used without
further purification. Arsenite and arsenate stock solutions (100 mg/L) were prepared by
dissolving NaAsO, and Na,HAsO4-7H,0 (Sigma Aldrich, USA), respectively in deionized
(DD water. FeSO4-7H,O and FeCl;-6H,O were used for ferrous and ferric solutions,
respectively. NaOH and HCI were used for pH adjustment. NaCl, NaNO3;, NaHCOs,
Na,COs3, Na,SOy4, and NasPO,4 were for anion solutions.
4.2.2 Preparation of adsorbents
Natural clay collected from Dan Kwian area, Nakhonratchasima, Thailand,
was manually cleaned and ground for particle sizes of 0.45-0.85 mm. The natural clay was
calcined at 550°C for 4 to 5 h in a muffle furnace. The calcined clay was labeled as MC.
The modification process was conducted with ferrous or ferric solutions. Twenty gram (20
g) of MC was added to 100 mL of 0.25M FeCls-6H,0O (pH 1.28) or 0.25M FeSO4-7H,O
(pH 3.08). The mixture was magnetically stirred on a hot plate with temperature of 60°C

under agitation speed of 250 rpm for 24 h. The suspension was dried at 105°C for 24 h and
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then further heated at 350°C for 3 h to ensure higher effective affinity of iron. The product
was washed with DI water and labeled as MC-Felll and MC-Fell, respectively.
4.2.3 Adsorption experiments

The adsorption was carried out in a series of batch experiments at room
temperature (25+1°C). The contact time was conducted by mixing 10g/L of the adsorbents
with 25mL of the 500 pug/L arsenite or arsenate solution (pH=7 £ 0.1) from 0 to 72h. The
effect of initial solution pH was investigated in the pH range of 3-11. Isotherm study was
carried out by varying As(IIl) or As(V) concentrations from 100 to 10000ug/L. The effect
of co-exisiting anions was investigated by adding a certain concentration of anions to 500
png/L As(IIl) or As(V) solutions. Each experiment was conducted in duplicate and the
average was reported. The adsorption efficiency and capacity were calculated with the

following equations:

R(%) :Mxmo 4.1)
3 .
:(CO—Ct)xV
Q [ (4.2)
_(C,-C )=V
Q. ASd p TTIR (4.3)

where R (%) is either As(IIl) or As(V) adsorption efficiency; Q; and Q. (ng/g) are the
adsorption capacity at a certain contact time and at an equilibrium time, respectively; C,, C;
and C. (ug/L) are the As(IIl) or As(V) concentration at initial, a certain time and an
equilibrium, respectively; V (L) is the adsorbate volume; M (g) is the mass of adsorbents.
4.2.4 Analytical methods
A(IIT) or As(V) concentration was measured using Inductively Coupled
Plasma-optimal Emission Spectrometry (ICP-OES, Optima 8000, PerkinElmer, USA) with

a wavelength of 193.7 nm. The Energy Dispersive X-ray Fluorescence (XRF, HORIBA
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Ltd., Japan) was used for the elemental composition analysis. The mineralogical phases
were analyzed by X-ray diffraction method with the Bruker XRD (D2-PHASER). The
surface morphology were examined by a scanning electron microscope (SEM, JSM-
6010LV, JEOL, Japan) coupled with Energy-dispersive X-ray spectroscopy (EDX). The
surface area, pore volume, and average pore diameter were calculated from nitrogen
adsorption-desorption isotherm data at 77 K by the Brunauer-Emmett-Teller (BET) method
using the BET analyzer (BELSORP Mini II, BEL Inc., Japan). The samples were outgassed
at 60°C for 24 h under N, flow by BELPREP-vacll (BEL Inc., Japan). The point of zero
charge (pHp,c) was evaluated by plotting the initial pH as a function of the equilibrium pH

(0.01M NaCl as background electrolyte with the equilibrium time of 72h) (Su et al., 2011).

4.3 Results and discussion

4.3.1 Characterization of adsorbents
The characteristic analysis of the physico-chemical properties of the

adsorbents is illustrated in Table 4.1.

Table 4.1 Physical-chemical properties of adsorbents

Properties MC MC-Fell MC-Felll
Si0; (Wt.%) 71.25 68.34 68.63
AL O3 (Wt.%) 20.51 20.07 16.55
Fe,03 (wt.%) 5.585 8.361 11.77
Surface area (mz/g) 41.69 55.41 55.99
Total pore volume (cm’/g) 0.059 0.067 0.068
Mean pore diameter (nm) 5.712 4.807 4.799

PHize 6.3 5.9 5.1




46

The main chemical constituents of all the adsorbents were silicate (SiO5),
alumina (Al,O3) and iron oxide (Fe,Os3). The percentage of silica and alumina of MC-Fell
and MC-Felll were observed to be lower than those of MC. However, an increase of iron
oxide content was observed for modified adsorbents compared to that of MC (roughly 1.5
and 2 times for MC-Fell and MC-Felll, respectively). This indicated that the applied iron
impregnation technique in this study successfully improved iron content.

The surface area of MC, MC-Fell and MC-Felll were 41.69m?/g, 55.41m”/g
and 55.99m?/g, respectively. The improvement of surface area after iron treatment could
result from the presence of open spaces on the surface of modified adsorbents. It could be
due to the hydrolysis changes of the solid surface from a long hydratation in the course of
iron adsorption processes, and the exhibition of corrosive effect from the iron solutions
(Dousova et al., 2006; Chen et al., 2012a). The two effects did not destroy the structure of
pore, but made the surface coarse, and it was supported by the calculation of the total pore
volume and SEM images. It was observed that there was an increase of total pore volume
for modified adsorbents. All adsorbents exhibited the mean pore size within 2 to 50 nm,
indicating that the materials are relatively mesoporous according to the pore classification
recommendation of the International Union of Pure and Applied Chemistry (IUPAC) (Kuila
and Prasad, 2013).

XRD pattern analysis of the adsorbents is presented in Figure 4.1. The
pattern of all adsorbents was almost identical. However, the intensity to develop peaks for
the modified adsorbents increased and the development of new peaks was observed for
MC-Felll. This may be contributed to the increase in the amount of iron oxide on the
surface. The main composting minerals for the adsorbents include quartz, illite-

montmorillonite, kaolinite and hematite.
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Figure 4.1  XRD patterns of the adsorbents: Q (Quartz), K (Kaolinite), IM (Illite-

montmorillonite), and H (Hematite)

Figure 4.2 shows the surface morphological feature of MC, MC-Fell and
MC-Felll analyzed by SEM. A pretty smooth with few rough particle attachments was
observed on the surface of MC, which could be a result of exposure of silica to high
temperature. Surface features of MC-Fell and MC-Felll were similar with the occurrence of
several concave shapes and many small pores. This was strongly supportive to the
occurrence of the corrosive effect from treating acidic iron solutions.

The EDX analysis (Figure 4.2d, 4.2¢ and 4.2f) showed that there are some

iron peaks, confirming the presence of iron element on the surface of the adsorbents.
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Figure 4.2  SEM analysis of (a) MC, (b) MC-Fell, (¢) MC-Felll, and EDX results: (d)

EDX-MC, (e) EDX-MC-Fell, and (f) EDX-MC-Felll

4.3.2 Kinetic studies
Figure 4.3 shows the effect of time dependent for As(IIl) and As(V)
adsorption onto MC, MC-Fe(Il), and MC-Fe(IIl). For As(Ill) adsorption, the removal

process occurred similarly for both modified adsorbents.
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Figure 4.3

adsorbents: a) A(III) and b) As(V)

Effect of contact time and its fitting models for arsenic adsorption on the

The first 12 h indicated a fast uptake and then slowed down with a gradual increase of

adsorption capacity in the following 60 h. No significant adsorption improvement was

observed up to 72 h, which was considered to be an equilibrium time. This equilibrium time

was also used for MC. For As(V) adsorption, within the first 18h, all adsorbents expressed

fast adsorption toward arsenate in the aqueous solution. Later, the uptake rate was

insignificantly improved and reached the equilibrium with 72h. For both As(IIl) and As(V)

adsorption cases, the initial fast adsorption process can be explained by an initial wide

availability of active sites of adsorbents, particularly the external surface. The decrease of
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active surface area and diffusion to inner sites of adsorbents most probably occur in a
gradually slowing down phase.
The kinetic data were fitted with pseudo-first-order and pseudo-second-order

kinetic models with the none-linearized equation forms expressed as follows:

Pseudo-first-order: Q =Q.(1- efk‘t) (4.4)
’k,t
Pseudo-second-order: Q = Qe—z 4.5)
1+Q.k,t

where t(h) is the time; ki(1/h) and k»(g/pg/h) are the rate constants of the pseudo-first-order
and pseudo-second-order models, respectively. To determine whether the adsorption
process involves a single or multiple binding process, Weber Morris intra-particle diffusion
model was deployed and its equation is given by Pillewan et al. (2011):

Q =kt* (4.6)
where Kig (ng/ g/ho's) is the intra-particle diffusion rate constant. The intra-particle diffusion
plots for As(IIl) and As(V) adsorption on the adsorbents are illustrated in Figure 4.4.

The evaluation of kinetic parameters for both As(IlI) and As(V) adsorption
onto the adsorbents is presented in Table 4.2. The high values of correlation coefficient (R?)
and closeness of the values of the calculated equilibrium uptake (Qe car) to the experimental
equilibrium uptake (Qeexp) indicate that the model well fits to the experimental data. For
As(III) adsorption, the pseudo-second-order model was a better fitted model to the kinetic
data of the adsorption onto the adsorbents, MC-Fell (R? = 0.989) and MC-Felll (R* =
0.986). The suitability of the kinetic data to the pseudo-second-order model suggests that
the adsorbate and adsorbents exchange or share electron and the surface properties of
adsorbents and adsorbate concentration play significant roles in controlling the adsorption

rate (Li et al., 2015).
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However, the As(Ill) adsorption onto the adsorbent MC followed the

pseudo-first-order model with R* = 0.947. In case of As(V) adsorption, for all adsorbents,

the correlation coefficients (R?) of the pseudo-second order model were higher than those of

the pseudo-first order model. Plus, the arsenate adsorption capacity obtained from pseudo-

second order model (Qecal) Was comparable to the arsenate adsorption capacity from the

experiment (Qeexp.). Thus, the kinetic data were well described by the pseudo-second order

model.
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Table 4.2 Kinetic parameters for As(III) and As(V) adsorption by the adsorbents

As(IIT) As(V)
Models
MC MC-Fell MC-Felll MC  MC-Fell MC-Felll
Qeexp (1E/2) 18.45 38.92 34.80 36.00 49.05 4551

Pseudo-first-order model

Qe.cal (1g/2) 21.02 3351 4101  33.54 4408 41.00
ki (1/h) 0.025  0.056 0.052  0.092  0.763 0.378
R 0.947  0.934 0959 0972  0.883 0.945

Pseudo-second-order model

Qecal (LE/E) - 40.83 3738 38.09  49.77 46.34
ko (¢/ng/h) - 0.004 0.002 0004 0014 0.009
R? 02265  0.989 098 0986  0.999 0.998

Intra-particle diffusion

ki1 (ng/g/h®®)  2.534 7788 5938 6158  18.044  16.880

R’ 0.948 09748  0.9755  0.993  0.933 0.953
kig.2 (ug/g/h™) - 3.014 3.619 2323 2301 2.285
R’ : 0.9908 09717~ 0951  0.874 0.945

From Figure 4.4 and Table 4.2, Weber Morris intra-particle diffusion model
provided high values of R? for As(IIl) and As(V) adsorption, and it can be clearly observed
that two linear regression lines occurred for all adsorbents, except for As(IIl) removal onto
MC adsorbent. This implies that the adsorption processes occurring on all adsorbents, but
MC for As(IIl) adsorption, involved multiple binding steps. The rate constants for the first
linear section of each adsorbent were higher than those of the other section, implying a fast

uptake initially and then later gradually slowing down. It is consistent with the data of
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As(IIT) and As(V) adsorption capacities against time (shown in Figure 4.3). All plots of the
model did not pass through the origin, suggesting that intra-particle diffusion was not rate
limiting step and the adsorption process onto the adsorbents possibly involves surface
adsorption, film diffusion and intra-particle diffusion (Fufa et al., 2014; Hamayun et al.,
2014).

4.3.3 Effect of initial solution pH

Figure 4.5 presents the effect of initial solution pH for As(Ill) and As(V)
adsorption onto MC, MC-Fe(Il), and MC-Fe(Ill). In case of As(IIl) adsorption, the
adsorption efficiency of MC-Fell gradually increased over a pH range of 3-7, and
significantly improved when pH was increased to 9. Both MC and MC-Felll expressed a
slightly change on the adsorption efficiency over a pH range of 3-9. Apparently, all
adsorbents exhibited the dramatically decreased adsorption efficiencies for pH more than 9.
The results are comparable with some previous reports on arsenite adsorption by mixed-
oxide-coated sand (Vaishya and Gupta, 2010), iron-modified bamboo charcoal (Liu et al.,
2012), iron and titanium co-pillared montmorillonite (Li et al., 2015), and iron-impregnated
chitosan (Gang et al., 2010). In case of As(V) adsorption, all the adsorbents shared a similar
pattern of the adsorption efficiency over the studied pH range. The arsenate adsorption
efficiency gradually decreased for pH from 3 to 7. When pH was beyond 7, a significant
decrease was observed and a great decline was observed for pH 11.

The results can be explained through the properties of the surface of
adsorbents and the arsenic speciation at various pH values. Iron-coated adsorbents are
enriched in hydrated metal particles possibly being protonated or deprotonated to dominate
with a positive or negative surface charge depending on pH value (Dousova et al., 2009;
Siljeg et al., 2012). The surface of the adsorbents was more positively charged for pH lower
than point of zero charge (pH,,.) and predominated with the negative charge for pH>pHj,,.

(Chang et al., 2010).



54

1001 a) As(Ill) -= MC-Fell -4~ MC-Felll -o- MC

R(%)

100+ —= s 5 =
] o AEa -ty
B R S \‘\
80 - ‘
4 “-“
£ 601
(4 ]
401 & MC-Fell b}
20, A MC-Felll ‘
-o- MC .
G ' l y . . . . T ’
: . 6 ) 10 12
Initial pH

Figure 4.5 ~ Effect of initial solution pH for adsorbing: a) As(IIl) and b) As(V)

The proposed active surface site of the adsorbents can be expressed as

follows:

M-Fe-OH,, +H" <> M-Fe-OH, (pH<pHye)

M-Fe-OH,,) <> M Fe-O +H/,, (pH>pHpne)

Generally, in natural water, arsenite species occur as: H3AsOs; (pH<9.2), H,AsOjz
(9<pH<12), HAsOs> (12<pH<13), and AsOs> (pH>13), and arsenate mainly exists in water
as H3AsO,4 at pH less than 2.2, H,AsO4 at pH between 2.2 and 6.98, HAsO,> at pH

between 6.98 and 11.5, and AsO,”" at pH above 11.5 (Mohan and Pittman, 2007). The point
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of zero charge (pHp,.) for MC, MC-Fell and MC-Felll were 6.3, 5.9 and 5.1, respectively
(Table 4.1). Obviously, the unfavorable electrostatic interaction or the electrical repulsion
between the adsorbents and the adsorbate resulted in less adsorption capacity at pH>9. The
arsenite sorption onto MC-Fell and MC-Felll at pH<9 could be attributed to ligand
exchange or electrostatic forces. The proposed adsorption mechanism for either As(IIl) or
As(V) onto the iron modified clay adsorbents could be expressed according to the following
formulas:
For As(III) adsorption:

M- Fe-OH () + H;AsO <> M-Fe-H,AsO, , + H,O (mondentate)

3(aq) 3(s) 2

2M-Fe-OH ,, + H;AsO <> M-Fe,-HAsO,, +2H,0  (bidentate)

3(aq)
For As(V) adsorption:
M-Fe-OH, + H,AsO,,, <> M-Fe-HAsO,,, + H,O (mondentate)
2M-Fe-OH,, + H,AsO,,,, <>M-Fe,-H,AsO, (bidentate)

These ligand exchanged reactions may occur at both internal and external surfaces for
modified calcined clay.
4.3.4 Isotherm studies
Results from the effect of different initial As(III) or As(V) concentrations for
the adsorption onto the adsorbents, MC, MC-Fe(Il), and MC-Fe(Ill), can be used for the
study of isotherm. Langmuir and Freundlich models were used to fit the isotherm data and

their non-linear forms are expressed in equation 4.7 and 4.8, respectively.

K, Q.C

Q, = L¥m~e (4.7)
1+K,.C,

Q, =K.C." (4.8)

where Qn (1g/g) is the maximum adsorption capacity based on the Langmuir equation, K.

