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Abstract.  Arsenic, which is a toxic substance in the human body, has attracted great interest due to high levels in drinking
water supplied from underground resources. Novel separation methods for arsenic removal perform innovative products
developed using nanomaterials. In this study, batch experiments were conducted for Adsorbsia GTO to obtain kinetics and
mechanisms of As(V) sorption, and then they were compared to commercially available adsorbent MTM® and natural minerals
named hematite (Fe,Os), goethite (FeOOH), and manganese dioxide (MnQ,). Adsorbsia GTO fitted slightly better to the
Freundlich Isotherm with high adsorption capacity of 27.25 mg/g at pH 4. MnO fitted to the Langmuir Isotherm very well and
resulted in the highest adsorption capacity of 0.72 mg/g in natural oxides. The kinetics of all materials were modeled with
“Infinite Solution Volume” and “Unreacted Core” models to understand reaction kinetics. Adsorbsia GTO fitted to models of
“liquid film diffusion” and “chemical reaction” with over 0.98 of R? value. Column studies showed that Adsorbsia GTO had
breakthrough and total exchange capacities of 26.5 and 84.4 mg/ml, respectively. As a natural alternative, MnO, with
breakthrough and total exchange capacities of 4.3 and 14.2 mg/ml, fitted the models of “particle diffusion” and “reacted layer” in

natural minerals.
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1. Introduction

Arsenic is present in different compounds with various
oxidation numbers, such as arsenate (As®), arsenite (As®),
arsenic (As®) and arsine (As%). It is usually present in As>*
form in water, but it is likely to be present as As® in
anaerobic conditions (Smedley and Kinniburgh, 2002). In
surface waters, the dominant arsenic species are H,AsO;,
HAs02~, and As03~ with arsenic having 5+ valence. In
aqueous solutions, the equilibrium constants (pKa.) for
As(V) are given as follows (Chen et al. 2019) and the
speciation of arsenic in aqueous solutions with respect to
pH is controlled by these equilibrium constants. Fig. 1
shows that the change in speciation of arsenic at various pH
values. As pH increases from 0 to 14, the species of arsenic
changes drastically. While H;AsO, is the dominant species
below pH value of 2.2, it dissociates into H,AsO, and
H;0* beyond this pH value. Similarly, H,AsO; and
HAsOz~ dissociates into different arsenic species at pH
values higher than their pK, values.

H;AsO, + H,0 & H,AsO,” + H;0%  pK,, =220 (1)

H,As0,” + H,0 o HAs0,>” + H;0* pK,, = 697 (2)
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HAs0,*” + H,0 & As0,>” + H;0" pK,; = 11.53 (3)

Arsenic is mostly present at concentrations of less than
1-2 ug/l in natural waters whereas the arsenic concentration
in groundwaters can increase significantly up to 12 mg/l
due to sulfide mineral deriving from volcanic rocks. So,
food and drinking water are the most significant routes of
arsenic exposure, including beverages that are made from
drinking water (WHO 2022). The consumption of arsenic in
drinking water has undesired effects on human health in
short- or long-term exposure. In the short term, stomachache,
vomiting and diarrhea can occur after drinking arsenic-
contaminated water, and high arsenic poisoning may even
cause numbness, cramping in muscles, and death
(Altowayti et al. 2022). For long-term exposure, dermal
lesions, peripheral vascular disease, and lung cancer have
been encountered in populations ingesting arsenic polluted
water (WHO, 2022). Moreover, respiratory infections,
delays, or birth defects are found in pregnant women who
were exposed to arsenic (Abdul et al. 2015, van Halem et
al. 2009) and the activation of many human body enzymes
is restricted by arsenic causing liver and renal damage
(Mandal and Suzuki 2002). Due to these side effects of
arsenic on human health, the permissible level of arsenic
has been reduced from 50 to 10 pg/l by the World Health
Organization (WHO) (Alka et al. 2021, Choong et al.
2007). Arsenic pollution has been detected in some Asian
countries, including Taiwan, Pakistan, Myanmar, India, and
Bangladesh whereas arsenic contamination in drinking
water was also reported in a few South American countries
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Fig. 1 Concentrations of As(V) species HzAsO4, H,AsOg,
HAsO,>, and AsO4* at different pH values (Plotted from
pKa values from Chen et al. 2019)

such as Mexico, Colombia, Chile, and Peru (Altowayti et
al. 2022).

