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a b s t r a c t
In this study, the removal of arsenate from water using a nanochitosan adsorbent is investigated, 
and an optimised two-stage batch adsorber system is designed. Nanochitosan is a widely researched 
biosorbent that is derived from seafood shell waste. An equilibrium study was first conducted with 
a contact time to reach equilibrium of 3 d. These results were used to minimise the mass of chitosan 
required in a two-stage batch adsorption process using an optimised design procedure. Subsequently, 
the adsorption kinetics were modelled, and a contact time study was conducted to acquire the time 
required using a pseudo-second-order model. The mass and contact time required in an optimised 
batch absorber system was found to be around 1–3 kg, depending on initial arsenate concentration, 
and close to 100 min, respectively.
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1. Introduction

Arsenic (As) is a commonly found element that is pres-
ent in the atmosphere, soil, organisms, and natural waters. 
Arsenic is found in nature as either metalloids or chemical 
compounds and mainly exists as two principal species: arse-
nate and arsenite. Arsenic contamination in natural waters is 
a global problem and has been reported in many countries 
around the world. Arsenic has been known for its hazardous 
effect on both flora and fauna ever since it was first documented 
by Albertus Magnus in 1250 AD [1]. The main path of arsenic 
transportation into the environment and biological systems 
is the consumption of arsenic contaminated water. Arsenic in 
aqueous environments mainly exists in the 3+ (As(III), arse-
nite) and 5+ (As(V), arsenate) oxidation states although other 
oxidation states such as 0 (arsenic) and 3− (arsine) are also 
known to exist [2]. Arsenate and arsenite species are the dom-
inant forms of arsenic that are generally detected in ground-
water and are more toxic than organic arsenic species such as 

methylated arsenic. It has been previously observed that the 
ratio of As3+ to As5+ in groundwater is unstable due to the avail-
ability of redox active solids, mainly organic carbon and the 
extent of diffusion of oxygen from the atmosphere, although 
arsenate is the most common form, which is found in nature 
[3]. The instances of arsenic poisoning through water have 
been well documented. In 1898, the first cases of skin cancer 
were observed among the population consuming arsenic con-
taminated water in Poland. The deep well contamination of 
arsenic in the rocky mountain areas of Ontario, Canada, in the 
year 1937 was one of the first known cases in North America. 
In Asia, the arsenic contamination incident in well water on 
the southwest coast of Taiwan during the period from 1961 to 
1985 is well known. During the 1980s, the endemic arsenico-
sis was found in several areas of Mainland China including 
Xinjiang Uygur A.R., Inner Mongolia, Shanxi, Liaoning, Jilin, 
Ningxia, Qinghai and Henan provinces [4]. The decontami-
nation and reduction of arsenic elements from water supplies 
is always a priority for scientists as the admissible levels, and 
concentration limit decreases continuously based on health 
criteria in waters. Table 1 summarises the maximum contami-
nant level of arsenic in different regions of the world.
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The main treatment methods used for the removal of 
arsenic from groundwater are based on the principles of 
co-precipitation [11], adsorption, ion exchange, electrocoagu-
lation and filtration [12–17]. Adsorption is one the most com-
monly used technologies for wastewater treatment offering 
low costs, simple operability and relatively high efficiency. 
Specifically, the treatment of arsenic using adsorption has 
been popular over the past years. Arsenic chemistry is very 
similar to phosphorous chemistry, and its selective adsorp-
tion utilising biological materials, mineral oxides, activated 
carbons, polymer resins and most recently graphene has been 
widely researched [18–23]. A wide range of adsorbents such 
as bone char, MCM-41, coconut shell carbon and chitosan 
has been reported in the past for removing arsenic species 
removal from water [24–27]. Table 2 shows the biosorption 
capacities of several adsorbents for arsenate.

This study is concerned with a design and optimisation 
of a two-stage batch operating system for the removal of arse-
nate species from wastewater using nanochitosan. Chitosan 
is a nitrogenous polysaccharide, which is produced by the 
N-deacetylation of its origin compound chitin, one of the most 
abundant biopolymers, and exists in marine media, also in the 
exoskeletons of crustaceans or cartilages of molluscs, cuticles of 
insects and cell walls of organisms. Chitosan has been shown 
to have a wide range of applicability across different industries 
including biotechnology, pharmaceutical applications, waste-
water treatment for oil spills and coloured effluents [36–42]. 
Additionally, as a result of its molecular structure, chitosan has 
an extremely high affinity for many classes of metals, dyes and 

surfactants [43–46]. The potential to develop nanoparticles using 
chitosan is high because of its ability to control the release of the 
active agents, its linear polyamine structure containing numer-
ous free amine groups for cross links and its mucoadhesive 
character for increasing the residence time at the adsorption site. 
The mechanism of arsenic removal using chitosan and nanochi-
tosan has been studied by a number of researchers [29,47,48] but 
the application to process design is severely lacking.