(L/ng) is the Langmuir constant; Kg and n are the Freundlich’s adsorption coefficients.
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Figure 4.6 and 4.7 show the effect of As(IIl) and As(V) adsorption onto the
adsorbents with various initial concentrations and the fitting isotherm models, respectively.
For both As(II) and As(V) adsorption cases, the adsorption capacity of all adsorbents
significantly increased at the lower adsorbate concentrations, but gradually declined with an
increase of initial adsorbate concentrations. The proportion of active sites on the surface of
the adsorbents to the presence of arsenic ions probably attributes to the reason for this

(Kango and Kumar, 2016). The calculated isotherm parameters are presented in Table 4.3.
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Figure 4.6  Effect of initial As(IIl) concentration and isotherm fitting models for the

adsorption onto the adsorbent
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Figure 4.7  Effect of initial As(V) concentration and isotherm fitting models for the

adsorption onto the adsorbent

For As(IIl) adsorption case, the Langmuir model exhibited higher correlation coefficients
for all adsorbents in a comparison to the values obtained for the Freundlich model. The
calculated maximum adsorption capacities (Qmcal = 46.729, 354.99 and 230.47pg/g for MC,
MC-Fell and MC-Felll, respectively) were comparable to the experimental maximum
adsorption capacities (Qmexp = 47.095, 335.70 and 210.85pug/g for MC, MC-Fell and MC-

Felll, respectively).
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Table 4.3 Isotherm parameters for As(IIl) and As(V) adsorption by the adsorbents

As(11D) As(V)

Models

MC MC-Fell MC-Felll MC MC-Fell MC-Felll
Qm,exp 47.095 335.70 210.85  227.95 709.50 405.85
Freundlich model
I/n 0.3432 0.5514 0.5115  0.4427 0.5584 0.4765
Kr 23173 3.4900 2.8500 49413 11.989 8.7845
R’ 0.8773 0.9190 0.9730  0.9887 0.9619 0.9438
Langmuir model
Qnm 46.729 354.99 230.47  250.00 747.38 429.74
KL 0.0015 0.0013 0.0012  0.0012 0.0043 0.0025
Rp 0.06-0.87 0.07-0.88 = 0.08-0.89  0.07-0.89  0.02-0.67 0.04-0.79
R’ 0.9614 0.9650 0.9850  0.9556 0.9801 0.9883

This implies that the Langmuir model was a better one to describe the
isotherm data, indicating the adsorption process expresses a monolayer on the homogeneous
surface of the adsorbent without having any interaction between adsorbed adsorbate
(Ouadjenia-Marouf et al., 2013).

For As(V) adsorption case, the results indicated that MC-Fell and MC-Felll
were better fitted to the Langmuir model due to the higher values of correlation coefficient
(R?). However, MC was well described by the Freundlich model. This implied that MC
possessed a heterogeneous surface with multi layers adsorption for As(V). The
improvement of iron contents of MC-Fell and MC-Felll seems to overpass the uptake

capacity of other parallel existing minerals on the surface of calcined clay and provided a
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monolayer arsenate adsorption on the their homogeneous surface. The maximum As(V)
adsorption capacities from the Langmuir model were 250ug/g, 747.38ug/g and 429.74ug/g
for MC, MC-Fell and MC-Felll, respectively.

Generally, the performance of isotherm study at high arsenic concentration is
for calculating the maximum adsorption capacity of a used adsorbent. However, it is also
necessary to evaluate the adsorption capacity of arsenic at low equilibrium arsenic
concentration since the targeted arsenic concentration in drinking water must be below 10
pg/L. The isotherm experimental data of equilibrium As(IIl) or As(V) lower than 200 pg/L
were fitted by the Langmuir model, as shown in Figure 4.6 and 4.7, respectively, and the
obtained adsorption capacities of As(Ill) and As(V) on the adsorbents at the equilibrium
arsenic concentration of 10 pg/L based the developed model are presented in Table 4.4.

From Table 4.4, at the equilibrium arsenic concentration of 10 pg/L, the
adsorption capacities for As(IIl) was about 1.92 pg/L on MC adsorbent, 9.05 ug/L on MC-
Fell adsorbent, and 7.24 pg/L. on MC-Fell adsorbent. The adsorption capacities of As(V) on
MC, MC-Fell, and MC-Felll adsorbents were 10.76, 43.23, 12.07 pg/L, respectively.
Apparently, the performance of MC-Fell for both As(IlI) and As(V) adsorption was better
compared to that of MC-Felll. This may be explained by the presence of more potential
available active sites on the surface of MC-Fell compared to MC-Felll. Ferric species tends
to gather into bigger ferric(hydr)odixe particles. Such a phenomenon may decrease the
availability of this ion species to the inner porosity of the calcined clay by blocking some
pores, hence limiting the homogeneity of the impregnating. On the other hand, ferrous
species may diffuse inside the inner porosity of the calcined clay that can lead to a
homogenous dispersion on the surface of hosting materials (Munis et al., 2009). Munis et al.
(2009) also suggested that more and smaller iron species using in an impregnating protocol

would lead to the highest arsenic uptakes for the resultant impregnated adsorbent.
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Table 4.4 Langmuir isotherm parameters for As(II) or As(V) adsorption onto the

adsorbents at low arsenic concentration (<200 pg/L)

As(I1T) As(V)
Parameters
MC MC-Fell MC-Felll MC MC-Fell MC-Felll
Qe,10ppb 1.92 9.05 7.24 10.76 43.23 12.07
Qm,<200ppb 24.65 66.52 50.15 61.84 334.73 275.73
KL 0.0084 0.0157 0.0169 0.0211 0.0148 0.0046
R® 0.9998 0.9986 0.9977 0.9165 0.9871 0.9984

A dimensionless constant separation factor or equilibrium parameter (R|) is
an essential feature of a Langmuir isotherm that is used to predict if an adsorption system is
“favorable” or “unfavorable”, and it can be defined by:

N BN
1+ K.C,

(4.9)
The adsorption process is irreversible (R =0), favorable (0<R.<1), linear (R =1) and
unfavorable (R >1) (Khan and Khan, 2015).

For initial adsorbate concentrations in the range of 100-10000pg/L, the R.
values for MC, MC-Fell, and MC-Felll were in the range of 0.06-0.87, 0.07-0.88 and 0.08-
0.89, respectively, for As(IIl) adsorption, and 0.07-0.89, 0.02-0.67 and 0.04-0.79,
respectively, for As(V) adsorption. This suggested that all adsorbents uptake As(IIl) and
As(V) from aqueous solution favorably. It is also consistent with the results for 1/n values
for all adsorbents. The adsorption is favorable when 0<1/n<1, irreversible when 1/n=1 and

unfavorable when 1/n>1 (Fufa et al., 2014). For all adsorbents in both cases, 1/n values

were within 0 and 1.
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4.3.5 Effect of coexisting anions
Figure 4.8 shows the results of As(IIl) and As(V) adsorption efficiency onto
the adsorbents in the presence of individual anion. The effect of common existing anions in
water such as CI', NO5,, HCOy, CO5>, SO+, and PO,* (representing univalent, bivalent,
and trivalent anions) was separately investigated by adding 0.ImM of each anion to
500pg/L of either As(IIl) or As(V) solution. In case of As(IIl) adsorption, the anions
expressed the influence on the adsorption efficiency similarly for both iron modified

adsorbents.
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Figure 4.8  Effect of coexisting anions on a) As(IlI) and b) As(V) adsorption
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The presence of CI', NOs', and SO42' showed an insignificant reduction of
As(IIT) adsorption efficiency, whereas HCO; and COs> anions exhibited a slightly
decrease. The most adverse effect was observed in the presence of PO,”. For MC
adsorbent, each anion significantly reduced the As(IIl) removal efficiency, particularly
PO,>. In case of As(V) adsorption, the results showed that a similar trend of influence on
the As(V) efficiency was observed for all adsorbents. The presence of univalent anions
showed less reduction in the As(V) adsorption efficiency. A further reduction of adsorption
efficiency was observed when bivalent anions were added. Trivalent anion (PO,)
significantly decreased the As(V) adsorption efficiency. For both As(IIl) and As(V) uptake,
the significant reduction in the removal efficiency for all adsorbents in the presence of
introduced coexisting anions, especially phosphate, can be explained by the competition for
active sites on the surface of the adsorbents. Phosphate and arsenic are in the same group,
and have similarities in chemical properties (Maliyekkal et al., 2009). Plus, phosphate easily
forms an inner-sphere complex and strongly attaches to iron(oxy)hydroxides than arsenic

(Hsu et al., 2008; Su and Puls, 2001).

4.4  Conclusion

Natural clay could be stabilized the particle size by calcination. Iron impregnation
on MC successfully improved the iron oxide content for MC-Fell and MC-Felll, as well as
their adsorption efficiencies. For As(III) adsorption, the kinetic data were well described by
the pseudo-second order, except for MC. All adsorbents expressed a slightly change of the
adsorption efficiency over a wide range of pH, and a significant decline of the uptake
efficiency at pH>9. The isotherm data were well fitted to the Langmuir model for all
adsorbents. The presence of introduced coexisting anions (except for phosphate)

insignificantly affected on the adsorption efficiency by the modified adsorbents, but the
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reduction of removal efficiency was observed for MC. In case of As(V) adsorption, the
pseudo-second order model was more suitable for fitting the kinetic data for all adsorbents.
All adsorbents exhibited high arsenate adsorption efficiency at lower initial solution pH and
a significant reduction occurred at high pH value. The introduced coexisting anions
influenced on the arsenate adsorption efficiency of all adsorbents in the following order:

trivalent> bivalent> univalent anions.



CHAPTER V

DEVELOPING IRON MIXED POROUS PELLET

ADSORBENT BY MIXTURE DESIGN APPROACH FOR

ARSENITE AND ARSENATE ADSORPTION FROM WATER

5.1 Introduction

Toxic pollutant is one of the major sources of contamination and amongst of the
most highly toxic and carcinogenic elements is arsenic (As). Drinking arsenic contaminated
water is a main pathway for the toxin to enter the human body since arsenic lacks taste,
color and odor (Mondal et al., 2013; Sharma et al., 2014). Normally, arsenite (As(IIl)) and
arsenate (As(V) ) are the common forms in natural water. Arsenic removal efficiency
through adsorption significantly depends on the nature and characteristic of an adsorbent
that can be either natural or synthetic materials such as commercial and synthetic activated
carbons, agricultural products or by-products, industrial by-products or wastes, and metal
oxides (Mohan and Pittman, 2007). Currently, developing a low-cost and effective
adsorbent with natural materials has gained more attention because of the cost reduction
and plausibility of a real application.

Clay supported metal oxides has been proved to remove some pollutants through
various studies such as Pb(Il) and Zn(Il) removal by ceramisite produced from bentonite,
iron powder and activated carbon (Yuan and Liu, 2013); As(V) adsorption on adsorbents
made from clay, iron oxide and starch (Chen et al., 2010); Cr(VI) and As(V) removal by

zero-valent iron and iron oxide-coated sand adsorbent (Mak et al., 2011); As(IIl) and As(V)
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removal by montmorillonite-supported zero valent iron (Bhowmick et al., 2014); and As
removal by iron mixed ceramic pellet (Shafiquzzam et al., 2013). However, application of a
systematic method to determine optimal proportion of each material for developing more
effective adsorbent to remove both As(IIl) and As(V) is still limited.

The present study mainly aimed to develop porous pellets produced from natural
clay to support iron oxide and iron powder to be a low-cost and effective adsorbent for both

As(III) and As(V) removal from water.

5.2 Materials and Methods

5.2.1 Materials and chemical reagents

Natural clay used in this study was collected from Dankwian District,
Nakhon Ratchasima, Thailand. The clay was cleaned with deionized (DI) water to remove
debris and large particles, dried at 104+1°C for 24h, crushed and sieved to achieve the
particle size passing through a 200-mesh (<75um) sieve. Iron oxide powder (Fe,03>95%,
Himedia, India) was supplied by Italmar chemical supply company (Thailand). Iron powder
(Fe>96%) was purchased from a local supply store. Rice bran powder (chemical
composition: P,Os 53.744wt.%, K;0 17.316wt.%, SO5 12.828wt.%, MgO 7.569wt.%, SiO,
5.362wt.% and CaO 2.237wt.%) was obtained from a local grinding mill. As(V) and As(III)
stock solutions (100 mg/L) were prepared by dissolving appropriate amount of
Na,HAsO4 7H,0O and NaAsO, (Sigma Aldrich), respectively. NaCl, NaNO;3;, NaHCOs3,
Na,COs, NaySO4 and NaH,PO4 were used to prepare for anion solutions of chloride (CI),
nitrate (NO3"), bicarbonate (HCO5"), carbonate (CO3>), sulfate (SO4>) and phosphate (PO,

), respectively. Moreover, NaOH and HCI were used for solution pH adjustment.



66

5.2.2 Adsorbent development

The porous pellet adsorbent was developed from mixing natural clay (NC),
iron oxide powder (Fe,0s3), iron powder (IP) and rice bran powder (RB) at a specific mass
proportion with DI water. The ratios of NC:Fe,Os:IP were selected by the mixture design
method and the mass proportion of RB was constantly kept at 15% of the total mass. The
prepared powders were uniformly mixed with addition of water to form a paste. The paste
was continually stirred and pressed into long cylindrical shape with 1-1.5 mm in diameter
by a plastic syringe. The long pellet was cut into 1-2 mm in length, placed in clean
crucibles, dried at 60°C for 24 h, and further heated at 600°C for 1 h in a muffle furnace to
carbonize and produce pores. After cooling down, the finished product was kept in a dry
and clean container for further experiments.

5.2.3 Mixture design and statistical analysis

Mixture design approach is a type of experimental design used for analyzing
the relationships between mixture components and responses, and for determining the best
proportions of mixture components to obtain a final product in accordance with the target
(BahramParvar et al., 2015). The proportion of a component in the mixture must be
between 0 and | and the sum of the proportion of all mixture components is equal to 1
(Rosales et al., 2015). In this study, a three component augmented simplex-centroid mixture
design was used to formulate different mixtures of independent variables i.e., NC (X,
wt.%), Fe,05 (Xo, wt.%) and IP (X3, wt.%), and to assess the relationship of the mixtures to
the responses, As(V) and As(IIl) adsorption efficiency (Y, and Y, respectively). For the
aspect of economy and being a binder, the amount of NC should be used more than others
i.e., Fe;O3 and IP serving as active site providers to the adsorbent. Therefore, constraints on
individual component were applied and selected to be 50%<X;<90%, 5%<X,<45%, and
5%<X3<45% in the form of X;+X,+X3=100%. Totally, ten different mixture design points

were obtained and illustrated in Figure 5.1.
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The general polynomial function of the mixture models is represented by the

following equation (Scheffe, 1963):

Y, :Zq:aiXi +qu:aijxixj 2 Zq: 2 XX X, (5.1)
i=1

i<j i<j<k
where Y, represents the predicted responses; g is the number of components in the

mixtures; X;,X;,X, are the represented independent variables; and a;,a;,a; are the

coefficient of regression models for the linear, binary and ternary mixture systems,

respectively.

Clay

0.45 0.5 0.45
Iron oxide Iron Powder

Figure 5.1  The overall design points based on the three-component augmented simplex-

centroid design

Minitab statistical software (version 16.0, Minitab Inc., State College, PA) was used for
designing the mixtures, analyzing the data, fitting the models and optimizing constituent

proportions.
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5.2.4 Batch adsorption study

Batch mode was employed to conduct adsorption experiments that were
carried out at room temperature (25 £+ 1°C) in acid washed 60 mL polyethylene bottles with
an agitation speed of 150 rpm on a horizontal mechanical shaker (New Brunswick
Scientific, Canada). For kinetic study, a series of adsorption between 10 g/L of adsorbent
and 10 mg/L of either As(V) or As(IIl) solution (pH = 7+0.1) was prepared and shaken for
0 to 72 h. While shaking, samples were taken at preset time intervals. Isotherm experiments
were performed with As(V) or As(IIl) concentration ranging from 0.5 to 100 mg/L. Effect
of solution pH was conducted by varying pH from 3 to 11. Effect of coexisting anions were
investigated using 10 g/L of adsorbent and 10 mg/L As(V) or As(III) solution (pH = 7+0.1)
containing 0.1, 1 and 10mM of CI', NOs’, HCOy5’, Cng', SO42' and PO43'. The samples were
filtered through 0.22 um syringe filters and the filtrates were acidified with 1%v/v
concentrated HNOs, kept at 4°C and analyzed for As(V) or As(Ill) concentration within 24
h. The adsorption capacity and efficiency (Q.(mg/g) and R(%), respectively) were

determined by equations defined as (Chutia et al., 2009):

Qc — (Co_ce)>< \Vs

v (5.2)

(Co _Ce)

o

where C, and C are the initial and equilibrium As(V) or As(IIl) concentration, respectively
(mg/L), V is the volume of As(V) or As(III) solution (L), and M is the mass of adsorbent
(2).
5.2.5 Adsorbent regeneration and arsenic leaching test
In order to observe the potential reuse of the adsorbent, three consecutive
regeneration cycles were conducted. The adsorbed adsorbent of 10 g/L. was dispersed in 25

mL of 1M NaOH and shaken for 24 h. The desorbed adsorbent was washed several times
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with DI water and then reused to remove 10mg/L of As(V) or As(Ill). Leaching of either
As(V) or As(Ill) from the adsorbed adsorbent was examined using the US EPA Toxicity
Characteristic Leaching Procedure (TCLP). The adsorbed adsorbent was mixed with the
TCLP extraction fluid (5.7 mL of glacial acetic acid added to 500 mL of DI water and
diluted to 1L, pH 2.91) at a ratio of 1:20 and shaken with a mechanical shaker for 18 + 2 h.
The samples were filtered with 0.22 pm syringe filters and the filtrates were acidified and
analyzed for As (V) or As(IIl) concentration.
5.2.6 Analytical methods

As(V) or As(Ill) concentration was measured by ICP-OES (Optima
8000DV, PerkinElmer) using a wavelength of 193.7 nm. Elemental composition analysis
was carried out with Energy Dispersive X-ray Fluorescence (ED-XRF, XGT-5200 X-ray
Analytical Microscope, HORIBA Ltd., Japan). The surface area, total pore volume and
average pore diameter were obtained from the Brunauer-Emmett-Teller (BET) method
using the BET analyzer (BELSORP Mini I, BEL Inc., Japan). X-ray diffraction (XRD) for
mineralogical phases was performed using the Bruker XRD (D2 PHASER). The
morphological features of adsorbent before and after adsorption were examined by a
scanning electron microscope (SEM, JSM-6010LV, JEOL, Japan) and the Fourier
transform infrared spectra (4000-400 cm™ at a resolution of 4 cm™) was recorded using a
PerkinElmer spectrum GX spectrophotometer (FT-IR) instrument. The point of zero charge

(pHyp.c) was evaluated by the equilibrium method (Su et al., 2011).