The wastewater treatment methods are classified into
three groups as precipitation, adsorption and membrane
technology which includes reverse osmosis, nanofiltration,
and electrodialysis. Most of these arsenic removal techniques
need a lot of energy and reagents, so they can be costly
(Altowayti et al. 2022). Precipitation is a simple and cost-
efficient process, however, it needs arsenite peroxidation
and produces highly toxic sludge (Ungureanu et al. 2015).
Membrane technology is so effective for arsenic removing,
but it has very high capital, maintenance, and operational
costs (Mohan and Pittman 2007). Therefore, adsorption is
one of the most prominent techniques for elimination of
arsenic from water. The arsenic species can interact with
suitable adsorbents physically or chemically. Physical
adsorption is caused by the Van der Waals forces which can
be certainly broken by calcination or sonication. Different
types of adsorbents for arsenic adsorption were reported in
literature. Especially, nanoparticles have a significant role
as adsorbents in the wastewater treatment such as nano-
particles of magnetic SiOz-coated (Mehryar and Marandi
2024), iron which is synthesized with Genovese basil
extract (Fu et al. 2023), TiO, (Aitbelale et al. 2023),
calcium oxide (Eddy et al. 2023) due to their high surface-
to-area ratio. lIron-based nanoparticles are effective in
arsenic adsorption (Carneiro et al. 2022, Diephuis et al.
2022, Hristovski et al. 2008, Jeon et al. 2009, Kundu and
Gupta 2007, Mayo et al. 2007, Streat et al. 2008, Zhang et
al. 2003). Carneiro et al. (2022) found that maximum
adsorption capacities of iron-coated cork granulate for
arsenic removal were 4.2 mg/g at pH 3 and 1.6 mg/g at pH
9, respectively. The clusters of iron oxide nanoparticles
(clONPs) have higher adsorption capacity than other IONPs
with 121.4 mg/g (Diephuis et al. 2022). Iron-coated zeolite
and cement were also suggested as suitable materials for the
treatment of wastewater containing As(V) and As(l11) with
adsorption capacities of 0.68 and 0.69 mg/g, respectively
(Jeon et al. 2009, Kundu and Gupta 2007). Arsenic
adsorption was also affected by nanoparticle size. For
instance, the arsenic adsorption capacity of magnetite
increased almost 200 times by reducing particle size from
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300 to 12 nm (Mayo et al. 2007). The pH level of arsenic
contaminated water also affects the sorption capacity of
iron-based nanoparticles (Carneiro et al. 2022, Kundu and
Gupta 2007, Streat et al. 2008, Zhang et al. 2003).

Adsorption properties of iron oxide were enhanced by
hybridizing with inorganic/organic polymers for removal of
arsenic (DeMarco et al. 2003, lesan et al. 2008, Méller and
Sylvester, 2008). Katsoyiannis and Zouboulis (2002) used
modified polymeric materials such as polystyrene and
polyHIPE, which is a novel microporous material by
polymerization of a high internal phase emulsion. They
coated the surface of polymeric material by using suitable
adsorbing agents to remove the arsenic anions. PolyHIPE
was found to be an effective adsorbent. However, there are
many challenges with synthesis and application of ideal
polymeric adsorbents for environmental concerns and
molecular design (Pan et al. 2009).

Dutta et al. (2004), Haron et al. (2006), and Nabi et al.
(2009) investigated the arsenic sorption capacity of titanium
dioxide (TiO2) nanoparticles at various pH levels. Pena et
al. (2005) studied the effectiveness of nanocrystalline TiO-
in sorption of As in the presence of foreign anions whereas
Xu and Meng (2009) investigated the size effects of
nanocrystalline TiO,. The adsorption capacity of TiO, for
arsenic species linearly increased by increasing the BET
surface area of particles. Furthermore, Hristovski et al.
(2008) studied various metal oxides including TiO, and
compared them with commercial adsorbents, Adsorbsia
GTO and MetsorbG. They found out Adsorbsia GTO, with
a high adsorption capacity of 28.5 mg/g at pH level of 8.4,
fitted the Freundlich Isotherm well. While there are various
studies in literature that examine the adsorption isotherms
of Adsorbsia GTO, the kinetic behavior of adsorbents and
column studies are key factors in determining its overall
performance. A comprehensive understanding of the
adsorption kinetics, mechanisms as well as the performance
of Adsorbsia GTO in column mode operation is essential to
optimize its arsenic removal efficiency and enable its
effective implementation in water treatment applications.
Moreover, hematite, magnetite, and goethite containing iron
oxides are natural sources for arsenic removal. According to
sorption Kinetics, the equilibrium was reached in less than 2
days for all adsorbents, and it was more rapid for goethite
and magnetite than for hematite. The adsorption capacity of
arsenic decreased onto these natural adsorbents at alkaline
pH values. Hematite had the highest sorption capacity for
As(I11) compared to goethite and magnetite (Giménez et al.
2007). Mamindy-Pajany et al. (2011) claimed that zero-
valent iron had the highest adsorption rate and magnetite,
hematite, and goethite followed it, respectively.