2. Experimental procedure 

2.1. Materials

2.1.1. Preparation of nanochitosan emulsions

Commercial chitosan was sieved into discrete particle 
size ranges (250–355, 355–500, 500–710 and 710–1,000 μm) 
with test stainless steel sieves (BS410/1986, Endecotts Ltd., 
London, UK). The portions were dried under vacuum for 3 d 
and kept in a desiccator before use. Firstly, 2.5 g raw material 
of chitosan (powder form) was completely dissolved in 1% 
(w/v) dilute acetic acid under magnetic stirring, and the emul-
sion was prepared as reported previously [49]. Typically, a 
tripolyphosphate (TPP) solution (95.4 mL, 1.45 mg/mL) was 
slowly dropped (10 mL/min) into a chitosan solution (150 mL, 
2 mg/mL in 0.5% dilute acetic acid) in a 500-mL round-bottom 
flask under mechanical stirring (1,200 rpm/min). After a 
further stirring of 20 min, a milky emulsion was obtained 
at pH 5.0. The nanoparticles were obtained by freezing the 
emulsion at −4°C. The frozen emulsion was then thawed in 
the atmosphere, and the nanoparticles were precipitated [50]. 
After another stirring for 24 h, the nanoparticles were col-
lected after a centrifugation for 24 h. They were then washed 
with deionised water and vacuum dried at 60°C for 24 h. After 
vacuum drying the particle size range of the nanochitosan 
was 150–250 nm using a zetasizer (Malvern).

2.1.2. Factors affecting equilibrium contact time

The time to reach equilibrium was found to be 3 d. Further 
series of experiments using different initial pH values from 
3 to 5 indicated that the optimum uptake capacity occurred 
with an initial pH of 3.5. On this basis, all equilibrium studies 
in the present work would use a contact time of 4 d to ensure 
equilibrium has been achieved over the whole concentration 
spectrum and used an initial pH of 3.5.

2.1.3. Experimental equilibrium studies 

To determine the equilibrium isotherms, a series of As(V) 
solutions with initial concentrations ranging between 250 and 
10,000 μg/L were prepared by diluting a 500-mg/L stock solu-
tion with deionised water. The pH and temperature values 
were maintained at 3.50°C ± 0.05°C and at 24°C ± 2°C, respec-
tively. Subsequently, 0.0250 g of nanochitosan was agitated 
with 50 mL of aqueous As(V) solution in capped 125-mL HDPE 
bottles with an orbital shaker at 200 rpm for 96 h. This contact 
time allows the dispersion of adsorbent and arsenate solution 
to reach equilibrium, as determined during preliminary exper-
iments. Each tested suspension was collected after sufficient 
settling time of 2 min, and then the upper clear solution was 
collected for measuring of residual As(V) concentration.

Table 1 
Worldwide drinking water standard for arsenic in water

Country Drinking water 
standard (µg L–1)

Reference

World Health 
Organization

10 [5]

Australia 7 [6]
China 50 [4]
European Union 10 [7]
India 50 [8]
Taiwan 10 [9]
US 10 [10]

Table 2 
Biosorbent uptake capacities of arsenate in water

Biosorbent pH Biosorption 
Capacity (mg/g)

Reference

Canna indica 4 0.487 [28]
Chitosan 4 96.46 [29]
Cotton cellulose 5 75.13 [30]
Eggshell 7.2 2.82 [31]
Pine saw dust 4 12.85 [32]
Rice husk 6 27.83 [33]
Waste crab 4 35.92 [34]
Wheat straw 3 3.90 [35]
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2.1.4. Experimental sorption kinetic studies