5.3 Results and Discussion

5.3.1 Model fitting and analysis of variance
The detail of the experimental mixture design points and the experimental

results of the responses are presented in Table 5.1. Each response was measured into two



70

sets, Measurement 1 (M1) and Measurement 2 (M2) to minimize variance and improve the

simulation for obtaining a better model.

Table 5.1 Experimental design points and obtained responses, R(%)-As(V) and R(%)-
As(IIl) measured in two sets (M| and M), for the corresponding mixtures
Natural  Iron Iron R(%)-As(V) (Y1)  R(%)-As(II) (Y>)
Mixture Clay Oxide Powder
M1 M2 M1 M2
(X1) (X2) (X3)
Al 0.9 0.05 0.05 32.99 33.71 1540 15.29
A2 0.5 0.45 0.05 67.73 67.86 8426  82.43
A3 0.5 0.05 0.45 93.02 93.17 93.07 92.13
A4 0.7 0.25 0.05 53.14 51.46 47.89  43.54
AS 0.7 0.05 0.25 85.99 83.10 85.80  84.98
A6 0.5 0.25 0.25 91.26 91.73 92.63  92.66
A7 0.633 0.183 0.183 65.21 67.19 6540  68.47
A8 0.766 0.116 0.116 58.20 59.59 51.90  54.69
A9 0.566 0.316 0.116 72.77 72.98 81.03  81.15
Al10 0.566 0.116 0.316 94.33 94.50 94.13  93.01

Models with linear, quadratic and special cubic degrees were applied to predict the

independent variables and the responses. Run by the Minitab software, statistical

parameters such as standard deviation (S), predicted sum of squares (PRESS), and predicted

regression coefficient (R?) were obtained for linear (S=7.224, PRESS=1333.0, R*=0.8145),

quadratic (S=4.466, PRESS=437.3, R*=0.9391), and special cubic models (S=3.221,
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PRESS=249.9, R?*=0.9652) in case of the As(V) response, and for linear (S=9.907,
PRESS=2424.9, R>=0.7973), quadratic (S=4.331, PRESS=389.7, R?=0.9674), and special
cubic models (S=3.831, PRESS=358.5, R?=0.9700) in case of the As(III) response. The
model with lower standard deviation and predicted sum of squares and higher predicted
regression coefficient is a better one to predict the response data (Abdullah and Chin, 2010;
Rao and Baral, 2011). Thus, special cubic model was the most suitable to fit the
experimental data of both responses.

The analysis of variance (ANOVA) for the responses was evaluated based
on 95% confidence level and p value was used to determine the significance of each
component or the combination effect (Table 5.2). The special cubic model containing
linear, two-component and three-component interactions is statistically significant for both
responses (P <0.001). In case of As(V) response, all terms were significant (p <0.05). The
interactions of components: X;X,, X;X3, X5X5 and X;X,X;5 (p value of 0.027, <0.001, 0.001
and 0.003, respectively) had a significant effect. The interaction of X;X5 provided the
highest significant effect due to its lowest p value. In case of As(IIl) response, component
interaction X;X,, X X3, X,X3 and X;X,X3 influenced the response with p value of 0.534,
<0.001, 0.045, and 0.045, respectively. Thus, X;X, showed an insignificant effect and X, X3
provided the most significant influence on the As(I1l) removal efficiency.

The polynomial equations of the selected models for both responses can be
expressed as follow:

Y =2X; - 18X5 —202X5+ 264X, X, + 762X, X3 + 2422X, X5 — 4258X, X0 X3
with R? = 0.9652 (5.4)

Y, =-24X, + 145X, — 266X3 + 944X, X3 + 1637X,5X35 — 3005X,X0X3

with R* = 0.9700 (5.5)
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Table 5.2 Analysis of variance for all responses

Response  Source DF SeqSS AdjSS AdGgMS F p value

As(V) Regression 6  7050.42 7050.416 1175.069 113.22 <0.001
Linear 2 6298.05 218571 109.285 10.53  0.002
Quadratic 3 608.03 637.744 212.581 20.48 <0.001
XX 1 8.67 64.158 64.158 6.18 0.027
X1 X3 1 508.00 534229 534229 5148 <0.001
XX 1 9135 167.741 167.741  16.16  0.001
Special cubic 1 14434 144336 144336 1391 0.003
X1X5X;5 1 14434 144336 144336 1391 0.003

Residual error 13 134.92 134919 10.378
Total 19 7185.34

As(IIT) Regression 6 117749 11774.89 1962.482 133.71 <0.001
Linear 2 10297.0 737.51 368.754  25.12  <0.001
Quadratic 3 1406.0  1442.18 480.727  32.75  <0.001
XX, 1 57.1 5.99 5.993 0.41 0.534
X1 X3 1 1339.6  819.58 819.579  55.84 <0.001
XoX3 - 76.58 76.578 5.22 0.040
Special cubic 1 71.9 71.86 71.863 4.90 0.045
XX X5 1 719 71.86 71.863 4.90 0.045
Residual error 13 190.8 190.80 14.677
Total 19 11965.7

5.3.2 Residual graphs
The residual values are used to construct normal probability plots for
evaluating the normal distribution of the data. The data are considered as normal
distribution when the plotted points are close to the fitted straight line (Rostamiyan et al.,
2014). Apparently, the plotted points for both cases seem closer to the distribution line,

indicating the data were normally distributed (Figure 5.2).
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Figure 5.2  Normal probability plots for a) As(V) response and b) As(III) response

5.3.3 Contour plots of the responses
Figure 5.3 illustrates the mixture contour plots of As(V) and As(II)
responses resulting from the effect of the component interactions. A contour plot shows a
detail effect on a certain response value by various establishing interactions of the mixture
components in a two-dimensional view. The different desirable values of the responses
were obtained and varied by changing in color. The darker color of the regions represents

higher adsorption efficiency of the responses.
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Figure 5.3 ~ The mixture contour plots of the responses: a) As(V) and b) As(III)

For both responses, the maximum removal efficiency occurred toward the
edge of Fe,Osand IP with IP as vertex. This implies that adding Fe,O3; and IP proportion
into the mixture improved both As(V) and As(IIl) adsorption efficiency to certain level.

5.3.4 Mixture proportion optimization and model validation

Response optimization involves defining independent variable settings that
collaboratively produce optimized responses, and its satisfactory is measured by the
composite desirability (Rao and Baral, 2011). The desirability is scaled from 0.0

(undesirable) to 1.0 (very desirable) (Shahamirifard et al., 2016). In the present study, the
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response optimization was processed using Response Optimizer of Minitab that identifies a
combination of independent variables (NC, Fe,O3; and IP) to jointly optimize adsorption
efficiency of As(V) and As(IIl). Figure 5.4 presents the optimization plot of independent
variables affecting the predicted As(V) and As(II) adsorption efficiency. Independent
variable settings on the plot could be adjusted by moving the vertical red line to obtain more
desirable predicted responses. To obtain high composite desirability with a high comparable
adsorption efficiency of both As(V) (91.3217%) and As(IIl) (91.8716%) by using less
amount of iron oxide or iron powder as possible, the ideal mixture proportion of the
materials is 0.5215 of NC, 0.1922 of Fe,O; and 0.2863 of IP. The predicted As(III)
desirability, As(V) desirability and composite desirability were found to be d = 0.93048, d =
0.91826 and D = 0.9243, respectively, which were close to 1, indicating that the selected
mixture ratio has a significant positive effect on maximizing the As(V) and As(III)

adsorption efficiency (Rao and Baral, 2011).
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Figure 5.4  The mixture optimization plot for As(V) and As(III) responses
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The optimum components were used to develop the porous pellet adsorbent
for the As(V) or As(IIl) adsorption to validate the model. The results indicated that the
As(V) and As(IIl) removal efficiency were 91.40% and 92.57%, respectively, comparable
enough to the predicted values, suggesting that the predicted models were valid and
adequate.

5.3.5 Characterization of the developed adsorbent

The BET surface area, total pore volume and mean pore diameter of the
porous pellet adsorbent were 18.267 m*/g, 0.0916 cm’/g and 20.063 nm, respectively. The
mean pore diameter within 2 to 50 nm suggested that the adsorbent is mesoporous
according to the pore classification of the International Union of Pure and Applied
Chemistry (Kuila and Prasad, 2013). Regardless the presence of oxygen, elemental
composition analyzed by XRF indicated that the main constituent elements of porous pellet
adsorbent were Si (21.829%), Al (7.251%), and Fe (25.780%) (Table 5.3). Apparently, the
amount of iron element of the porous adsorbent has dramatically increased approximately 7

times compared to that of natural clay.

Table 5.3 Chemical composition (wt.%) of natural clay and porous pellet adsorbent

analyzed by XRF
Composition Al Fe K Ca Ti 0
(wt.%)

Natural clay 31.254  13.366 3.696 1.232 0373 0.624  49.835

Porous pellet  21.829  7.251 25780 0.626 0308 0.342 43.246

Figure 5.5 shows the XRD pattern of the porous pellet adsorbent. The mineral constituents

mainly consisted of quartz and hematite, as well as illite-montmorillonite and iron. The
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main crystalline phases of quartz and hematite were contributed by natural clay and iron

oxide, respectively.
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Figure 5.5  XRD pattern of the iron mixed porous pellet adsorbent

Figure 5.6 shows the surface morphological features of the adsorbent before
and after adsorption. The porous pellet adsorbent has a cylinder shape with numerous pores
surrounding the surface, developed by carbonization of rice bran (Figure 5.6a). The
scattered rough surface structure was observed before adsorption (Figure 5.6b). This
indicated the spreading of iron oxide and iron powders to form heterogeneity on the surface.
After adsorption of As(V) and As(IIl) (Figure 5.6¢ and 5.6d, respectively), similar
morphology of the surface were observed. The surface became smoother, consisted of small
pores and seemed to be layered by various sizes of flat sheet. This is probably due to the

binding between arsenic and iron species on the layer-structure of clay.
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Figure 5.6  SEM images of a) shape of porous pellet (x25), b) surface of porous pellet

before adsorption, and porous pellet after adsorption c¢) As(V) and d) As(III)

The FTIR spectra of the adsorbent before and after As(V) and As(III)
adsorption showed that the major peak bands were observed in the wavenumber range from
400 to 1200 cm™ (Figure 5.7). The peak band of 1029.94 cm™ and 800.42cm™ was
assignable to the stretching vibration of Si-O-Si group and Si-O deformation (Nayak and
Singh, 2007; Petala et al., 2013; Tandon et al., 2013). The band of 692.41cm™ corresponds
to the spectrum for iron oxide (Fe,Os) (Li et al., 2010). The peak bands of 524.62 and
437.82 cm™ could be assigned to the vibration of Si-O-Al and Fe-O groups, respectively
(Chen et al., 2011; Li et al., 2016). After As(V) and As(III) adsorption, reduction of
stretching the peak bands, increase of transmittance percent of corresponding bands, and no
presence of new peak bands were observed. This could be reasoned by As(V) and As(IIl) in

the solution mostly adsorbed on the surface of the adsorbent (Chen et al., 2011).
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Figure 5.7  FTIR spectrum of porous pellet before and after As(V) and As(III)

adsorption

5.3.6 Adsorption kinetics

Kinetic study illustrates the chemical rate of adsorption process between
adsorbate and adsorbent by observing the speed of a chemical reaction until reaching its
equilibrium in a particular amount of time (Sen Gupta and Bhattacharyya, 2011).
Adsorption performance of As(II) and As(V) onto porous pellet adsorbent dependent on
time along with the fitting kinetic models showed a similar trend, which an initial wide
availability of active sites provides a rapid uptake first and the filling up of active sites
slows down and stabilizes the adsorption process within 72 h (Figure 5.8).

Kinetic experimental data were fitted to the pseudo-first order and pseudo-

second order models defined as (Far et al., 2012; Salameh et al., 2010):

Pseudo-first order: Q, =Q, (1 —e™t ) (5.6)

k,Q:t
1+k,Q,t

Pseudo-second order: Q, = (5.7)
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Figure 5.8  Time dependent for a) As(IIT) and b) As(V) adsorption onto the adsorbent

where Q; (mg/g) is the amount of As(V) or As(Ill) adsorbed at time t; Q. (mg/g) is the
amount of As(V) or As(Ill) adsorbed at equilibrium time; k; (h'l) is the rate constant of the
pseudo-first order model; k, (g/mg.h™) is the rate constant of the pseudo-second order
model.

The correlation coefficients (R?) of the pseudo-second order model (As(V):
R? = 0.9919; As(Ill): R* = 0.9901) were higher than those of the pseudo-first order model
(As(V): R* = 0.9706; As(Ill): R* = 0.9824) and the calculated equilibrium adsorption
capacity (As(V): 0.987 mg/g; As(Ill): 0.977 mg/g) was comparable enough to the

experimental adsorption capacity (As(IIl): 0.914 mg/g; As(V): 0.906 mg/g) (Table 5.4).
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Table 5.4 Kinetic parameters of As(IIl) and As(V) uptake onto the adsorbent

Qe.exp Pseudo-first order Pseudo-second order
" (mg/g) Qmgy) ki(h) R Qimg/g) ka(g/mgh™) R’
As(IIl) 0914  0.727 0.0526  0.9706 0.977 0.1408 0.9901
As(V) 0906 0972 0.0548 0.9824  0.987 0.1242 0.9919

Therefore, it is concluded that the adsorption kinetics for both As(V) and
As(IIT) could be better described by the pseudo-second order rate model. This implied that
the both As(Ill) and As(V) adsorption onto the adsorbent could be a chemisorption (Qi et
al., 2015). From the pseudo-second order model, the initial adsorption rate (h) calculated by
h = k, Q. for As(V) and As(II) were 0.134 mg/gh™ and 0.121 mg/gh”, respectively,
indicating that the adsorbent removed As(IlI) faster than As(V).

5.3.7 Effect of initial solution pH

As(V) adsorption capacity gradually decreased with the pH range from 3 to 7
and significantly decreased when pH was more than 7 (Figure 5.9). For As(IIl) adsorption,
the removal capacity was not remarkably changed over the pH range from 3 to 9. Both
As(V) and As(Ill) adsorption dramatically declined as pH raised above 9. Arsenic
speciation and the characteristic of adsorbent surface importantly influence the adsorption
capacity over various solution pH. In water, As(V) mainly exists in the form of H3AsOj, at
pH less than 2.2, H,AsOy4 at pH between 2.2 and 6.98, HAsO,> at pH between 6.98 and
11.5, and AsO,> at pH above 11.5 (Chang et al., 2010). As(III) species occur as: H3AsO;3
(pH<9.2), H,AsO;™ (9<pH<12), HAsO5>" (12<pH<13), and AsO;>" (pH>13) (Mohan and
Pittman, 2007). The surface of the adsorbent was more positively charged for pH<pH,,. and
predominated the negative charge for pH>pH,,. (Chang et al., 2010). The porous pellet

adsorbent exhibited the point of zero charge (pHp,c) of 7.50.
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Figure 5.9  Effect of initial solution pH for As(IIT) and As(V) adsorption

This indicated that the unfavorable electrostatic interaction or the electrical repulsion
between the adsorbent and the adsorbate could result in low As(V) and As(IIl) adsorption
capacity at pH>9.
5.3.8 Isotherm studies

Isotherm study was conducted to determine the characteristic of the
adsorption and the maximum adsorption capacity of the adsorbent. The isotherm models
such as the Langmuir, Freundlich, and Sips models were applied to predict the equilibrium
isotherm data. The isotherm models were expressed as follow (Foo and Hameed, 2010;

Jung and Ahn, 2016):

Freundlich: Q. =K, C" (5.8)
_ Q..K . C
Langmuir: Q =-=—= (5.9)
I+K, C,
' Q KL_FCl/n
Sips: Q =—"—= (5.10)
1+K, C/

where C. (mg/L) is the As(V) or As(IIl) concentration at equilibrium; Q. (mg/g) is the

amount of As(V) or As(Ill) adsorbed at equilibrium per unit mass of the adsorbent; Qmax



&3

(mg/g) and Qn(mg/g) are the maximum adsorption capacity based on the Langmuir and
Sips models, respectively; K; (L/mg), K¢ (mg'""L""/g), Ki.r (L/mg) are the Langmuir
constant, Freundlich constant, and Langmuir-Freundlich constant, respectively. 1/n is the
heterogeneity factor. Sips model or Langmuir-Freundlich model is a combination of
Langmuir (assuming a monolayer adsorption onto a homogenous surface) and Freundlich
(assuming a multilayer adsorption onto a heterogeneous surface) (Jung and Ahn, 2016;
Ouadjenia-Marouf et al., 2013). Experimental isotherm data and the fitting models are

illustrated in Figure 5.10.
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Figure 5.10 Isotherm study of As(IIl) and As(V) adsorption onto the adsorbent
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Isotherm parameters such as the maximum adsorption capacity, constants of
the fitting models, and correlation coefficient (R”) were calculated from non-linear forms of

isotherm models (Table 5.5).