In literature, there is also a limitation of Kinetic studies
focusing on the mass transfer mechanism underlying
adsorption of arsenic although several studies are available
concentrated on applying simplified kinetic models like
“pseudo-first-order” and “pseudo-second-order”, to identify
the adsorption kinetics (McGeogh et al. 2024). However, it
is known that the adsorption mechanism is more
complicated, involving multiple diffusional steps.

To the best of our knowledge, studies have mostly
focused on iron-based nanoparticles in literature. There are
very limited studies on arsenic adsorption kinetics, mechanism
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Table 1 Chemical and Physical Properties of Adsorbsia
GTO (Dow Chemical Company)

Property Unit Value

Particle On 10 mesh % <5
Size Through 60 mesh % <10
Moisture Content % <15

As(V) Equilibrium Capacity*

(@50 ppb, pH 7, room temperature) o/kg 12-15

7 Goethite
(FeOOH)

Hematite Manganese Oxide
(Fe,0;) (MnO,)
Fig. 2 Physical structures of commercially available and
natural adsorbents

and column studies of Adsorbsia GTO, MTM® and natural
metal oxides. In this study, arsenic was chosen as a target
contaminant due to its inherent health and regulatory
concerns. The adsorption capacities of commercially
available aggregated nanosized materials, Adsorbsia GTO
and MTM® were evaluated and compared with natural
metal oxides, hematite (Fe;Os), goethite (FeOOH), and
manganese dioxide (MnO,). The arsenic adsorption studies
conducted by a series of batch and fixed bed column
studies. Moreover, the kinetic and equilibrium behavior of
the adsorbents is crucial for the optimizing of the adsorption
process design and operation. For this purpose, five
different kinetic models were fitted to understand the mass
transfer mechanisms and to identify the rate determining
step which are film diffusion, particle diffusion or chemical
reaction.

2. Materials and methods

Adsorbsia GTO (Dow Chemical) and MTM® (Clark
Corp.) are commercially available adsorbents. The detailed
properties of Adsorbsia GTO are given in Table 1. To
investigate the morphological structure and determine the
specific surface area of Adsorbsia GTO, scanning electron
microscopy (SEM) (Zeiss GeminiSEM 500) and Brunauer-
Emmett-Teller (BET) analyses were also conducted,
respectively. SEM analysis was performed at magnifications
of 5000x and 50000x with 5 kV. ImageJ was used to
determine the average diameter of Adsorbsia GTO and the
diameter of 200 particles are counted in the SEM image.

MTM?® is purple black (dark brown) filter media based
on granular manganese dioxide and capable of handling
arsenic, iron, manganese, hydrogen sulfide and radium by

oxidation and filtration. Iron- and manganese-based natural
minerals hematite (Fe»Os), goethite (FeOOH), and manganese
dioxide (MnQO2) were kindly supplied by the Department of
Geophysical Engineering at Dokuz Eylal University,
Tarkiye. The physical structures of commercially available
and natural adsorbents were given in Fig. 2.

As usual practice in the treatment of Adsorbsia GTO,
particles were sieved and washed with 2L of distilled water
and dried at 105°C in the oven. All natural mineral oxides
were crushed and sieved. The particle size range between
0.50 and 0.71 mm was used.

All pH adjustments have been performed with 1M HCI
(12M, Merck, Germany) solution and the pH meter
(Thermo, Orion 4 Star) is used to measure the pH of
solution. The As(V) solutions were prepared from sodium
arsenate heptahydrate (NaHAsO4-7H20, Analytical grade,
Merck). The concentration of As(V) ion in aqueous solution
has been determined via Atomic Absorption Spectro-
photometer (AAS, Varian 10 Plus) with the lower detection
limit of 3 ppm. The working conditions of AAS were the
wavelength of 193.7 nm with 10 mA lamp current and the
slid width of 0.5 mm. Its fuel and support gas were
acetylene and nitrous oxide, respectively. Sample solutions
were prepared by using the blue band filter paper to remove
particles from the solution for AAS analysis. Both batch and
fixed bed column studies were shown schematically in Fig.
3. The maximum amount of adsorbent, pH effect and
equilibrium and Kkinetics studies were done as batch
operation (Fig. 3a) while column studies were done as
continuous operation (Fig. 3b).