The sorption kinetic studies of As(V) on nanochitosan 
were evaluated by agitating 0.850 g of sample in 1.7 L of aque-
ous As(V) solution for 6 h in a batch kinetic system, shown in 
Fig. 1. The impeller speed was calibrated to 400 rpm; the tem-
perature and pH were maintained at 24°C ± 2°C and 3.50 ± 
0.05, respectively. The pH of the As(V) solution with a prede-
termined concentration of arsenate was adjusted to the range 
from 3.50 to 0.05. This ensures that the solution remains at an 
acidic pH throughout the adsorption process keeping the chi-
tosan protonated to attract the negative arsenate species. The 
relative dimensions of the sorber vessel are also presented in 
Fig. 1. Arsenate concentrations ranging from 1,000 µg/L to 
10,000 µg/L were employed, and agitation was carried out 
for 6 h until over 70% equilibrium was attained. Constant 
agitation was achieved using a six-bladed Perspex impeller 
and a shaft driven by a Heidolph variable speed motor. Since 
several adsorption studies were performed in parallel, the 
agitation conditions must be constant in all systems in case 
there is a boundary layer external mass transfer effect, which 
must be maintained the same in all the systems.

2.1.5. Analysis of arsenate

All chemicals were reagent grade and were used with-
out further purification. All solutions were prepared with 
deionised water, and all laboratory ware was cleaned by 
soaking in 2% diluted nitric acid (HNO3) and rinsed with 
deionised water. A stock solution of As(V) was prepared 
from the dissolution of sodium arsenate heptahydrate salt 
(Na2HAsO4·7H2O) at a concentration of 500 mg/L. Hydride 
generation inductively coupled argon plasma optical emis-
sion spectroscopic analysis using a continuous flow system 
(Perkin Elmer OPTIMA 3000 XL) was used to measure the 
concentration of arsenate in water. All experiments were 
done in triplicate and the average error was ±6%. 

3. Results and discussion

3.1. Equilibrium isotherms 

To determine the adsorption capacity of arsenic on 
nanochitosan and for process design purposes, equilibrium 
adsorption data is required. The equilibrium models are gen-
erally formulated around kinetic considerations, wherein 
adsorption equilibrium is defined as being a state of dynamic 
equilibrium with both adsorption and desorption rate equal 
[51]. Different isothermal models were tested to determine 
the isotherm constants and the regression coefficients of the 
adsorption experimental results including the Langmuir 
model, the Freundlich model, the Sips model, the Redlich–
Peterson model, Temkin model and the Toth model. The 
results of the equilibrium modelling are shown in Fig. 2.

3.1.1. Langmuir isotherm 

The Langmuir adsorption model was developed for 
describing the gas–solid phase adsorption onto an activated 
carbon after which it has been traditionally used to quantify 
and contrast the performance of different adsorbents [52]. It 
is represented by Eq. (1):

q
K C

a Ce
L e

L e

=
+1

	 (1)

where KL (L/g) and aL (L/µg) are Langmuir constants related 
to adsorption capacity and free energy of adsorption. 

3.1.2. Freundlich isotherm

The Freundlich isotherm describes the non-ideal and 
reversible adsorption that is not restricted to the formation 
of a monolayer. This empirical model has been previously 
applied to multilayer adsorption with non-uniform distribu-
tion of adsorption heat and affinities over the heterogeneous 
surfaces [53]. It is represented by Eq. (2):

q a Ce F e
bF= 	 (2)

where aF (L)bF (µg)1–bF g–1 and bF are the Freundlich adsorption 
constants and a measure of adsorption intensity, respectively.

Fig. 1. The schematic diagram of batch stirred-tank.
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3.1.3. Sips (Langmuir–Freundlich) isotherm

The Sips isotherm is a combined form of the Langmuir and 
Freundlich expressions and has been deduced for predicting 
the heterogeneous adsorption systems and evading the limita-
tion for the rising adsorbate concentration associated with the 
Freundlich isotherm model [54]. It is represented by Eq. (3):

q
K C

a C
e

LF e
n

LF e
n

LF

LF
=

+ ( )1
	 (3)

where KLF (L/g) and aLF is the Langmuir–Freundlich isotherm 
constant, and nLF is the isotherm exponent.

3.1.4. Redlich–Peterson isotherm

The Redlich–Peterson isotherm is a hybrid isotherm that 
has both Langmuir and Freundlich isotherms; the empirical 
equation has three parameters. The governing model has a 
linear dependence on concentration in the numerator and 
an exponential function in the denominator to represent 
adsorption equilibria over a wide concentration limit. It can 
be applied either to homogeneous or heterogeneous systems 
due to its versatility [55]. It is represented by Eq. (4):

q
K C
a Ce

RP e

RP e
bRP

=
+1

	 (4)

where KRP (L/g) and aRP (L/µg)b are Redlich–Peterson iso-
therm constants, and b is the isotherm exponent.