Table 5.5 Isotherm parameters of As(IIl) and As(V) uptake onto the adsorbent

Freundlich Langmuir Sips (Langmuir-Freundlich)
As
I K RO g g Qo R
(mg/g) (mg/g)

As(Ill) 0.446 1.963 0989 8.944 0.196 0978 19.06 0.110 0.579 0.992

As(V) 0302 1.940 0.989 5.403 0.467 0.948 13.33 0.173 0.398 0.993

The correlation coefficient (R) of the Sips model was higher than that of the
Langmuir and Freundlich for both As(V) and As(IIl) adsorption. This implied that the
isotherm experimental data fit well to the Langmuir-Freundlich or Sips model, suggesting
that As(V) or As(IIl) adsorption occurred as a monolayer on heterogeneous surface of the
adsorbent (Chen et al., 2012b). Obtained from the Sips model, the saturated removal
capacities of As(V) and As(IIl) were 13.33 mg/g and 19.06 mg/g, respectively. On the other
hand, the experimental isotherm data at low equilibrium concentration (<200 pg/L), as
shown in Figure 5.10, was used to evaluate the adsorption capacity at low arsenic
concentration. The Langmuir and linear models were used to fit the data of As(V) and

As(IID), respectively. And, the obtained model equations could be expressed as follow:

For As(V): Q. = 31.05-C R%=0.9567 (5.10)
orAstY): © T 1+0.0251-C, ' '
For As(I1I): Q. =5.519-C, R*=0.9962 (5.11)

Thus, the adsorption capacities of As(V) and As(IIl) at equilibrium concentration of 10

pg/L were 248.20 pg/L and 55.19 pg/L, respectively.
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The characteristic of the adsorption can be determined through either the
value of a dimensionless constant separation factor (R) or the Freundlich constant (1/n).
The separation factor was calculated by Ry = 1/(1+K.C,), where C, (mg/L) is the initial
As(V) or As(Ill) concentration. The adsorption process is irreversible (R =0), favorable
(0<Ri<1), linear (R =1) and unfavorable (R;>1) (Khan and Khan, 2015). Similarly, the
magnitude of the adsorption intensity, 1/n, can suggest the type of isotherm from the
Freundlich model. The adsorption is favorable when 0<1/n<1, irreversible when 1/n=1 and
unfavorable when 1/n>1 (Fufa et al., 2014). The values of 1/n for As(Ill) and As(V) were
0.446 and 0.302, respectively. Plus, for the studied initial concentration range, the Ry values
for As(Ill) and As(V) adsorption were in the range of 0.05-0.91 and 0.02-0.81 (within 0 to
1). This showed that the adsorbent expressed a favorable adsorption toward As(V) or
As(III). Noticeably, higher initial arsenic concentration tends to lead the adsorption to an
irreversible isotherm and the adsorption approaches a linear isotherm at lower initial arsenic
concentration.

5.3.9 Effect of coexisting anions

A similar trend of the influence of inorganic anions introduced separately
and jointly on As(IIl) and As(V) adsorption was observed (Figure 5.11). The presence of
CI over the studied concentration range showed no significant effect on the adsorption. The
anions NO3™ and SO42' at higher concentrations could decrease the efficiency to 82.76% and
80.46%, respectively for As(IIl) and 78.31% and 77.64%, respectively for As(V).
Increasing the concentration of COs* and HCO;™ could reduce the adsorption efficiency to
69.01% and 35.08%, respectively for As(IIl) and 64.24% and 31.12%, respectively for
As(V). It was also observed that the presence of PO4> strongly inhibited the removal of
As(IIl) and As(V). The As(Ill) and As(V) efficiency decreased to 73.9% and 71.33%,
respectively for 0.1mM PO,> and it could be sharply reduced to 13.35% and 10.41%,

respectively for 10mM PO,
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Figure 5.11 Effect of coexisting anions on the removal of a) As(IIT) and b) As(V)

The decrease observed for the mixture (combining all anions in the same
solution) and for the presence of PO,’" was slightly different, which could be due to the
capacity of PO,> to surpass the buffering abilities of the other anions (Fufa et al., 2014).
The reduction of adsorption efficiency when introducing the coexisting anions could be
caused by the competition for active sites on the surface of the adsorbent. The remarkably
negative influence of PO,’ could be explained by the reason that phosphate has similar
chemical properties to arsenic and easily attaches to iron species by forming an inner-sphere

complex compared to arsenic (Maliyekkal et al., 2009; Hsu et al., 2008).
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5.3.10 Adsorbent regeneration and arsenic and iron leaching test

The ability of the adsorbent to be regenerated and reused for As(Ill) and

As(V) adsorption is presented in Figure 5.12.
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Figure 5.12  Reuse of the adsorbent for As(IIl) and As(V) removal

Apparently, the adsorption efficiency of As(IIl) and As(V) gradually
decreased when the number of regeneration cycle increases. However, after the third
regeneration time, the adsorbent could still maintain its well adsorption performance by
being able to remove 84.94% and 83.06% for As(Ill) and As(V), respectively. In addition,
the adsorbent expressed insignificant loss or no physical crush of the particle size. Thus, the
adsorbent could be reused effectively for several times through desorption of NaOH
treatment.

The toxicity characterization leaching procedure was applied to categorize
the adsorbed adsorbent as either hazardous or non-hazardous material to be disposed. The
US EPA recommends the permissible limit of Smg/L for the arsenic concentration in the
leachate. The result indicated that As(IIl) and As(V) concentrations in the leachate were

0.54mg/L and 0.73mg/L, respectively, which were much lower than that of the limit.
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Therefore, the spent adsorbent was non-hazardous material and could be safely disposed as
a solid waste.

There is a possibility of the leaching of iron from the adsorbent matrix
during the adsorption. The concentration of iron in the solution (pH = 7+0.1) was found to
be 0.16 mg/L, which is within the permissible limit (0.3 mg/L) prescribed for drinking
water. Therefore, it can be concluded that it is safe to use the iron-mixed clay pellet as

adsorbent without the risk of iron contamination.

5.4 Conclusion

Widely available natural clay could be easily used to bind iron oxide and iron
powder to be the effective adsorbent for efficiently removing arsenate and arsenite from
water. The augmented simplex-centroid mixture design method was a successful and useful
tool to optimize the proportion of the constituent materials of the adsorbent. In the batch
adsorption, the optimized adsorbent expressed a favorable adsorption toward both arsenate
and arsenite even though the certain extent reduction of the efficiency occurred in the
presence of some anions, especially phosphate. The adsorbent maintained high adsorption
efficiency after several times of regeneration, was easily separated from the aqueous
solution, and was non-hazardous solid waste after adsorption. In addition, regarded the low
cost and availability of raw materials, the adsorbent could be cost-effective for arsenic

removal from water.



CHAPTER VI

COEXISTING ARSENATE AND ARSENITE ADSORPTION

FROM WATER USING IRON MIXED CLAY PELLET:

OPTIMIZATION BY RESPONSE SURFACE

METHODOLOGY

6.1 Introduction

Arsenic is a global well-known problematic contaminant and considered as a highly
toxic and carcinogenic element by some international agencies, i.e., IARC and USEPA
(Bhatia et al., 2014). Generally, a pretreatment is applied for converting As(Ill) to As(V)
before elevated As-polluted water is treated to a safe or permissible level. However, the
application of pretreatment has some drawbacks in term of time consuming, cost-addition
and possibility of generating toxic by-products. Therefore, it is significant to use a proper
removal technique that can simultaneously remove As(IIT) and As(V). The study of treating
the aqueous solution with coexisting arsenate and arsenite, As(III+V), is still limited.

The main operational parameters affecting the adsorption efficiency in a batch
experiment include contact time, adsorbent dosage, initial pH, and initial concentration. The
interaction and optimization of those variables are normally investigated by a statistical
technique like response surface methodology (RSM). RSM is considered as one of the most
efficient statistical tools applied to design an experiment and simulate a model to evaluate
the interactive influences of multiple factors and optimize the conditions (Roosta et al.,

2014).
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The present study aims to use porous pellet adsorbent to investigate the optimization
process of batch adsorption parameters for removing arsenate and arsenite coexisting in
aqueous solutions. The main characteristics of the adsorbent were evaluated by various
methods. Central composite design (CCD) under RSM was used as a main technique for
this optimization process. The Pareto analysis was applied to obtain the variable effects on

the adsorption efficiency in term of percentage.

6.2 Materials and Methods

6.2.1 Preparation and characterization of adsorbent

Porous pellet adsorbent was developed by mixing natural clay, iron oxide,
iron powder and rice bran. Natural clay (NC) with particle size of <75 um was collected
from Dankwian, Thailand. Iron oxide powder (Fe,Os, analytical grade, Himedia, India) was
supplied by a chemical company. Iron powder (IP, industrial grade) and rice bran powder
(RB) were purchased from a local supply store. The mixture was carried out at a ratio of
52.15% (NC):19.22% (Fe;03):28.63% (IP), and 15% of RB was added for pore
development. The detail procedure to define the optimal proportion is mentioned in another
work (Te et al., 2017b). The mixture was homogeneously mixed by adding deionized water
slowly to produce a paste form. The paste was strongly stirred by hand for about 5-10min
and dried at 104+1°C for 24 h, and further heated at 600°C for 2-3 h in a muffle furnace to
carbonize the rice bran. After cooling down, the product was prepared for desired particle
size of 0.6-1.12mm, and stored properly in a plastic container for further experiments.

Brunauer-Emmett-Teller (BET) method was employed to determine surface
area, total pore volume, and mean pore size of the adsorbent using N, adsorption-desorption
isotherm data at 77 K (BELSORP Mini II, BEL Inc., Japan). Prior to the analysis, the

adsorbent sample was outgassed under presence of N, at 60°C for 24 h. Surface



91

morphological features were obtained from a scanning electron microscope (SEM, JSM-
6010LV, JEOL, Japan). SEM was coupled with Energy Dispersive X-ray (EDX) to perform
elemental composition analysis.
6.2.2 Adsorption experiments

The 200 mg/L stock solution [As(IlI+V), 50%+50%] was prepared from
dissolving appropriate amount of Na,HAsO4 7H,O and NaAsO, (Sigma Aldrich, USA)
together into deionized water. Batch mode study was employed to conduct adsorption
experiments. The experiments were carried out at room temperature (25 = 1°C) in acid
washed 60 mL polyethylene bottles with an agitation speed of 150 rpm on a horizontal
mechanical shaker (New Brunswick Scientific, Canada). The contact time, adsorbent dose
and adsorbate initial concentration were varied from 24 to72h, 0 to 20g/L and 0.25 to
4.25mg/L, respectively. The initial solution pH was adjusted with 0.1M HCI or NaOH to
vary from 3 to 11. All samples were filtered through 0.45 pm syringe filters, acidified with
1%v/v HNOs and kept at 4°C until the adsorbate analysis within 24 h. Total arsenic
concentration was measured by inductively coupled plasma-optical emission spectrometry
(ICP-OES) (Optima 8000, PerkinElmer, USA) using a wavelength of 193.7 nm. The

adsorption efficiency (A%) was determined by the following equation:

(€€ 100 6.1)
C

o

A% =

where C, and C. (mg/L) are the initial and equilibrium adsorbate concentration.
6.2.3 Experimental design and data analysis
Central composite design (CCD) under (RSM) was used for investigation the
individual and interaction effect of four variables such as contact time, initial solution pH,
adsorbent dose and initial adsorbate concentration. The number of experiments (N) to be

carried out was obtained from:
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N =2"+2k +n_ (6.2)

where k is the number of variable and n, is the number of replicates in central points.
The adsorbate adsorption efficiency, as a response, is explained by the

following quadratic model equation:
g q
Y=a,+y aX +> aX;+> aXX, (6.3)
i=1 i=1

where Y represents the predicted responses; X; and Xj represent the independent variables;
ao 1s the constant coefficient; @; is linear coefficients; a;i is the interactive coefficients; and
ajj 1s quadratic coefficients. The statistical and mathematical software (Minitab version
17.0, Minitab Inc., State College, PA) was used for designing the experiments, analyzing

the data, fitting the models and optimizing the experimental conditions.

6.3 Results and Discussion

6.3.1 Adsorbent characterization
The N, adsorption-desorption isotherm and Barrett-Joyner-Halenda (BJH)
pore size distribution for the studied adsorbent is depicted in Figure 6.1. According to the
International Union of Pure and Applied Chemistry (IUPAC) classification, the isotherm is
a typical type IV and with the presence of hysteresis loop at high relative pressure, it
demonstrates the mesoporous characteristic of the material. The graphical plot of BJH pore
size distribution indicates that the material comprised of two main pore size ranges, the

smaller mesopore of 2-10nm and larger mesopore of 10-30nm.
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Figure 6.1 N, adsorption- desorption isotherm and BJH pore size distribution plots of

iron mixed porous clay pellet adsorbent

Totally, the adsorbent significantly presents the pore size distribution
between 2nm and 50nm, implying that it is a mesoporous adsorbent as defined by [UPAC
classification for pore size ranges (Kuila and Prasad, 2013). From the BET analysis, the
adsorbent exhibits a BET surface area of 19.393 mz/g, total pore volume of 0.0978 cm3/g
and mean pore size of 20.169 nm.

The surface morphology of the adsorbent before and after the adsorption
analyzed by SEM is illustrated in Figure 6.2a and 6.2b, respectively. The adsorbent before
the adsorption appears to have a rough surface structure with flat none unified shape
particles scattering around. After the adsorption reaction, the surface of the adsorbent forms
the concave morphology attached by spherical particles with various sizes. EDX analysis
showed that the major elemental composition of the adsorbent was silica (Si,04, 71.5%),
alumina (AL,O;, 21.5%) and iron oxide (Fe,Os, 30.5%) (Figure 6.2c¢). Several peaks of

arsenic element were observed after the adsorption process (Figure 6.2d).
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Figure 6.2 SEM images of pre-adsorption of mesoporous pellet adsorbent (a), post-adsorption
of mesoporous pellet adsorbent (b), and EDX analysis of the adsorbent before and

after adsorption (c¢) and (d), respectively

6.3.2 Model development and analysis

The optimization process with CCD under RSM involves the following
steps: defining the problem and the objective, identifying the factors or variables and their
levels, designing the experimental matrix, conducting the designed experiments, performing
the analysis and evaluation of the mathematical model, determining the optimal levels for
variables, and conducting confirmation experiments (Khataee et al., 2010; Massoudinejad et
al., 2016). In this work, independent variables (contact time, solution pH, adsorbent dose
and adsorbate concentration) were represented as X, X,, X3 and X4, respectively, and their

low and high levels were selected accordingly (Table 6.1).
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Table 6.1 The experimental levels and representative codes of independent variables
Level
Parameters Codes
-0 -1 0 +1 +a
Contact time (h) X 24 36 48 60 72
Solution pH X5 3 5 7 9 11
Adsorbent dose (g/L) X3 0 5 10 15 20
Adsorbate concentration (mg/L) X4 025 125 225 325 425

According to the design of CCD under RSM based factors and their levels
selected, a total number of 31 experiments (16 factorial points, 8 axial points (o = 2) and 7
replicates at the center point) was established for response surface modeling. The
experiments were designed at different combinations of the factors (variables) to obtain
certain values of the response (the adsorbate adsorption efficiency) for further analysis. The
experimental design matrix with the observed and predicted results for simultaneous
adsorption of arsenate and arsenite is presented in Table 6.2.