2.1 Batch studies

2.1.1 Determination of the maximum amount of
adsorbent

Different amounts of adsorbent, 0.05, 0.1, 0.2, 0.4, 0.5
and 0.8 g were contacted with 50 ml of As(V) solution
having concentration of 100 ppm for 24 hours at 25°C,
adjusting the pH to 4, ensuring that only H2AsQO4 species
were present in the solution.

2.1.2 Effects of pH on arsenic adsorption

The adsorbent of 0.1 g has been contacted with 50 ml of
As(V) solution having concentration of 100 ppm at five
different pH values of 4, 6, 7, 8 and 10 for 24 hours at 25°C.

2.1.3 Equilibrium studies

The adsorbent of 0.1 g has been contacted with 50 ml of
solutions having different As(V) concentrations such as 10,
25, 50, 75, 100 and 150 ppm for 24 hours at pH value of 4
and 25°C.

2.1.4 Kinetic studies

Sorption rates and mechanisms were determined by
using adsorbent concentration of 2 g/l with 350 ml of 100
ppm As(V) solution and many samples were collected
within 24 hours.

2.2 Continuous studies

These studies were carried out on 15 mm diameter
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Fig. 3 Schematic representation of the (a) batch studies and (b) fixed bed column studies

columns with a bed volume of 14 ml. As(V) concentrations
of 100, 200 and 300 ppm were used to compare different
feed solutions in the column. Breakthrough curves were
obtained for the best performing commercial and natural
absorbents Adsorbsia GTO and MnO,, respectively.

2.3 Equilibrium models

There are several types of equilibrium and Kinetic
models available to determine the thermodynamic and
kinetic behavior of adsorbents for As(V) sorption from the
water. The Langmuir and Freundlich adsorption models are
developed mathematical models to quantify adsorption
process. The Langmuir model is the theoretical model for
monolayer adsorption. Both physical and chemical
adsorption have been described by the Langmuir model,
which was first created to characterize and quantify
chemisorption on a collection of unique localized
adsorption sites.

The solid phase adsorbate concentration (q,.) and the
equilibrium liquid adsorbate concentration (C,) are related
by the Langmuir equation as follows:

QbC,
1+ bC,

where Q refers to the “maximum adsorption capacity” for
the solid phase loading and b is “energy constant” related to
adsorption heat (Ruthven, 1984). The linearized Langmuir
equation is shown to determine the Langmuir constants
from the experimental data as follows:

1 1 N 11 )

e Q bQC,
The Freundlich model is also a mathematical model
used to quantify adsorption reactions and identify the
adsorption equilibria. Adsorption is described by the

Freundlich model in terms of the concentration of the
adsorbate (Dutta et al. 2004).

e = (4)

1
qe = kC,n (6)

1
Ing, = Ink + ;lnCe (7

where k and n are Freundlich constants and these values are
derived from experimental data by plotting the linearized
form of Equation (6) by plotting In q., against In C, the
intercept gives In k and the slope is equal to 1/n.

2.4 Adsorption Kinetics

Although there are several types of adsorption kinetic
models, this study includes two of them called the “Infinite
Solution Volume Diffusion Model” and “Unreacted
Shrinking Core Model” (Kabay et al. 2003). Both of these
models explain diffusion in fluid film and in the particle
while the latter one (UCM) also considers chemical reaction
as a rate limiting step. The concentration profiles change
according to different mechanisms, and they are shown in
Fig. 4. The concentration change is in the fluid film if the
rate limiting step is film diffusion, while it is inside the
particle (adsorbent) if the controlling step is particle
diffusion. When there is no concentration difference inside
the particle or fluid film it means the rate limiting step is the
chemical reaction.

2.4.1 Infinite Solution Volume Diffusion Model (ISV)

The rate is controlled by the slower of the two steps
named particle diffusion (interdiffusion of counter ions
within the adsorbents) and film diffusion (interdiffusion of
counter ions in the film).