Based on the experimental results, the empirical relationship between the
adsorbate adsorption efficiency (Y) and independent parameters was established as the

following mathematical expression:

Y= -759+1.523 X;+22.31 X5+ 12.20 X3 -19.67 X4 - 0.00690 XX, -2.271 XX, -
0.4033 X;3X3 + 1.545 X4X4 +0.0144 XX, - 0.0527 X; X35+ 0.0404 X; X4

+0.2105 X5X3 +0.666 X,X4 +0.437 X3X4 (6.4)



Table 6.2 Experimental design points and obtained responses for the interactions
Run X;(h) X» Xs(el) Xi(mgl) A% Pr‘f}y‘?ed

1 36 9 5 1.25 34.704 32.263
2 60 5 15 1.25 99.830 103.56
3 48 7 10 2.25 90.393 90.394
4 48 7 10 2.25 90.382 90.394
5 60 5 5 3.25 70.394  68.298
6 36 9 5 3.25 30.069 26.094
7 48 7 10 2.25 90.408 90.394
8 60 9 15 3.25 87.897 89.554
9 60 5 5 1.25 80.472 77.855
10 72 7 10 2.25 99.623  99.027
11 36 5 5 1.25 62.480 60.585
12 48 11 10 2.25 32.206 33.301
13 48 7 10 2.25 90.367 90.394
14 36 9 15 3.25 78.416 81.610
15 36 5 15 3.25 94.182 96.184
16 48 7 10 2.25 90.372  90.394
17 48 7 10 0.25 99.368 100.07
18 60 9 15 1.25 83.908 85.043
19 60 5 15 3.25 99.724 102.75
20 48 % 20 2.25 99.332 90.676
21 48 7 10 4.25 93.966 93.081
22 48 3 10 2.25 76.079 74.815
23 48 7 10 2.25 90.258 90.394
24 48 7 0 2.25 0.0560 9.4530
25 36 5 15 1.25 97.389  98.940
26 36 5 5 3.25 49.646 49.089
27 48 7 10 2.25 90.393  90.394
28 60 9 5 1.25 53.166 50.915
29 60 9 5 3.25 47.669 46.686
30 36 9 15 1.25 77.197 79.038
31 24 7 10 2.25 73.402 73.812

96

To ensure the reliability of the predictive ability of the model for an adequate

approximation of the real experiment, the chosen mathematical model has been validated

before it used for prediction. A number of statistical parameters such as the Fisher test, P-
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value, coefficient of determination (R?) and adjusted coefficient of determination (R*-adj)
can be used to evaluate the adequacy of the model and the significance of the terms
(Alidokht et al., 2011; Yaqubzadeh et al., 2016). The values of those statistical parameters
were obtained from ANOVA analysis (Table 6.3). A mathematical model is a well
predictive tool for the experiment results when F-value is large (the value is greater than
that from the tabulated value of F-distribution for a certain number of degrees of freedom
with a certain significance level) or P-value is small (the value is less than 0.05 for the 95%
confidence level) (Alidokht et al., 2011; Kakavandi et al., 2016). The selected model is
considered to be statistically significant or adequate for describing the experimental results
because, at the 95% confidence level, the obtained P-value (<0.001) for the model is lower
than 0.05 and the associated F-value was 84.58 obviously greater than the calculated
tabulated F-value (Foos, 14, 16 = 2.68). (Nair et al., 2014) suggested that a model is suitable
and has a good prediction efficiency if the value of R? is close to 1 and more comparable to
the value of R%-adj, and if R* and R’-adj are largely different, a model may include
statistically insignificant terms. From the ANOVA results, the values of R* and R*adj of
the predicted model were 0.9867 and 0.9750, respectively, which is very close to 1 and
comparable to each other. It implies that the model satisfactorily provides a goodness of fit
to the experimental results and only 1.33% of the total variations for the adsorbate

adsorption efficiency could not be explained by the empirical model.
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Table 6.3 ANOVA table for response surface quadratic model

Degree of Sum of Adjusted mean
Source F-value P-value
freedom squares square
Model 14 19048.8 1360.63 84.58 <0.001
X 1 955.3 955.32 59.38 <0.001
X 1 2580.0 2579.99 160.38 <0.001
X3 1 9942.8 9942 .81 618.05 <0.001
X4 1 73.3 73.34 4.56 0.049
XiX 1 27.1 27.09 1.68 0.213
XoXs 1 2350.3 2350.28 146.10 <0.001
X5X5 1 2962.3 2962.27 184.14 <0.001
XaX4 1 70.1 70.06 4.36 0.053
X1X 1 1.9 1.91 0.12 0.735
X1 X3 1 160.2 160.19 9.96 0.006
XXy 1 3.8 3.77 0.23 0.635
XX 1 70.9 70.88 4.41 0.052
XXy 1 28.4 28.36 1.76 0.203
X3X4 1 76.3 76.30 4.74 0.045
Residual 16 257.4 16.09
Total 30 19306.2

R?=0.9867, R%*-adj=0.9750

Figure 6.3 indicates the graphical plot representing the relationship between

the predicted values and the actual values of the response.
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Figure 6.3  Correlation of the experimental and predicted results of the response

The recorded measurement of the adsorbate adsorption efficiency (the
response) in the real batch experiments provides the actual data set. The measure of the
adsorption efficiency generated through the chosen mathematical model was the predicted
data set. The agreement degree of the two data sets is evaluated in accordance with the
value of the coefficient of determination obtained from a linear regression. The R? of the
correlation between the predicted and actual data was found to be 0.9874, implying that the
predicted values match the experimental values reasonably well.

Graphical methods such as normal probability plot and residuals versus the
predicted value plot were applied to observe the nature of residual data (the difference
between experimental and predicted values) for evaluating the proportionality of the model.
The model with high proportionality should have a normal distribution of residual. For
normal probability plot, the data is considered as a normal distribution when the plotted
points are close to the fitted straight line (Rostamiyan et al., 2014). As presented in Figure

6.4a, the plotted points were apparently closer to the distribution line, indicating the data
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was normally distributed. On the other hand, the plotted points in the residuals versus
predicted values scattered without obvious pattern, implying that the residuals were
randomly distributed (Figure 6.4b).

The significance of each term of the model could be statistically checked
using the P-value. At the 95% confidence level, the term is statistically significant if the P-
value is lower than 0.05. From the ANOVA analysis (Table 6.3), all individual terms (X,

X, X3, and Xy) (p<0.05) were significant to the response.

99
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°
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Figure 6.4  Residual plots for the response: normality plot (a) and residual versus fitted

result (b)
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For the quadratic or square terms, XX, and X3X3 were highly significant.
The P-value of X4X4 was 0.053 (slightly greater than 0.05) implying very least insignificant
and could be included in the model. For the interaction terms, X;X; and X3X; were
significant for this response. It was also worth-noticing that X,X3; had P-value of 0.052,
indicating less non-significant and possibly to be added. The developed model equation to
be used as predictor for the response should be eliminated non-significant term.

The individual or interactive effect of parameters on the adsorbate adsorption
efficiency using the new developed adsorbent in term of the numerical percentage effect
can be measured using the Pareto analysis. The analysis is possibly to identify factors that
have the greatest cumulative effect or the least effect on the response. The calculation is in
accordance with the following equation:

Pi = (b)/X(b)" x 100 _(i£0) (6.5)
where b is the related regression coefficient of the parameter. The analysis results are
illustrated in Figure 6.5. It clearly indicated that among the designed factors, solution pH
(47.69%), initial concentration (37.07%), and adsorbent dose (14.26%) provide the highest

effect on the response.

X4X4 74 0.23

47.69

X,40.22

I L I L T D T s T

0 10 20 30 40 50 60
Percentage effect (%)
Figure 6.5  Pareto graphic analysis for the percentage effect of the investigated factors
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6.3.3 Effect of variables

The three dimensional (3D) response surface and contour (2D) plots were
developed based on the model equation in order to view interactive effects on the predicted
response value by establishing various interactions of the investigated parameters. The plots
were created by varying two variables within the designed range and keeping the other two
constant. Figure 6.6a and 6.6b represents the 3D surface plot and associating 2D contour
plot for the response in term of the interaction effect of solution pH and initial
concentration, respectively. The high adsorption efficiency area represented by the darkest
green color (> 95%) can be seen for the range pH of 3.5 to 7.5. The adsorption rate moved
toward lower efficiency when increasing in pH values.

It is well known that the pH of the solution plays an important role in the
adsorption of heavy metals because it controls the surface charge of the adsorbent and
speciation of metallic species (Prakash et al., 2008; Srivastava et al., 2015). In water, As(V)
mainly exists in the form of H;AsOy4 at pH less than 2.2, H,AsO, at pH between 2.2 and
6.98, HAsO4* at pH between 6.98 and 11.5, and AsO,’" at pH above 11.5 (Chang et al.,
2010). As(III) species occur as: H3zAsOs; (pH<9.2), H,AsO; (9<pH<12), HAsO;>
(12<pH<13), and AsO3” (pH>13) (Mohan and Pittman, 2007). The surface of the adsorbent
in this study was more positively charged for the acidic condition and predominated the

negative charge for the alkaline pH (Te et al., 2017b).
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Figure 6.6  The 3D response surface (a) and 2D contour plots (b) of As(V-+III)

adsorption efficiency in terms of initial solution pH and initial adsorbate

concentration

This implied that the unfavorable electrostatic interaction or the electrical
repulsion between the adsorbent and the adsorbate occurs for the high pH regions and
results in low adsorption efficiency. The occurrence of low adsorption efficiency region
was observed when the initial concentration was greater than 1.5 mg/L. It could be due to
insufficiency of active sites of the adsorbent surface at a fixed amount of 10 g/L in this case
to adsorb more available adsorbate.

Figure 6.7a and 6.7b illustrates the 3D surface and 2D contour plots for the

interactive effect of solution pH and adsorbent dose on the response by constantly holding
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initial concentration and contact time, respectively. It can be clearly seen that increasing
adsorbent dose to above 10 g/L produced the highest removal percentage region within the
pH range of 4 to 8. It occurred as expected because increasing in dose leads to having more
available reactive sites for enhancing the adsorption between adsorbate and adsorbent.
However, the adsorption efficiency becomes low when the amount of adsorbent is further
increased. This is due to the reduction of effective surface area and adsorbate/adsorbent

ratio (Ahma and Hasan, 2016).
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Figure 6.7 The 3D response surface (a) and 2D contour plots (b) of As(V-+III)

adsorption efficiency in terms of initial solution pH and adsorbent dose

The adsorbate adsorption efficiency in term of the combined effect of initial
concentration and contact time at pH 7 and adsorbent dose 10 g/L is shown Figure 6.8a and

6.8b, respectively. As can be seen in the contour plot from this figure, the removal
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efficiency increased with increasing in reaction time. Longer contact time means that it
ensures to have enough amount of time for facilitating the interaction of adsorbate and

adsorbent in the adsorption process.
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Figure 6.8 The 3D response surface (a) and 2D contour plots (b) of As(V-+III)

adsorption efficiency in terms of contact time and initial adsorbate

concentration

It is also observed that the reaction time to achieve the maximum adsorption
rate takes longer as the initial adsorbate concentration increase. This may be due to the
increase of adsorbate/adsorption sites. For higher initial concentration, it has more available

adsorbate ions to fill on the limited number of adsorption site which leads to increasing time
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for removal. On the other hand, Alidokht et al. (2011) suggested that at high adsorbate
concentration, it may create the passivation on the adsorbent surface with the consequent
loss of its reactivity.
6.3.4 The process optimization and its validation

Response optimization involves defining independent variable settings that
collaboratively produce the optimized arsenic adsorption efficiency, and its satisfactory is
measured by the composite desirability (Rao and Baral, 2011). The desirability is scaled
from 0.0 (undesirable) to 1.0 (very desirable) (Shahamirifard et al., 2016). In this work, the
process optimization was evaluated by Response Optimizer of Minitab. Figure 6.9 presents
the optimization plot of independent variables (contact time, solution pH, dose and initial
concentration) affecting the predicted adsorption efficiency. Independent variable settings
on the plot could be adjusted by moving the vertical red line to obtain more desirable
predicted responses. The results suggested that the ideal condition to achieve the most
desirable adsorption efficiency of 99.9321% is contact time (52h), solution pH (7),
adsorbent dose (10g/L) and initial concentration (0.5mg/L). The predicted desirability (d
and D) was found to be 1, implying that the selected optimized condition is suitable for
production the maximum As(V-+III) adsorption efficiency. The optimum condition has been
applied in the batch experiment for removing coexisting arsenate and arsenite aqueous
solution by the mesoporous pellet adsorbent to validate the model. The results indicated that
the removal efficiency was 99.8%, comparable enough to the predicted value. It suggests
that the process optimization on simultaneous removal of arsenate and arsenite from water
using the new developed mesoporous adsorbent is valid and adequate in the range of

investigated parameters.
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Figure 6.9  Response optimization plot for the adsorbate adsorption efficiency

6.4 Conclusion

The composite central design under response surface method was successfully
applied to study the process optimization of the batch operational parameters. The ANOVA
analysis suggested the second polynomial mathematical model should be used and its
adequacy was supported by F-value, P-value, R? and Rz-adj. The residual data was
confirmed to have a normal distribution by the residual and normality plots. Initial solution
pH, adsorbent dose and initial concentration provided the most percentage effect on the
response. The optimum values of contact time, initial pH, adsorbent dose and initial
adsorbate concentration were 52 h, 7, 10 g/L and 0.5 mg/L, respectively. The confirmatory
experiment is in agreement with the predicted model. The presented study process is
simple, time saving and cost-effective to provide one specific optimum condition to remove
highly toxic and carcinogenic pollutant by the adsorbent produced from the low cost and

availability of raw materials.



CHAPTER VII

ADSORPTION OF ARSENIC FROM WATER BY IRON

MIXED CLAY POROUS PELLET IN A FIXED-BED

COLUMN

7.1 Introduction

Arsenic is a toxic and carcinogenic element, and it is necessary to treat elevated
arsenic contaminated water to safe drinking level. Most studies of arsenic adsorption from
aqueous solutions are primarily batch systems. The batch experiments are popularly
conducted in the laboratory to determine adsorption capacity of adsorbents that can be used
to design for a certain scale of treatment system; however, it is just more suitable for
treating small volume of polluted water, requires large amount of adsorbents for a large
volume of system, and is not popular in the real applications (Auta and Hameed, 2014; Lim
and Aris, 2014). A fixed-bed adsorption is a dynamic system designed for allowing the
introducing contamined liquid come in contact with a certain amount of adsorbent in a
column (Malkoc and Nuhoglu, 2006). The dynamic system is easily scaled up, simple to
operate, cost effective and practical for a treatment application (Lim and Aris, 2014;
Nguyen et al., 2015). The continous fixed-bed adsorption column is generally performed to
obtain the column breakthrough for determining the operation life span of the bed and some
basic engineering data that provide accurate scale-up information regarding the column
operation system (Maji et al., 2012).

However, a report on the removal of arsenic from water using clay supported metal

oxides or elemental iron in a continuous fixed-bed column system is still limited.
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Furthermore, the results of arsenic removal in the batch adsorption experiments by iron-
mixed mesoporous pellet adsorbent were found to be encouraging (Te et al., 2017b).
Therefore, arsenic adsorption from aqueous solutions in a dynamic system should be
performed to obtain sufficient engineering data for designing the pilot scale filter for the
filed test.

The main objective of the present research is to investigate the effect of bed height,
flow rate, solution pH and initial concentration on the adsorption of arsenic from water by
iron mixed mesoporous pellet in a continuous fixed-bed column. The obtained breakthrough

profiles were fitted with various models.

7.2 Materials and methods

7.2.1 Reagents
Stock solutions (100 mg/L) of As(Il) and As(V) were prepared by
dissolving appropriate amount of sodium arsenite (NaAsO,) and sodium hydrogen arsenate
(Na;HAsQy4) into deionized (DI) water, respectively. Further diluted As(III) or As(V)
concentrations required in the experiment were freshly made. NaOH or HCI with
appropriate concentrations was used to adjust the solution pH.
7.2.2 Adsorbent preparation and its characterization
The detail procedure of the adsorbent development is mentioned in previous
work (Te et al., 2017b). Briefly, iron mixed porous pellet adsorbent was prepared by
binding natural clay (NC) to iron oxide (Fe;Os3), iron powder (IP) and rice bran (RB). The
mixture was carried out at a ratio of 52.15% (NC):19.22% (Fe,03):28.63% (IP) and 15% of
RB was added for improving the porosity. The mixture was homogeneously mixed by
adding deionized water slowly to produce a paste form. The paste was strongly stirred by

hand for about 5-10min and dried at 104+1°C for 24h, and further heated at 600°C for 2-3h
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in a muffle furnace to carbonize the presence of rice bran. After cooling down, the product
was sized and sieved for desired particle size of 0.6-1.12mm. The adsorbent was kept in a
dry and clean container for further experiments.
7.2.3 Fixed-bed adsorption experiments

The continuous fixed-bed adsorption experiments were conducted in
polyethylene columns of 4.1 cm inner diameter and 31 cm height at room temperature (25 +
IQC). The experimental set up of the continuous fixed-bed column system is presented in
Figure 7.1. The columns were saturated with DI water for a certain period of time before the
influent solutions were introduced upward to the columns at appropriate flow rates
controlled by peristaltic pumps (WATSON MARLOW 505S, Watson-Marlow Fluid
Technology Group, US). The first 1 cm at the bottom and top of the columns were filled

with clean medium size sand to provide uniform and homogenous flow.

: Influent As(TIT) or As(V)
: Peristaltic pump

: Medium grain size sand
: Adsorbent

: Effluent

h b W -

Figure 7.1  The schematic diagram of the continuous fixed-bed column packed with the

adsorbent
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In this study, the effects of influent feed flow rate (12.5, 17 and 20.5
mL/min), adsorbent bed height (5, 10, 15 cm), initial adsorbate concentration (500, 1000
and 2000 pg/L), and adsorbate solution pH (5, 7 and 9) were evaluated by the breakthrough
curve. The summary of experimental conditions is summarized in Table 7.1. The samples
were collected at preset time intervals, filtered through 0.22 um syringe filter, acidified and
analyzed for arsenic concentration by ICP-OES (Optima 8000, PerkinElmer, USA).
Sampling of column effluent was done until a constant concentration of adsorbate was
obtained.

7.2.4 Application to the real arsenic contaminated groundwater

The same column with iron mixed porous pellet adsorbent was used to treat
arsenic contaminated groundwater in Cambodia. The physical-chemical water quality
parameters of the raw groundwater were analyzed using various methods. The experimental
conditions of the column were as follow: influent flow rate 7 mL/min; adsorbent bed depth
10 cm; and room temperature. Effluent samples were immediately preserved by
acidification and stored at 4°C until arsenic analysis.

7.2.5 Fixed-bed column data analysis

The performance of column is usually evaluated with the concept of
breakthrough curve. This curve can be obtained by plotting C/C, (where C, and C, are the
influent and effluent concentration of adsorbate, respectively) versus time (t). The
adsorption capacity of adsorbate at breakthrough and saturation point can be calculated

using the following equation (Lin et al., 2017):

_QC &
%=y 0 (7.1)
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Table 7.1 Experimental conditions of the continuous fixed-bed column for As(IIl) or

As(V) adsorption by iron mixed porous pellet adsorbent at room temperature

H Q v Co Initial Pbed
M (g) €bed
(cm) (mL/min) (cm/min) (pg/L) pH (g/em’)

5 17 1.29 500 7 4797 0.727  0.633
Bed

10 17 1.29 500 7 9594 0.727  0.633
height

15 17 1.29 500 7 14391 0.727  0.633

10 12.5 0.95 500 7 9594 0.727  0.633
Flow

10 20.5 1.55 500 7 9594 0.727  0.633
rate

10 17 1.29 500 7 9594 0.727  0.633

10 17 1.29 500 7 9594 0.727  0.633
Co 10 17 1.29 1000 7 9594 0.727  0.633

10 17 1.29 2000 7 9594 0.727  0.633

10 iz 1.29 500 -, 9594 0.727  0.633
Initial

10 17 1.29 500 7 95.94 0.727  0.633
pH

10 17 1.29 500 9 95.94 0.727  0.633

Note: H= bed height; Q= Feed flow rate; v = superficial velocity; C, = initial adsorbate

concentration; M= Adsorbent mass; pyeq = bed density; epeq= bed porosity

where Q (L/h) is the volumetric flow rate; M (g) is the mass of adsorbent packed in the

column; I; a —%)dt is the numerical integration of the area above the breakthrough curve

o

and could be estimated by trapeze method as follow:

(-EpettefEHELE)
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where C/C, is the saturation point; t, and t,s; are the n and (n+1)th time point (h),
respectively; (Cy/Co)n and (Cy/Co)n:i are the ratio of the n™ and (n+1)™ effluent
concentrations over the initial influent concentration, respectively.

The mass transfer zone (MTZ) defined as the length of the adsorption zone

in the column can be obtained from (Cruz-Olivares et al., 2013):

MTZ = H(l—:—bj (7.3)

where MTZ (cm) is the length of the mass transfer zone; ty (min) is the breakthrough time;
and ts (min) is the exhaustion time.

The empty bed contact time (EBCT) in the column can be calculated by the
following equation (Lin et al., 2017):

bed volume (mL)

EBCT (min) =
(mmin) flow rate (mL/min)

(7.4)

The fractional bed utilization (FBU), defined as the ratio between the
adsorption capacity at breakthrough time and at saturation time, can be expressed by the

following equation (Lemus et al., 2017):

FBU (%) = 2 x 100 (7.5)

g

7.3 Results and discussion

7.3.1 Adsorbent characterization
The adsorbent exhibits a BET surface area of 19.393 mz/g, total pore volume
of 0.0978 cm’/g and mean pore size of 20.169 nm (Table 7.2). The pore size distribution, as
well as the mean pore size significantly presents between 2nm and 50nm, implying that it is
a mesoporous adsorbent as defined by IUPAC classification for pore size ranges (Kuila and

Prasad, 2013).
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Table 7.2 The main physico-chemical characteristics of the adsorbent
Parameter Value
Particle size (mm) 0.6-1.18
BET surface area (m?/g) 19.393
Total pore volume (cm’/g) 0.0978
Micropore volume (cm’/ g) 0.0011
Mesopore volume (cm’/g) 0.0967
Mean pore size (nm) 20.169

Elemental analysis (wt. %)

Si 21.829
Al 7.251
Fe 25.78
Point of zero charge (pH ) 7.50
Particle density, p,, (g/cm’) 1.986
Skeletal density, pu, (g/cm’) 2.465
Particle porosity, €, 0.194

Regardless the presence of oxygen, elemental composition analyzed by XRF
indicated that the main constituent elements of porous pellet adsorbent were Si (21.829%),
Al (7.251%), and Fe (25.780%).
7.3.2 Continuous fixed-bed column studies
The performance of the fixed-bed column systems has been evaluated
through analyzing the plot of breakthrough curves. From the breakthrough curves
constructed from the experimental data, the point with the effluent concentration (C;) of 10

ug/L was defined as a breakthrough point and the point corresponding to 95% of the
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influent concentration was considered as a saturation point. The breakthrough curves also
provide the value of the breakthrough time (t,), adsorption capacity in the breakthrough
point (qp), removal percentage in the breakthrough point (%Ry), saturation time (t;),
adsorption capacity in the saturation point (qs), removal percentage in the saturation point
(qs), mass transfer zone (MTZ) and volume treated in the saturation time (V) (Table 7.3).
The change in the column operating parameters, i.e., influent flow rate, adsorbent bed
height, adsorbate initial concentration and initial solution pH, greatly affects the outcome of
the breakthrough curve pattern.
7.3.3 Effect of flow rate

The effect of flow rates on adsorption of either As(Ill) or As(V) in the
continuous fixed-bed column packed with iron-mixed porous pellet adsorbent was
examined with the flow rate of 12.5, 17 and 20.5 mL/min at an initial concentration of 500
ug/L of As(II) or As(V) solution (pH =7 £ 0.1) and at the adsorbent bed height of 10 cm.
For both As(Ill) and As(V) adsorption, the breakthrough curves for lower flow rates
appeared as more gradual curves and they became significant steeper when the flow rates
were increased to 20.5 mL/min (Figure 2). As the flow rate increased from 10.2 to 20.5
mL/min, the breakthrough time of As(IIl) and As(V) decreased from 37.53 to 6.15 h and
from 24.78 to 3.15 h, respectively, and the saturation time of As(IIT) and As(V) decreased
from 137.53 to 59.07 h and from 124.35 to 49.23 h, respectively (Table 7.3). This is due to
the amount of interaction time between adsorbate and adsorbent. Longer time that allows
metal ions access to more binding sites within the pores of the adsorbent happens to slower
flow rate (Cruz-Olivares et al., 2013), implying the gradual occupancy toward saturation
point. Higher flow rate provides insufficient residence time for more effective interaction of
metal ions with active sites and for diffusion into the pores to occur (Jain et al., 2013),

leading to have a steeper inclination of the breakthrough profiles.
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Figure 7.2  Effect of flow rate on adsorpton breakthrough curves of As(IIl) or As(V) by
the adsorbent (initial As(III) or As(V) concentration: 500ug/L; initial

solution pH: 740.1; temperature: 25+1°C; adsorbent bed height: 10 cm)

Increasing the flow rate from 12.5 to 20.5 mL/min allows decreasing the
MTZ of As(IIl) and As(V) from 7.27 to 8.96 cm and from 8.01 to 9.36 cm, respectively,
decreasing the FBU of As(IIl) and As(V) from 36.64 to 19.77% and from 34.58 to 19.54%,
respectively, and also decreasing the EBCT of As(Ill) and As(V) from 10.53 to 6.45 min
and from 10.53 to 6.45 min, respectively (Table 7.3). Ahmad and Hameed (2010) and
Dutta and Basu (2013) suggested that the rate of mass transfer or mass transfer zone (MTZ)
increases with increasing flow rate, resulting in faster breakthrough or saturation. With
increasing in the flow rate, the saturation adsorption capacity of As(Ill) and As(V)

decreased from 338.93 to 187 pg/L and from 263.11 to 97.64 pg/L, respectively (Table
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7.3). Lower adsorption capacity at higher flow rate occurred because introducing influent
into the column at a fast velocity rate makes the solute leave prior to reaching equilibrium
and reduces the adhesion of adsorbate to the adsorbent due to the break of the film
surrounded by adsorbent particle (Ahmad and Hameed, 2010; Singh and Pant, 2006).

7.3.4 Effect of bed height

The breakthrough curves of various adsorbent bed heights (5, 10, or 15¢m) at
initial As(II) or As(V) concentration of 500 pg/L (pH = 7 + 0.1) and flow rate of 17
mL/min are presented in Figure 7.3. For both As(IIl) and As(V) adsorption cases, the
behavior of the breakthrough curves looked similar and was observed to have lower
inclination at higher bed heights, indicating the saturation point was reached slowly after
passing the breakthrough point.

With the increase of the bed height from 5 to 15 cm, the breakthrough time
increased from 6.78 to 31.28 h and from 5.18 to 19.56 h for As(IIl) and As(V) adsorption,
respectively, and the saturation time increased from 71.54 to 141.44 h in case of As(IIl) and
from 56.48 to 131.74 h in case of As(V) (Table 7.3). Higher bed height contains larger
amount of adsorbent to provide more available adsorption binding sites, resulting in a
longer time needed to reach the breakthrough and saturation points. A longer saturation
time might contribute to the long residence time for a sufficient interaction between
adsorbate and adsorbent, leading to increase in the adsorption capacity at a higher bed
height (Jang and Lee, 2016). However, an increase in bed height from 5 to 15 cm led to a
decrease of the saturation adsorption capacity of the adsorbent from 369.26 to 314.63 ug/L
and from 256.61 to 236.28 pg/L for As(IIl) and As(V) adsorption, respectively (Table 7.3).
This is probably due to inaccessibility of ions to all available surfaces of the adsorbent
(Nazari et al., 2016). This suggested that a better and beneficial performance of the

adsorption was with a relatively low bed height of the adsorbent.
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Figure 7.3  Effect of adsorbent bed height on adsorpton breakthrough curves of As(III)
or As(V) by iron mixed porous pellet adsorbent (initial As(III) or As(V)

concentration: 500ug/L; initial solution pH: 7+0.1; temperature: 25+1°C;

influent flow rate: 17 mL/min)

7.3.5 Effect of initial concentration

Initial concentration is one of the main factors influencing on the
performance of adsorption in the fixed-bed column because a certain amount of adsorbent
can only uptake a particular amount of the solute. The effect of influent As(IIl) or As(V)
concentrations (500, 1000 or 2000 ng/L) on the breakthrough curve, as shown in Figure 7.4,
was investigated with the solution pH of 7 + 0.1 at a constant flow rate of 17 mL/min and a
bed height of 10 cm. For both As(Ill) and As(V) adsorptions, the breakthrough profiles

were similar by having a relatively flatter shape for lower initial concentrations and having
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a shaper shape for higher initial concentration. The flatter slope may attribute to a relatively
wide use of MTZ suggesting a film controlled the adsorption process while the steeper
slope may be due to a relatively small use of MTZ suggesting an intra-particle diffusion
controlled the adsorption process (Afroze et al., 2015; Baral et al., 2009). For both cases,
prolonged breakthrough and saturation times occurred at lower initial concentration
whereas higher initial inlet concentration provided quicker breakthrough and saturation

times (Table 7.3).

As(11T)

0.8
U 0.6
) e 500 ppb
0.4+ = 1000 ppb
] A 2000 ppb

— Thomas model
----- Adams-Bohart model

e 500 ppb
® 1000 ppb

A 2000 ppb
= Thomas model
_____ Adams-Bohart model

90 ' 15_0 ' l%O
Time (h)

Figure 7.4  Effect of initial concentration on adsorpton breakthrough curves of As(III) or

As(V) by the adsorbent (adsorbent bed height: 10 c¢m; initial solution pH:

7+0.1; temperature: 25+1°C; influent flow rate: 17 mL/min)
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This can be reasoned by the fact that a lower initial concentration caused slower transport
due to decreased diffusion coefficient and a higher initial concentration provided larger
amount of solutes to cover available binding sites of adsorbent more quickly (Afroze et al.,
2015). As the initial influent concentration increased from 500 to 2000 pg/L, the saturation
adsorption capacity of the adsorbent increased from 453.65 to 465.96 ng/g and from 339.89
to 352.22 ng/g for As(Ill) and As(V) adsorption, respectively (Table 7.3). This might be
attributed to the increase of driving force and the decrease in the mass adsorption transfer
zone resulting from increasing initial influent concentration, implying that the driving force
is strong enough for the transfer process to overcome the mass transfer resistance (Baral et
al., 2009; Jang and Lee, 2016).
7.3.6 Effect of initial pH

The effect of initial pH on the adsorption of either As(Ill) or As(V) in the
iron-mixed porous pellet adsorbent packed column was investigated at pH of 5, 7 and 9
(representing an acidic, neutral and alkaline condition, respectively) while keeping the
adsorbent bed height of 10 cm, initial adsorbate concentration of 500 ng/L, and influent
flow rate of 17 mL/min. For both cases, increasing the value of initial pH made the
breakthrough curves shift from right to left, as shown in Figure 7.5, implying that the
breakthrough and saturation points were obtained quicker when the influent solutions were
becoming alkaline media. With the increase of pH from 5 to 9, the adsorption capacity
decreased from 405.51 to 240.32 pg/g and from 393.84 to 154.26 pg/g for As(Ill) and
As(V) adsorption, respectively (Table 7.3). The solution pH is one of the most important
experimental factors for the adsorption process because of its influences on the ionic states
of the functional groups of the adsorbent and metal species in the solution (Han et al.,
2006). It is suggested that a solid surface is positively charged when the pH is below pHp,.
and predominates with negative charges when the pH is above pH,,. (Wang et al., 2014). In

this study, the point of zero charge of the adsorbent is 7.50.
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Figure 7.5  Effect of initial solution pH on adsorpton breakthrough curves of As(IIl) or
As(V) by iron mixed porous pellet adsorbent (adsorbent bed height: 10 cm;
initial As(IIT) or As(V) concentration: 500 pg/L; temperature: 25+1°C;

influent flow rate: 17 mL/min)

On the other hand, in natural water, the As(IIl) species occur as H3AsOs (pH <9.2) and
H,AsO3" (9<pH<I12), and the As(V) species are mainly in the form of HyAsO4
(2.2<pH<6.98) and HAsO4> (6.98<pH<11.5) (Chang et al., 2010; Mohan and Pittman,
2007). Therefore, the repulsion between the negative species of both As(IIl) and As(V) and
the negative surface of the adsorbent with increase in initial pH to the alkaline condition
results in lower adsorption capacities.

7.3.7 Kinetic models of the fixed-bed column adsorption
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Experimental continuous fixed-bed adsorption column can be used for
designing and predicting the performance of practical full size columns. In the present
study, Thomas, Adams-Bohart, Klinkenberg, and Bed Depth Service Time (BDST) models
were applied for fitting the breakthrough curves, as well as the calculation of the column
kinetic parameters and adsorption capacity of the fixed-bed columns.

7.3.7.1 The Thomas kinetic model

The Thomas model commonly used to fit the experimental
data of a fixed-bed column assumes that the adsorption is limited by mass transfer at the
interface and the adsorption experimental data is well described by Langmuir isotherms and
second-order kinetics (Foo et al., 2013). The model has the non-linear form as follow
(Thomas, 1944):

1

—L = (7.5)
% exp(KTth g - KThCOtj

OO

where Ky (ml/min/mg) is the Thomas rate constant; qp (mg/g) is the As(Ill) or As(V)
adsorption capacity; m (g) is the mass of adsorbent used in the column; and Q (mL/min) is
the volumetric flow rate. The value of correlation coefficient (R*) is used as an indicator for
evaluating the performance of the model. The closer the correlation coefficient is close to 1,
the better the performance of the model is to describe the data. Fitting the model to the
experimental data of the breakthrough curves at different adsorption parameters such as the
influent flow rate, adsorbent bed height, initial adsorbate concentration and initial solution
pH is illustrated in Figure 2-5. The kinetic parameters of the Thomas model such as Thomas
rate constant (Kry), adsorption capacity (q,) and correlation coefficient (R2) determined by

non-linear regression analysis are presented in Table 7.4.
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The non-linear fitting of the model provided with higher
values of R* ranging from 0.9794 to 0.9984 and from 0.9557 to 0.9968 for As(IIl) and
As(V) adsorption, respectively. Plus, the calculated adsorption capacities ( in the ranges of
208.30-509.27 pg/g and 99.02-430.89 ug/g for As(Ill) and As(V) adsorption, respectively)
are comparable enough to the experimental adsorption capacities (in the ranges of 187.86-
466.27 ng/g and 154.26-393.84 pg/g for the adsorption of As(IIl) and As(V), respectively).
This suggested that the Thomas model was more accurate and described well the
performance of the experimental breakthrough curves for both cases. Better applicability of
this model for these adsorption cases may be due to their batch adsorption data were well
fitted to the Langmuir and second-order kinetic models (Te et al., 2017b).

Increasing in the influent flow rate of either As(IIl) or As(V)
led to an increase of the Ky, values probably due to the decrease of mass transport
resistance and axial dispersion (Roy et al., 2013). Contradictorily, with introducing higher
initial adsorbate concentration in the column system, the value of Kt decreased while the
value of q, increased because the driving force for adsorption is the concentration
difference between the ions on the adsorbent surfaces and in the solution (Chen et al.,
2012). For both cases, the values of Ky, and g, decreased with the increase of the adsorbent
bed height. This may be due to the increase of mass transport resistance and the axial
dispersion (Ghosh et al., 2014).