In the case of particle diffusion, the concentration
difference in the film is negligible and film diffusion is
faster than particle diffusion. Only the adsorbent beads
contain the concentration gradient. The fixed charge
concentration and the bead interdiffusion coefficient are
roughly correlated with the exchange flux. Conversely, the
flow is independent of the film’s diffusion coefficient,
solution concentration, and thickness, instead, it is inversely
proportional to the bead radius. Low liquid phase
concentration, good ion exchange capacity, low degree of
crosslinking, and poor liquid agitation are favorable
conditions for control by liquid-phase mass transfer.

By using the diffusion equations on the adsorption
systems, rate laws can be obtained. Due to problems deriving
from diffusion-induced electrical forces, selectivity, particular
interactions, and swelling changes, the differential equations
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Table 2 Kinetic model equations for the adsorption

Rate determining . Transport
Method Step Function (y-axes) characteristics
2
Particle diffusion —In (1 — X?) D, = mr—"z
iy
e Liquid film In(1-2X) p = MroC
qu n = B0
. maryCso
Fluid film X Kya = ———
MAT(3C40)
2 2C
UCM  Reacted layer 3 - 3(1—X)3 p maro =so
—2X ’ (6C40)
. . 1 _ mny
Chemical reaction 1 — 1-X)s s = _CAo

* m = slope of the function vs timeline

and boundary conditions are generally nonlinear. To
overcome these complicated effects of nonlinear coupling
of flux, the following diffusion kinetic treatments have been
considered for idealized adsorption. Fick’s first law usually
describes the diffusion processes:

Ji = —=DV(; (8)

where J represents a diffusion flux, D and C are the
diffusion coefficient and concentration, respectively.

Particle Diffusion

Within the adsorbent bead, concentration gradients will
be present in the case of particle diffusion control. The rate
laws are believed to be derived from a quasi-homogenous
model. Diffusion in the solid phase is treated theoretically
as passing through a homogenous spherical electrolyte gel.

©)

D, m?

2
To

—In(1—X?) =2kt wherek =

X is the “fractional attainment of equilibrium” defined

E?’_zt;, C, refers the initial concentration of As while
0~ te

C, is the As concentration at time (t). r, represents the
bead radius and D, is the diffusion coefficient.

Film Diffusion

Two assumptions can be made while deriving the rate
laws for the film diffusion-controlled adsorption process:
the film is assumed to be a planar layer and its
interdiffusion to be quasi-stationary. If the film thickness is
significantly less than the bead radius, this is acceptable.

3DC

In(1-X) = ktwherek = E (10)

as

D is the diffusion coefficient, r, is the radius at time
zero, & is the film thickness, C is the total concentration
of both species A and B in solution and C is the total
concentration of both species A and B in the resin phase.

2.4.2 Unreacted shrinking core model
progressive model)

The "Shell Progressive" or "Unreacted Shrinking Core"
theories can explain the reaction when the adsorbent has a
tiny porosity and is therefore essentially impermeable to the
fluid reactant. In the shell progressive approach, it can be
visualized that the following three steps occur in succession
during reaction:

a. Mass transfer across the interface of the reactive
species from the bulk solution to the solid bead’s outer
surface (Fluid Film Diffusion)

_ 3CaoKma ¢
arp CAs

(shell

(11)

b. The reaction zone is reached by the reacting
species’ interparticle diffusion from the outer surface
through the reacted area of the solid bead (Diffusion
through Reacted Layer)

6D Cao

[3-301- X)i — 2X| = o

(12)
C. Chemical reaction of the reacting species with
adsorption surface of the zone (Chemical Reaction).

ksCAO ¢
To

[1—(1—X)§] = (13)
where C,, and C,, are concentration of A in bulk solution
and on the outer surface of the resin, respectively, 7,
represents the bead radius, a is the stoichiometric
coefficient, K, is mass transfer coefficient of species A
through the liquid film (m/s), D, is effective diffusion
coefficient in solid phase (m?%s) and k. is the reaction
constant based on the surface (m/s).

Functions and transport characteristics of all kinetic
models were given in Table 2.

3. Results and discussion
3.1 Characterization of Adsorbsia GTO

Since Adsorbsia GTO has superior arsenic adsorption
ability than other adsorbents used, its morphological
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Fig. 6 a) Effect of Adsorbsia GTO amount on the adsorption of As(V) (Particle size: 0.5~0.71 mm, mgro: 0.05, 0.1, 0.2,
0.5, 0.8 g, pH: 4, T: 25°C, [As(V)]o: 100 ppm, Vsoiion: 50 ml) b) Effect of pH on the adsorption of As(V) by Adsorbsia
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structure and specific surface area were investigated. SEM
analysis was performed to determine the morphological
structure of Adsorbsia GTO particles at magnifications of
5000x and 50000x. Figs. 5 (a)-(b) exhibited that Adsorbsia
GTO had the agglomerated bead-like shape particles having
average diameter of 679 + 235 nm. Furthermore, the
Adsorbsia GTO had small size results in high N
adsorption, and the surface area of 272 m?/g was consistent
with the product information (Fig. 5(c)).

3.2 Thermodynamic equilibrium
The preliminary studies were performed to obtain an

optimum amount of Adsorbsia GTO. It was found to be 4
g/l for a solution having 100 ppm initial As(V) concentration

at pH value of 4 and 25°C as seen in Fig. 6(a).

Because the adsorbent’s surface is negatively or
positively charged, depending on the solution’s pH, this has
a big impact on how much arsenic is absorbed during the
adsorption process. The effect of pH on sorption behavior
was investigated for Adsorbsia GTO and represented in Fig.
6(b). The maximum sorption of As(V) occurred at pH 4 by
Adsorbsia GTO whereas there is no sorption observed at pH
value of 8 and 10. It is expected that arsenic uptake
decreases as the pH increases, since the dominant species
become more charged, and one ion occupies more free sites
on adsorbent. Therefore, zero uptake cannot be explained
with the type of species, but with the behavior of adsorbent.
The isoelectric point (IEP), also called as the point of zero
charge, for the adsorbents is near neutral, in the pH
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range 7-8 (Streat et al. 2008). Hence, the surface will
attract anions at pH 4 due to the surface being positively
charged which is a condition valid for natural oxides. To
illustrate, deprotonation at the surface may occur with
ligand exchange for protonated anions like arsenate, leading
to bidentate inner-sphere bonding.

The degree of positive surface charge reduces with
increasing pH, which lessens the forces that attract anionic
species. Proton dissociation from the acid surface leads to
neutral adsorption. In order to equalize with the solution,
adsorbed species take up a proton from it. Notwithstanding
the reciprocal repulsion between the negative surface and
anionic species, considerable arsenic adsorption occurs at
pH > IEP. Therefore, for any adsorption to take place, the
energy that the surface gains from creating new bonds with
the anion needs to be larger than the repulsive forces.
Furthermore, the negative charge of arsenic species
increases as arsenate speciates from H,AsO4 to HAsO,%. If
the undissociated acid contributes a proton to the surface
hydroxyl group to generate water that can be displaced by
the anion, removal at higher pH levels via specific
adsorption is feasible (Streat et al. 2008).

Experimental data obtained from batch studies were
fitted to the Langmuir and Freundlich models in linearized
form (Eq. (5) and (7)) to provide the equilibrium isotherms

- Langmuir Isotherm — — Freundlich Isotherm

for the commercial and natural adsorbents as seen in Fig. 7.

The models associate the adsorption capacity of As(V)
at equilibrium (ge) with the equilibrium concentration (Ce).
Whereas the Freundlich isotherm is appropriate for
multilayer adsorption on heterogeneous sites, the Langmuir
isotherm is appropriate for monolayer adsorption on
homogeneous sites (Kalam et al. 2021). Table 3 summarized
the results of isotherm parameters and correlation coefficient
values (R?). Surface loading, the quantity of accessible sites
and pH affect binding of different arsenic complex to
surfaces. The Langmuir model can only provide a limited fit
of the data because it does not account for changes in
surface charge, speciation, or degree of crystallinity (Gupta
and Ghosh 2009).

In this study, both Langmuir and Freundlich isotherms
were applied to the adsorption data of different adsorbents.
The Freundlich model has a slightly better fit to the
equilibrium data of Adsorbsia GTO, while the equilibrium
data of MTM® fitted to the Langmuir model. For natural
oxides, the equilibrium data of MnO, and Fe,Os fitted to the
Langmuir model with a correlation coefficient of 0.94,
whereas the Freundlich model fitted better the equilibrium
data of FeOOH. These linear fits revealed that Adsorbsia
GTO and FeOOH have energetically heterogeneous sites for
As(V) adsorption. Wang et al. (2022) also showed that the
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Table 3 Isotherm parameters and R? values for adsorption of As(V) for different adsorbents