7.3.7.2 The Adams-Bohart model

The Adams-Bohart model is typically used for describing the
initial phase of a breakthrough curve (C/C,<0.5) and its assumption is that the adsorption
rate is controlled by external mass transfer and equilibrium is not instantaneous (Wang et

al., 2015). Its non-linear form can be expressed as follow (Bohart and Adams, 1920):

gzexp(KABCOt—KABNO ij (7.6)
C v

(o]
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where Kap (L/min/mg) is the kinetic constant; N (mg/L) is the saturation concentration; H
(cm) is the bed depth of column; v (cm/min) is the linear velocity and can be calculated by
dividing the flow rate to the column section area. Apparently, fitting the model to the whole
range of experimental data provides worse performance of the model (Figure 7.2-7.5)
compared to application of the model to only the breakthrough data less than 0.5 (Figure
7.6-7.9). It is supportive that this model is just appropriate for analyzing the initial part of a
breakthrough curve.

The values of Kag and N, of the model applied to the
breakthrough curve (Ct/Co <0.5) were calculated from the non-linear equation and are
presented in Table 7.5. For both As(Ill) and As(V) adsorption cases, the constant Kap
increased, but N, had an inconsistent change with an increase of the flow rate. Both Kap
and N, decreased with an increase of the bed height for both adsorption cases. In case of
As(II) adsorption, increasing the initial concentration tended to decreasing the value of

Kag, but increasing N,,.



Figure 7.6

127

0.6
1 As(1II)
0.5 ;
\ ; . .
0.4- I o A
o - A / /
< 03 :' s -
O 4 > / i
: f O ® (2.5 mL/min
021 & o :
' A/ o w ® |7 mL/min
; i A 20.5 mL/min
2 ® uid® @ @~ Adams-Bohart model
0.57 A N '
4 “ ! '.l
044 | o
o 14 'l ¢
= 039 | i M
S B 18 ®  12.5 mL/min
0.2 4 y & :
i o’ 4 ® |7 mL/min
0.1- 4 . - A 20.5 mL/min
. /o _ M
Ya '#' ----- Adams-Bohart model
0.0 T ® T v T T T
0 30 60 920 120 150
Time (h)

Prediction of the Adam-Bohart model with different flow rate on adsorpton
breakthrough curves of As(III) or As(V) by iron mixed porous pellet
adsorbent (initial As(II) or As(V) concentration: 500png/L; initial solution

pH: 7+0.1; temperature: 25+1°C; adsorbent bed height: 10 cm)



Figure 7.7

128

0.6
- As(TIT)
0.51 A J
A /
SN
0.4+ f ,o o
o f n/
=< 0.3 i 4
O ] A ..”0 .," A Scm
0.2 ; of ¥ e [0cm
- A 194 ; .. m |5
0.1 ' u -

,‘ —‘/,
A 0’.. #’ ----- Adams-Bohart model

/ As(V)
0.5 ': . ‘:
] 4 j ,
049 | M
o 1 A ¢ >
t\j- 03] 47 P
1 a ¥ | . A Scm
0'2—_ A 0’,"" ,," e 10cm
0.1 A bb ." ® |5cm
H ~~~~~ Adams-Bohart model
0.0# T . T - . . r v .
0 30 60 90 120 150
Time (h)

Prediction of the Adam-Bohart model with different adsorbent bed height on
adsorpton breakthrough curves of As(IIl) or As(V) by iron mixed porous
pellet adsorbent (initial As(III) or As(V) concentration: 500ug/L; initial
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Prediction of the Adam-Bohart model with different initial solution pH on

adsorpton breakthrough curves of As(IIl) or As(V) by iron mixed porous

pellet adsorbent (adsorbent bed height: 10 cm; initial As(II) or As(V)

concentration: 500 pg/L; temperature: 25+1°C; influent flow rate: 17

mL/min)
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The correlation coefficients (R?) obtained from the model were found to be higher than 0.9
(except for adsorption of As(II) at initial concentration of 2000 pg/L, for As(V) at bed
height of 5 cm and for As(V) at initial pH of 9). This indicates that this model can provide a
relatively satisfactory to fit the experimental breakthrough data of the column study.
7.3.7.3 The Klinkenberg model
The Klinkenberg model assumes that it has a constant fluid
velocity, negligible axial dispersion, and the linear driving force mass-transfer model. This

model is represented as below (Taamneh and Al Dwairi, 2013):

C£ {Herf(\/_ \/‘+8\[ SJ_H (7.7)

£~ (kkz 1u)=%) (7.8)
&
r=k [t —Ej (7.9)
u

where K (1/min) is the particle mass transfer coefficient; K is the Henry’s constant of the
linear isotherm equation; U (cm/min) in the interstitial fluid velocity; Z (cm) is the adsorbent

bed height; t (min) is the time; &, is the adsorbent bed porosity. The fitting method of this

model between experiment and calculation data was carried out using numerical method for
error minimization by sum of square error (SSE), and for optimization of regression
coefficient (R?) close to 1. Fitting the model to the whole range of experimental data is
illustrated in Figure 7.10-7.13. The obtained values of k and K for Klinkenberg model along

with R? are presented in Table 7.6.
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Figure 7.10  Prediction of the Klinkenberg model with different flow rate on adsorpton
breakthrough curves of As(IIl) or As(V) by iron mixed porous pellet
adsorbent (initial As(III) or As(V) concentration: 500ug/L; initial solution

pH: 7£0.1; temperature: 25+1°C; adsorbent bed height: 10 cm)
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For As(IIl) adsorption, the parameter k decreased with an increase of flow rate, but an
inconsistent change of K was observed. Lower initial concentration and initial pH provided
higher values of both k and K. Higher value of k was observed for higher bed height, but
resulted in lower value of K. For As(V) adsorption, higher value of k and K occurred for
lower flow rate. Increasing in an initial adsorbate concentration resulted in decreasing both
the value of k and K. An inconsistent change of k was observed with an increase of bed
height, but tended to decrease the K values. Lower initial solution pH provided higher
values of both k and K. For both As(III) and As(V), the R obtained from the model were
found to be higher than 0.97, implying that Klinkenberg model is better for predicting the
experimental data.
7.3.7.4 The Bed Depth Service Time (BDST) model

The BDST model is based on the assumptions that the intra-

particle mass-transfer resistance and external film resistance are negligible. The model can

be expressed as follow (Ghosh et al., 2014):

T YN A (7.10)
Co KC, |C,

2 =P | So g (7.11)
KbNb Cb

where t, (h) is the service time at the breakthrough point; H (cm) is the bed height; C,
(mg/L) is the As(Ill) or As(V) concentration at the breakthrough point; Ny (mg/L) is the
column adsorption capacity; Ky, (L/mg/h) is the rate constant of the adsorption reaction; v
(cm/h) is the linear flow velocity; Z, (cm) is the critical bed height or the length of mass
transfer zone.

The high values of the correlation coefficient R? (>0.95)
indicated that the BDST model was valid and applicable for the adsorption of both As(III)

and As(V) in this column system (Figure 7.14), implying that the variation of the time
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period for the effluent As(IIT) or As(V) concentration reaching 0.01 mg/L for different bed
height was highly linear. The constant parameters of the model and the corresponding

critical bed height were evaluated and are presented in Table 7.7.
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Figure 7.14  The plot of the Bed Depth Service Time (BDST) model on adsorpton of
As(IIT) or As(V) by iron mixed porous pellet adsorbent (inital solution pH:
7+0.1; initial As(IIT) or As(V) concentration: 500 pg/L; temperature:

2541°C; influent flow rate: 17 mL/min)

Table 7.7 Parameters for the BDST model in the fixed-bed column for As(IIl) and

As(V) adsorption by the adsorbent

Ky (L/mg/h) Nj (mg/L) Z, (cm) R’
As(IlI) 1.1682 98.29 2.62 0.9723
As(V) 33164 55.62 1.63 0.9935

Generally, a shorter bed height is required to avoid the breakthrough for large value of Ky

whereas a longer bed height is needed to avoid the breakthrough for small value of K,
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(Mohan et al., 2017). This suggests that the transfer of As(III) from aqueous solution to the
adsorbent in this system required higher bed height compared to the As(V) solution to avoid
breakthrough. The minimum bed height for producing As(IIl) or As(V) effluent within
permissible limited concentration of 0.01 mg/L is only 2.62 cm and 1.63 cm for As(IIl) and
As(V), respectively. The adsorption capacity (Np) results suggested that this column system
provided better performance toward As(III) by obtaining higher adsorption capacity of
98.29 mg/L, almost twice the As(V) adsorption capacity (55.62 mg/L).
7.3.8 Application to the real arsenic contaminated groundwater

The adsorbent packed in this column system was also applied for testing
with the real arsenic contaminated groundwater collected from Kandal Province, Cambodia.
The composition of groundwater was as follow: Arsenic (482.38 pg/L), Manganese (0.42
mg/L), Iron (6.36 mg/L), Fluoride (2.68 mg/L), Nitrate (0.83 mg/L), Chloride (12.08 mg/L),
Sulfate (3.14 mg/L), Phosphate (3.15 mg/L), Turbidity (71.7 NTU), pH (7.4), Conductivity
(700 uS/cm), and Total hardness (360 mg/L. CaCQOs). The column was charged with arsenic
contaminated groundwater using the flow rate of 17 mL/min in the up-flow mode. The
breakthrough behavior obtained for the experimental data is presented in Figure 7.15. The
profile indicated that the saturation point could not reach 95% of the influent As
concentration, but only 75%. This can be explained by the occurrence of precipitation
process between cation ions (Manganese and Iron) and As in the solution. The average iron
concentration after adsorption was found to be 0.0216 mg/L. The breakthrough times were
10.63 h with WHO drinking water guideline for As (10ug/L) and 28.08 h with Cambodia
drinking water guideline for As (50ug/L), resulting in treating As bearing groundwater
10.84 and 28.64 L, respectively. The saturation time was found to be 94.75 h with the

corresponding volume of the treated As groundwater of 96.65 L.
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Figure 7.15 The breakthrough profile for treating real arsenic contaminated groundwater
by iron mixed porous pellet adsorbent (adsorbent bed height: 10 cm;

temperature: 25+1°C; influent flow rate: 17 mL/min)

The results suggested that both breakthrough and saturation points occurred
shorter than those of the average of As(IIl) and As(V) adsorption (13.41 h and 96.63 h,
respectively). This may be due to the competition for available binding sites on the surface
of the adsorbent.

From the batch adsorption study, the presence of coexisting ions strongly
influences on the adsorption efficiency of As(IIl) and As(V) (Te et al., 2017b). The
impurities also interfere with the mass transfer between liquid and solid phases (Sun et al.,
2014). Basically, a requirement of drinking water for a person is from 2 to 4.5 liters/day
(Gleick, 1996). This proves that the adsorbent is capable of removing arsenic from elevated
contaminated groundwater in the continuous fixed-bed column to provide enough safe

drinking water.
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7.3.9 A theoretical design based on experimental results

The design of a domestic filter from the experimental results of treating real
arsenic contaminated groundwater is based on the assumption that any family with five
members should drink 10 L water per day (2 L water per person). Thus, the water
requirement per year will be 365 x 10 = 3650 L (1 year = 365 days). The experimental
column was performed with the flow rate of 17 mL/min, and if the designed domestic filter
is operated only 10 hours per day with the same flow rate, then the outlet water per day
should be 10.2 L.

The arsenic concentration in feeding groundwater is 482.38 ug/L or
approximately 0.48 mg/L, so the total arsenic concentration in the 3650 L raw water will be
0.48 mg/L x 3650 L = 1752 mg-As. The experimental results indicated that the
breakthrough time of the column would be 10.63 h, corresponding for obtaining the
adsorption capacity of 40.54 pg/g or approximately 0.04 mg-As/g-adsorbent. Thus, the total
required amount of adsorbent to be used for treating 1752 mg-As will be 1752/0.04 = 43800
g-adsorbent or 43.8 kg-adsorbent. The expression of the required amount of adsorbent in
terms of volume unit will be 43800/1.986 = 22054.4 cm’ (particle density of adsorbent =
1.986 g/cm’).

The dimension of domestic column filter should be selected to sufficiently

3 adsorbent used. If the column diameter is 20 cm

hold approximately 22055 cm
(approximately 5 times the lab scale column), then the required height of the column should
be (4 x 22055 cm’)/(3.14 x 20%) = 70.23 cm. To provide enough space for supporting
material like sand, the height can be chosen to be 100 cm. So, the designed column filter

with diameter of 20 cm and height of 100 cm operated with flow rate of 17 ml/min at 10

hours per day will provide drinking water of potable standard for a period of 1 year.
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7.4 Conclusion

Natural clay was successfully utilized as a binder on metal oxides or metal particles and
developed to be iron-mixed porous pellet adsorbent for adsorption application on removing
either As(IIl) or As(V) from water in a continuous fixed-bed column. Both As(IIl) and
As(V) adsorption in the column packed with this adsorbent had similar breakthrough curve
profiles while varying different adsorption parameters such as influent flow rate, adsorbent
bed height, initial solution pH and initial adsorbate concentration. However, for most cases,
a better performance toward removing As(I1I) compared to As(V) in this adsorbent packed
column system was observed. The application of the same column system to treat a real As
contaminated groundwater proves that the adsorbent still efficiently worked on removing
As with approximate concentration 50 times higher than that of WHO guideline to the

acceptable level.



CHAPTER VIII
ENCHANCING THE QUALITY OF ARSENIC
CONTAMINATED GROUNDWATER USING BIO-SAND

FILTER WITH IRON MIXED POROUS ADSORBENT

8.1 Introduction

The direct consumption of arsenic (As) contaminated drinking water, at any high
concentration, can lead to the development of many incurable or fatal diseases. In
Cambodia, large numbers of households, particularly in rural areas, still rely on
groundwater from boreholes for drinking because it is considered relatively free of
pathogens. In many regions, however, such as Kratie, Kandal, and areas south and southeast
of Phnom Penh, elevated As concentrations, exceeding the WHO recommended guideline
level of 10 pug/L, have been reported (Karagas et al., 2015; Luu et al., 2009). This may arise
from natural enrichment by geothermal activity in the upper Mekong basin (Luu et al.,
2009).

The concentration of As in groundwater in Kandal province has been reported at up
to 1,543 pg/L, with As concentrations up to 6,000 pg/L elsewhere (Kang et al., 2014; Luu
et al., 2009). Arsenic-poisoning (arsenicosis) is a major concern to millions in Cambodia as
water consumption from tube wells is high (Kang et al., 2014). Thus, treating As-
contaminated groundwater to provide potable supplies at household-scale is very necessary.

Numerous conventional, household-scale, water treatment systems are available,

mostly for enhancing the microbial quality of water, and include filtration, flocculation,
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chlorination and solar disinfection (Ahammed and Davra, 2011). Bio-sand filters (BSFs)
have been gaining more attention for household water treatment since their initial design
and development in the early 1990s, because of their high pollutant removal efficiency,
technical simplicity, cost-effectiveness, low maintenance needs, ability to produce large
volumes of treated water, and use of local materials (Baig et al., 2011; Mahmood et al.,
2011; Stauber et al., 2012). The BSF is a small-scale, intermittently operated, slow sand
filter with concrete filter bodies for household use (Ahammed and Davra, 2011; Stauber et
al., 2012). Concrete BSFs use several types of material, take lots of time to build and are
heavy, making them difficult to transport. The recently introduced plastic BSF may
overcome those drawbacks.

The conventional BSF was initially designed to remove suspended solids and
microbes using sand media, considered a non-reactive material in filtration (Baig et al.,
2011; Noubactep and Care¢, 2010). To improve its As-removal performance, more affinitive
and active media must be used. The strong affinity between inorganic As species and iron is
well known (Kang et al., 2014). Many iron-based adsorbents have shown promise in As
removal, e.g., montmorillonite-supported nanoscale zero-valent iron, porous ceramic
adsorbent, iron-mixed ceramic pellets, and iron-mixed porous pellet adsorbent (Bhowmick
et al., 2014; Chen et al., 2010; Shafiquzzam et al., 2013; Te et al., 2017b). However, those
studies were conducted in batch mode and no study has been made of the use of iron-mixed
porous adsorbent in a BSF to treat a real As-contaminated groundwater.

In this study, a plastic BSF was used, with an iron-mixed porous pellet adsorbent as
the active medium between the sand layers, to remove As from contaminated groundwater.
Preferential flow rate, filtration rate, As adsorption efficiency, pH variation, turbidity

removal, iron and organic carbon leaching, and dissolved oxygen were investigated.
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8.2 Materials and Methods

8.2.1 Adsorbent preparation

The iron-mixed porous pellet adsorbent was prepared by binding iron oxide
(19.22%), iron powder (28.63%) and rice bran (15%) with natural clay (52.15%). Iron oxide
powder (Fe;Os;) and iron powder (Feo) were purchased from Italmar chemical supply
company (Thailand) and a local supply store, respectively. The natural clay used was
collected from the field in Dankwian District, Nakhon Ratchasima 30000, Thailand.
Deionized water was added slowly to the mixture to produce a homogeneous paste, which
was stirred strongly by hand for 5 to 10 minutes and dried at 104+1°C for 24 hours, before
further heating at 600°C for 2 to 3 hours in a muffle furnace to carbonize the rice bran.
After cooling, the product was sieved to produce the desired particle size of 0.6 to 1.12 mm.
The resulting adsorbent had a specific surface (BET) of 19.393 m*/g, mean pore size 20.169
nm, particle density 1.986 g/cm’, skeletal density 2.465 g/cm’, and point of zero charge
7.50.

8.2.2 Filter installation and operation

The filter was built with 5 mm thick polyvinyl chloride (PVC) pipe bought
from the local market. It was 1 m tall with internal diameter 20 cm. It is referred to herein
as the lightweight modified bio-sand filter (LMBSF) and illustrated in Figure 8.1. The filter
consisted of 5 cm of gravel (2 to 4 cm), 5 cm of coarse sand (1.5 to 3 mm), and 60 cm of
fine sand (0.5 to 1.5 mm), the latter including a 10 cm iron-mixed porous pellet adsorbent
layer in the middle. To minimize air space development and short circuiting, the media
were placed in the filter with water present. A plastic diffusion plate, 5 cm above the
retaining water, helped distribution of the daily influent water. The filter’s maximum

holding capacity was 31.4 L and it was operated intermittently using real As-contaminated
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Figure 8.1  Schematic diagram of lightweight modified bio-sand filter (LMBSF)

groundwater collected from the field twice a day. The second charge was done 6 hours after
the first and each charge comprised 15 L. The experiments were conducted at room
temperature — i.e., 25 to 35°C. The raw water never stood, after collection, for more than 12

hours prior to being treated.

8.2.3 Influent water
The influent water was collected from a tube well at Dei Eith Primary
School, Kien Svay district, Kandal province, Cambodia, which is in a well-known As
contamination zone. The feed water characteristics are presented in Table 8.1, and it is
noted that the water’s As concentration is very high compared to the maxima recommended

by both WHO (10 pg/L) and the Cambodian authorities (50 pg/L) (Kang et al., 2014).
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Table 8.1 Characteristics of groundwater used in the experiments
Parameters Value Cambodian Standard

Arsenic (ng/L) 363.3-587 50
Manganese (mg/L) 0.42 0.10
Iron (mg/L) 4.1-6.62 0.30
Fluoride (mg/L) 2.68 1.50
Nitrate (mg/L) 0.83 50
Chloride (mg/L) 12.08 250
Sulfate (mg/L) 3.14 250
Phosphate (mg/L) 3.15 -
Turbidity (NTU) 42.5-75 5
pH 7.03-7.43 6.5-8.5
Conductivity (uS/cm) 700 1500
Total Hardness (mg/L CaCO3) 360 300
Total Organic Carbon (mg/L) 31.2-74.1 -

8.2.4 Tracer test
The tracer test was conducted to evaluate the hydraulic performance of the
filter, particularly with respect to preferential flow paths, if any. The test was run at the start
of treatment before any As-contaminated water had been put through the system. The filter
was fed with 2.5 L of 300 mg-NaCl/L solution (the tracer) after the retaining water was
decanted, after which distilled water was poured in continuously to push the tracer further
down in the media. Effluent samples were collected at pre-set time intervals and their

electrical conductivity (EC) measured is a proxy for NaCl concentration.
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8.2.5 Sample collection and parameter analysis

Influent and effluent samples were collected at the start of feeding and at the
end of the last raw water feed, respectively. Sample portions were filtered immediately
through a 0.22 um syringe filter, acidified with concentrated HNO;, and kept at 4+1°C for
As determination. The remaining samples were analyzed for parameters including turbidity,
pH, dissolved oxygen (DO), iron, and total organic carbon (TOC). The pH, DO and EC
were measured using digital meters, and turbidity was measured with a Hach turbidimeter.
Iron was analyzed by colorimetric spectrophotometry, and TOC was analyzed using the

Walkley-Black titration method. The As concentration was determined by ICP-OES.

8.3 Results and discussion

8.3.1 Tracer test

The EC values from the tracer test produced a bell-shaped curve, indicating
that the tracer concentration rose rapidly in the treated effluent and then dropped sharply to
its initial concentration while being washed out (Figure 8.2). From the cumulative fraction
data, the times for 10 and 90% tracer recovery from the filter were about 19 and 35 minutes,
respectively. Using the technique, demonstrated by Tchobanoglous et al. (2003), the Morrill
Dispersion Index (MDI) and volumetric efficiency were 1.82 and approximately 55%,
respectively. The United States Environmental Protection Agency (USEPA) classifies flow
with an MDI below 2.0 as effective plug flow, while the MDI of an ideal plug flow reactor
is 1.0 (Bradley et al., 2011). Thus, preferential flow could be established for aqueous

solutions through the media in LMBSF.
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Figure 8.2  Tracer study results for the new introduced bio-sand filter

8.3.2 Filtration rate

The filtration rate was observed by measuring the flow rates at the start
(immediately after charging), and 5 and 10 minutes after introduction of 5 L of influent.
The results are presented in Figure 8.3. The starting flow rate declined progressively from
678 to 166 mL/min after 30 days of testing. The 5 and 10 minute flow rates fell gradually
from 267 to 140 mL/min and 122 to 114.5 mL/min, respectively. The fall in hydraulic flow
rate over time was caused by the drop in water level in the headspace. The fall observed
over the test period is attributed to maturation and particle accumulation in the filter media.
Head loss accumulation has a significant effect on the time needed to provide the desired
effluent volume. The production of 15 L of As-treated groundwater was approximately 44

minutes for the first 3 operating days, but rose to about 3 hours on the last day.
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Figure 8.3  Variation of hydraulic flow rates of the filter during the treatment periods

8.3.3 Arsenic removal

The influent and effluent As concentrations, and the filter’s As-removal
efficiency are illustrated in Figure 8.4. The results show that, with the groundwater As-
concentration in the range 355 to 587 pg/L, the filter achieved removal efficiencies of
between about 97 and 99.5%, during the 30-day study period. For the first 24 days, As-
removal efficiency varied little, fluctuating slightly at over 99%, with the effluent arsenic
concentration within the WHO drinking water guideline. The removal efficiency decreased,
with significant fluctuation, after 24 days, falling to about 97% on day 30. The effluent As-
concentration on day 30 was about 16.5 pg/L, exceeding the WHO guideline, and the filter

was stopped.
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Figure 8.4  Arsenic removal from groundwater over the periods of operation

As-removal performance decreased with time, suggesting surface saturation
in the filter media. The presence of Fe in groundwater can lead to arsenic removal through
co-precipitation, when dissolved Fe is oxidized to form iron (hydro)oxide precipitates
(Roberts et al., 2004; Smith et al., 2017). However, the contribution of Fe to arsenic
removal can be altered by the presence of phosphate in groundwater, as the latter is well
known as a competitor with arsenic for adsorption sites on iron oxide (Chiew et al., 2009;
Tyruvola et al., 2006). Some previous researchers have attempted to introduce modified
bio-sand filter for arsenic removal but the efficiency of their systems was low compared to
that of LMBSF. Ngai et al. (2007) introduced brick chips and iron nails on the diffuser in
the bio-sand filter to treat groundwater (> 50 ug-As/L) and achieved arsenic removal from
88 to 95%. Similarly, Chiew et al. (2009) found that a bio-sand filter containing iron nails
could achieve As uptake efficiency between 39 and 75% from groundwater with As
concentration exceeding 146 pg/L, phosphorus > 0.91 mg-P/L and iron < 5 mg-Fe/L.

Smith et al. (2017) report that nails embedded in the top sand layer treated

influent As (226 to 240 pg/L) to achieve a maximum removal rate of 81%. Shah et al.
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(2013) used Pinus bark and brick powder in the filter’s middle sand layer to remove influent
arsenic ranging from 50 to 350 pg/L, without involving co-existing ions, and obtained As-
removal of between 80 and 100%. Baig et al. (2013) used iron-coated, honeycomb briquette
cinders in the middle sand layer and demonstrated that the As-removal efficiency from an
influent containing 200 pg/L of arsenic dropped to 60% after 24 days.
8.3.4 Variations of pH

The pH of the influent and effluent waters changed within the ranges 7.0 to
7.4 and 7.4 to 7.7, respectively (Figure 8.5). Increased effluent pH levels up to 9.0, from the
influent level of 7.5, were observed in a sand filter containing iron filings and powder
(Biterna et al., 2007). In an arsenic filter in Kanchan-Nepal, an increase of 0.37 pH units
was reported after filtration (Ngai et al., 2007). Baig et al. (2013) reported that, using their
sand filter containing iron-coated honeycomb briquette cinders, the effluent pH was in the

range 7.5 to 8.1 when the influent pH was 7.1.
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Figure 8.5  Influent and effluent pH during the operation period of the filter

The increases in pH after filtration could arise from carbonate mineral dissolution from the

sand particles, and/or the release of OH™ groups as a result of ligand exchange during
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adsorption onto the adsorbent surface (Biterna et al., 2007; Ngai et al., 2007; Tiwari and

Lee, 2012).
8.3.5 Turbidity removal

The influent and effluent turbidities ranged from 42 to 75 NTU and 0.2 to
1.6 NTU, respectively, representing removal efficiency of 97 to 99% (Figure 8.6). The filter
produced effluent turbidity below 5 NTU throughout the treatment period, perhaps because
of pollutant-ion attachment on the filter media surface as well as the presence of precipitates
from the influent. Turbidity removal by LMBSF exceeded that from some previous studies,
e.g., 93% for Kanchan (Ngai et al., 2007), up to 96% for a bio-sand filter modified with iron
oxide-coated sand (Ahammed and Davra, 2011), and up to 91.5% for a brass/zero valent

iron filter (Yildiz, 2016).
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Figure 8.6  Turbidity removal for the influent and effluent

8.3.6 Leaching of iron and total organic carbon
The influent iron concentration varied between 4.1 and 6.6 mg/L. The
effluent iron concentration, however, was between 0.01 and 0.03 mg/L, below the

maximum recommended level (0.3 mg/L) for drinking water — see Figure 8.7. Iron removal
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efficiency exceeded 99% throughout the treatment period. The dissolved iron in the influent
groundwater could be oxidized and precipitated, and then trapped in the filter media layers.
Low iron concentrations (< 0.3 mg/L) in the treated water improve its appearance and taste,
and make its use socially acceptable (Ngai et al., 2007).

Figure 8.8 shows the TOC concentrations of the influent and effluent during
the trial. The influent TOC varied between 31.2 and 74.1 mg/L — the limit of detection was
2 mg/L and TOC was never detected in the effluent. The filter removed TOC efficiently.

Even using rice bran as the porosifier, there was no leaching of organic carbon to the treated

water.
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Figure 8.7  Variation of iron concentration in the influent and effluent water during the

operation of the filter
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Figure 8.8  TOC variation in the influent and effluent water for the filter operation

8.3.7 Dissolved oxygen

The effluent DO concentration is shown in Figure 8.8. It appears that the

oxygen concentration in water passing through the filter decreased during the 30-day

treatment.
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Figure 8.9  Dissolved oxygen variation for effluent during the treatment
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Initially, the effluent DO was 8.1 mg/L, but it had fallen to 6.9 mg/L on the last day. DO
concentrations exceeding 1 mg/L could imply aerobic conditions in the filter bed (Yildiz
2016) and this might contribute to improved As-removal. The predominant arsenic species
found in groundwater is trivalent but it oxidizes quickly to pentavalent arsenic, which binds
more strongly to iron hydroxides (Baig et al., 2013). However, the results obtained may not
represent aerobic conditions within the filter bed, but rather interference from atmospheric
oxygen at the outlet during sample collection. Further research is needed to develop suitable

methods for measuring DO concentrations within the filter bed.

8.4 Conclusion

Iron mixed porous pellet adsorbent embedded in the middle sand layer of the
lightweight bio-sand filter demonstrated to have an efficient arsenic removal. With the daily
influent charge of 30 L, the effluent arsenic concentration after the filtration was lower than
the WHO guideline (10 pug/L) over 29 days of treatment time. The breakthrough
concentration would take longer than this if the Cambodian standard for arsenic (50 pg/L)
were applied. The filter was also able to efficiently remove high turbidity from the
groundwater. For a month period, turbidity of the treated water was lower than the WHO
acceptable level (5 NTU) for drinking purposes. Applying iron oxide, iron powder and rice
bran for developing the adsorbent used in the filter would not result in a health risk for their
leaching in the filtered water. Therefore, introducing the surface amended adsorbent layer in
lightweight bio-sand filter could be a sufficiently safe practice for providing arsenic safe
drinking water at household scale in the arsenic contaminated areas in Cambodia. However,
this study only accounted for one specific location as a raw groundwater source for feeding

the filter.



CHAPTER IX

CONCLUSIONS AND RECOMMENDATIONS

9.1 General conclusions

This research initiates the idea of utilizing natural clays as hosts and binders to iron
species, i.e., ferrous and ferric solutions, iron oxide, and zero valent iron (iron powder) to
be a low-cost and effective adsorbent toward arsenic adsorption from aqueous solutions.
This dissertation project consists of five main investigations: 1) preparing the iron-
impregnated calcined natural clays as adsorbents for arsenic removal from water, 2)
developing iron-mixed porous pellet adsorbent with a mixture design approach for As(III)
and As(V) adsorption, 3) optimizing the batch experimental conditions for treating a
combined As(IIl) and As(V) solution using response surface methodology, 4) removing
As(II) and As(V) in a fixed-bed column study, and 5) treating a real As contaminated
groundwater in Cambodia with a modified bio-sand filter. Their main findings are as
follow:

Natural clay could be stabilized the particle size by a calcination technique. Iron
impregnation on MC through a simple coating technique improved the iron oxide content
for MC-Fell and MC-Felll, as well as their adsorption efficiencies. The pseudo-second
order rate is the most suitable model to describe both As(II) and As(V) adsorption by all
adsorbents, except for As(IIl) removal by MC. In both adsorption cases, all adsorbents
exhibited a significant decline in the uptake efficiency for pH greater than 9. The estimated
maximum adsorption capacities of MC, MC-Fell, and MC-Felll were 46.73, 354.99 and

230.47ug/g, respectively for As(IIl) adsorption, and 250, 747.38, and 429.7ug/g,
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respectively for As(V) adsorption. Among added coexisting anions, phosphate (PO4>)
significantly decreased the arsenate adsorption capacity of all adsorbents in either As(III) or
As(V) adsorption.

The augmented simplex-centroid mixture design method was a successful and useful
tool to optimize the proportion of the constituent materials of the adsorbent. In the batch
adsorption, the optimized adsorbent expressed a favorable adsorption toward both As(V)
and As(IIl) even though the certain extent reduction of the efficiency occurred in the
presence of some anions, especially phosphate. The adsorbent maintained high adsorption
efficiency after several times of regeneration, was easily separated from the aqueous
solution, and was non-hazardous solid waste after adsorption.

The new developed mesoporous pellet adsorbent has been used to adsorb
simultaneously As(IIl) and As(V) from water in the batch mode experiment and the
composite central design under response surface method was applied to study the process
optimization based on the influence of the operational parameters such as contact time,
solution pH, adsorbent dose and initial concentration. The ANOVA analysis suggested the
second polynomial mathematical model should be used and its adequacy was supported by
F-value, P-value, R and Rz—adj. The residual data was confirmed to have a normal
distribution by the residual and normality plots. Solution pH, adsorbent dose and initial
concentration provided the most percentage effect on the response. The optimum values of
contact time, initial pH, adsorbent dose and initial adsorbate concentration were 52h, 7,
10g/L and 0.5mg/L, respectively. The confirmatory experiment is in agreement with the
predicted model.

Natural clay was successfully utilized as a binder on metal oxides or metal particles
and developed to be iron-mixed porous pellet adsorbent for adsorption application on
removing either As(IIl) or As(V) from water in a continuous fixed-bed column. Both

As(IIT) and As(V) adsorption in the column packed with this adsorbent had similar
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breakthrough curve profiles while varying different adsorption parameters such as influent
flow rate, adsorbent bed height, initial solution pH and initial adsorbate concentration.
However, for most cases, a better performance toward removing As(II) compared to As(V)
in this adsorbent packed column system was observed. The application of the same column
system to treat a real As contaminated groundwater proves that the adsorbent still
efficiently worked on removing As with approximate concentration 50 times higher than
that of WHO guideline to the acceptable level.

Iron mixed porous pellet adsorbent embedded in the middle sand layer of the
lightweight bio-sand filter demonstrated to have an efficient arsenic removal. With the daily
influent charge of 30 L, the effluent arsenic concentration after the filtration was lower than
the WHO guideline (10 pg/L) over 29 days of treatment time. The breakthrough
concentration would take longer than this if the Cambodian standard for arsenic (50 pg/L)
were applied. The filter was also able to efficiently remove high turbidity from the
groundwater. For a month period, turbidity of the treated water was lower than the WHO
acceptable level (5 NTU) for drinking purposes. Applying iron oxide, iron powder and rice
bran for developing the adsorbent used in the filter would not result in a health risk for their
leaching in the filtered water. Therefore, introducing the surface amended adsorbent layer in
lightweight bio-sand filter could be a sufficiently safe practice for providing arsenic safe

drinking water at household scale in the arsenic contaminated areas in Cambodia.

9.2 Recommendations for future works

With regard to the utilization of natural materials like natural clays for developing
cost-effective and efficient adsorbents for solving the problem of arsenic contaminated
water, some aspects as supplements to this research project are worth to fulfill in the future

works. Those are as follows.



161

Collecting natural clays from other locations or different countries for
developing clay-based adsorbents to investigate on the arsenic adsorption
Applying modified bio-sand filter to many arsenic contaminated areas to solidify
the sustainable use of this treatment system

Investigating the performance of iron-mixed porous pellet adsorbents in a
community-based water treatment plant for arsenic contaminated regions
Investigating the possibility of arsenic leaching from arsenic-bearing iron-mixed
porous pellet in the field environment and design a proper and sustainable
arsenic-bearing solid waste management

Treating wastewater containing high arsenic concentration using iron-mixed

porous pellet adsorbent
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