Langmuir Isotherm

Freundlich Isotherm

Adsorbent Madsorbent (g) Qmax K R? K n R?
GTO 0.1 27.25 0.438 0.97 9.988 3.668 0.98
MTM 0.5 2.77 0.003 0.96 0.014 1.227 0.91
Fe203 1.0 0.46 0.024 0.77 0.020 1.573 0.76
FeOOH 1.5 0.33 0.385 0.46 0.194 8.703 0.70
MnOz 1.5 0.72 0.076 0.94 0.187 3.679 0.83
Table 4 Characteristics and correlation coefficients of kinetic models
Rate
Determining
L Step
Adsorbent  Fitting Parameter ISV UCM
. e Liquid Film Fluid Film Chemical
Particle Diffusion Diffusion Diffusion Reacted Layer Reaction
&TO Slope 0.00161 0.00333 0.00221 0.00062 0.00096
R? 0.95783 0.98913 0.97290 0.95517 0.98619
Fe0 Slope 0.00296 0.00461 0.00231 0.00111 0.0012
= R 0.9404 0.88479 0.75057 0.93944 0.84539
FeOOH Slope 0.00321 0.00504 0.00257 0.00121 0.00132
R? 0.89937 0.90935 0.87885 0.90095 0.90429
MnO Slope 0.00182 0.00363 0.00234 0.00070 0.00104
n
2 R? 0.97467 0.96666 0.92564 0.97315 0.95505
35 / 3.5
® GTO = 3.3 Sorption kinetics with particle
=301 v FeOOH 3.0
_;E 25 | 4 Fe0; las A series of batch experiments have been performed to
_§ MnO, investigate the kinetic mechanisms of As(V) sorption onto
© 20 =-------5 . 2.0 Adsorbsia GTO and natural mineral oxides. The q values
~ ., = were calculated from initial and final concentration
§ L = r-—- s differences between initial and any time t as seen in Fig. 8.
> 104 . ' L10 The g values of Adsorbsia GTO were exhibited in the
E . primary Y-axis whereas ¢ values of other adsorbents were
5 L] s L0.5 shown in the second Y-axis due to the high adsorption
!, ¢ ‘ x x 4 . .
28¢ & capacity differences.
. 0 250 1440 L Kinetic models named “Infinite Solution Volume (ISV)”

t (min)

Fig. 8 Kinetic behavior of the different adsorbents for
As(V) adsorption ([As(V)]o: 100 ppm, T: 25 °C, pH: 4)

best fit isotherm among Langmuir, Freundlich and Temkin
Isotherms is Freundlich Isotherm which supports this study.

According to applied models, the adsorption capacities
of MTM®, Fe,0s, FeOOH and MnO; were calculated as
277, 0.46, 033, and 0.72 mg As(V)/g adsorbent,
respectively. Whereas the adsorption capacity of Adsorbsia
GTO as a commercial adsorbent has the highest value as
27.25 mg As(V)/g adsorbent and it is comparable with 28.5
mg/g of arsenic adsorption capacity found by Hristovski et
al. (2008) while the manufacturer data represents 12-15 mg
As(V)/g adsorbent as an adsorption capacity of Adsorbsia
GTO. In addition, MnO, was found to have the highest
adsorption capacity among natural adsorbents.

and “Unreacted Core Model (UCM)” were subjected to the
experimental data of different adsorbents. The kinetic data
was plotted in Fig. 9 and the fitting parameters were
represented in Table 4. It indicated that the rate determining
step was the liquid film diffusion control for both Adsorbsia
GTO and FeOOH whereas it was the particle diffusion
control for the sorption by Fe;Os; and MnO, according to
the Infinite Solution Volume Diffusion Model. On the other
hand, the rate determining step was the chemical reaction
control for both Adsorbsia GTO and FeOOH whereas it was
the reacted layer control for the sorption by Fe,Os; and
MnO. with respect to the Unreacted Shrinking Core Model.
Considering Adsorbsia GTO and FeOOH both fitting the
liquid film diffusion (ISV) and the reacted layer (UCM), the
concentration difference on the outside of adsorbent is
controlling the adsorption process. While the controlling
step for Fe,O3 and MnO- is the concentration inside the
adsorbent and outer layer of the adsorbent.
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Fig. 9 Kinetic model fitting for As(V) adsorption on different adsorbents
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Fig. 10 Breakthrough curves for (a) Adsorbsia GTO and MnO; (pH: 4, Flowrate: 8.6 BV/h, [As(V)]o:100 ppm,
Vcolumn:14 ml) (b) Adsorbsia GTO at different initial concentrations (Vero: 14 ml, pH: 4, Flowrate: 8.6 BV/h,

[As(V)]o: 100, 200, 300 ppm)

3.4 Sorption kinetics in column

Based on batch sorption results, continuous experiments
were carried out to obtain the breakthrough characteristics
of commercial and natural adsorbents, Adsorbsia GTO and
MnO, as seen in Fig. 10. The breakthrough exchange
capacities were determined as the total amount of effluent
with no arsenic.

For the removal of As(V), the breakthrough and total

exchange capacities of the Adsorbsia GTO and MnO, were
tabulated in Table 5. The breakthrough and total capacities
of Adsorbsia GTO and MnO, were obtained as 26.5, 84.4
mg/ml and 4.3, 14.2 mg/ml for 100 ppm initial concentration
of As(V), respectively. Adsorbsia GTO exhibited higher
breakthrough and total exchange capacities than MnO,.
However, the percentages of column utilization were the
same for both promising adsorbents.

Overall, Adsorbsia GTO exhibits superior performance
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Table 5 The breakthrough (BEC), total capacities (TEC) and
percentages of column utilization (CU%) values of
Adsorbsia GTO and MnOzin As(V) removal in the column
studies (Co: 100 ppm As(V), pH: 4, Flowrate: 8.6 BV/h)

Adsorbents *BEC [mg/mL] **TEC [mg/mL] CU [%]
GTO 26.5 84.4 31
MnOz 4.3 14.2 30

than natural oxides. According to isotherm and Kinetics
results, it fits with multilayer adsorption and the adsorption
is controlled by the concentration in the liquid film outside
of the adsorbent. Hence, it is better to use Adsorbsia GTO
for high arsenic concentrated water bodies. In contrast to
that, MnO; having less capacity and the rate limiting step
being the concentration inside the adsorbent, would not be a
good choice for high concentration and high amount of
water bodies. However, both Adsorbsia GTO and MnO;
have column utilization around 30% which shows that both
have the same efficiency. In practice, the same amount of
arsenic adsorption can be achieved by using more MnO;
than Adsorbsia GTO or frequent cleaning of the MnO;
adsorbent column would work as well.

4., Conclusions

The equilibrium and kinetics studies were conducted on
both commercially available and natural mineral oxides
adsorbents to understand the use of natural mineral oxides
as a potential adsorbent in adsorption of arsenic from the
water.

» The maximum adsorption capacity of Adsorbsia GTO
was found to be 27.25 mg As(V)/g adsorbent from
Langmuir Isotherm, the high adsorption capacity occurred
at pH 4 because only one species, [H2AsO4] existed in the
water and Adsorbsia GTO was best fitted to Freundlich
Isotherm.

« The adsorption capacity of MTM® was 2.77 mg
As(V)/g adsorbent and it was better fitted to the Langmuir
model. The arsenic adsorption capacities of natural
minerals, such as Fe;Os;, FEOOH and MnO,, were 0.46,
0.33, and 0.72 mg As(V)/g adsorbent, respectively. While
the equilibrium data of manganese dioxide and hematite
was fitted to the Langmuir model, the Freundlich model
better fitted equilibrium data of goethite.

* While the rate determining step was the liquid film
diffusion control and chemical reaction control for both
Adsorbsia GTO and FeOOH, it was the particle diffusion
control and the reacted layer control for the sorption by
Fe,O3 and MnO,.

» The study reveals the small adsorption capacity of
MnO: is inhibited by interparticle arsenic concentration and
diffusion of it.

+ Column studies were carried out on Adsorbsia GTO, a
superior commercial adsorbent, and manganese oxide
(MnO,), a promising natural mineral. The breakthrough and
total capacities of Adsorbsia GTO were 26.5 and 84.4
mg/ml whereas these capacities of MnO, were obtained as
4.3 and 14.2 mg/ml for 100 ppm initial concentration of

As(V).

« Adsorbsia GTO exhibited higher breakthrough and
total exchange capacities than MnO,. However, the
percentages of column utilization were almost the same as
30% for both promising adsorbents.

« In a broad perspective, although natural oxides do not
have as high capacities as commercial ones, it makes them
readily available and cost-effective adsorbents for water
with low arsenic levels.
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