3.1.5. Temkin isotherm

The Temkin isotherm contains a factor that takes into 
account absorbent–adsorbate interactions. The model 
assumes the heat of adsorption of all the molecules in the 
layer would decrease linearly rather than logarithmic with 
coverage [56]. It is represented by Eq. (5):

q
RT
b

A
RT
b

ce
T

T
T

e= +








ln ln 	 (5)

where AT (L/g) is the Temkin isotherm equilibrium binding 
constant, and bT is the Temkin isotherm constant. R is the gas 
constant (8.314 kJ/mol K) and T is the temperature at 298 K.

3.1.6. Toth isotherm

The Toth isotherm model is an empirical equation that 
improves the Langmuir isotherm fittings. It is useful in 
describing the heterogeneous adsorption systems that satisfy 
both low- and high-end boundaries of the concentration [57]. 
It is represented by Eq. (6):

q
k c

a c
e

t e

t e
t t

=
+ 

1 	 (6)

where KT (µg/g), aT (µg/L)t and t characterise the heterogeneity 
coefficient of the adsorbent.

In order to evaluate the fit of the isotherm equation to the 
experimental equilibrium data, an error function is required 
to enable the optimisation procedure. In this study, the sum 
of squared errors (SSE) was used as the error function to esti-
mate results.

The sum of the squares of the errors method can be repre-
sented by the following equation (Eq. (7)):

∑ −=n
n

1
2( ), ,q qe ecal meas 	 (7)

where qe,cal is the theoretical adsorbed solid phase concentrations 
of sorbate on sorbent, which has been calculated from the 
isotherm equations, and qe,meas is the experimentally determined 
adsorbed conditions. The SSE is a dimensionless quantity.

The parameters were identified using non-linear regres-
sion techniques to minimise the SSE; the results indicated 
that the Sips (Langmuir-Freundlich) isotherm is the most 
appropriate model to describe the adsorption of arsenate into 
nanochitosan over the concentrations studied. The results are 
shown in Table 3.

3.2. Optimisation to minimise adsorbent mass 

The adsorbent system will be designed as a two-stage 
batch system. In this section of the study, the optimum mass 
of nanochitosan required for the same is investigated. The 
process will be designed in such a way that it will have 
two separate batches of adsorbents with filtration between 
the stages to enhance the efficiency and minimise the use 
of adsorbents. Although more stages such as 4 or 5 would 
enhance the process it is impractical to use more than two 
stages in industrial applications for batch reactor systems 
using adsorption treatment.

A schematic flow sheet for a two-equilibrium-stage oper-
ation is shown in Fig. 3. The same amount of solution, Ls, 
is treated in each stage by different amounts of adsorbent, 
Ss1 and Ss2, in the two stages, respectively. The concentra-
tions of the solution are reduced from C0 to C1 and C1 to C2, 
respectively. 

The material balance for stage 1 can be represented by 
Eq. (8):

L C C S q qs S0 1 1 1 0−( ) = −( ) 	 (8)
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and for stage 2, the material balance can be represented by 
Eq. (9):

L C C S q qs S0 1 2 2 0−( ) = −( ) 	 (9)

where q0 is the metal ion concentration of adsorbent entering 
exchange stages, and q0 is equal to zero as fresh adsorbent is 
used in each stage; q1 and q2 are the metal ion concentrations 
of adsorbent leaving the stages 1 and 2, respectively.

As the adsorption isotherm is best represented by the Sips 
(Langmuir–Freundlich) model, it is used to determine the 
least amount of mass required in a two-stage adsorber system.

The Sips (Langmuir–Freundlich) isotherm is expressed as: 

q
K C

a Ce
LF e

n

LF e
n

LF

LF
=

+1
	 (10)

Hence, the material balance for stage 1 becomes: 
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And for stage 2, it becomes:
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Therefore, the total amount of adsorbent used was:
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+[ ]  was set equal to zero in order to determine 

the minimum total adsorbent required. Thus, the equation 

becomes:
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The intermediate concentration, C1, was determined by 
setting the value of X in Eq. (17) to be zero using the solver 
add-in with Microsoft Excel spreadsheet program. 

Thus, the amount of adsorbent required for each stage 
could be determined by Eqs. (12) and (14). 

The mass optimisation modelling is undertaken using 
the methodology outlined in order to determine the total 

minimum mass of adsorbents required in a two-stage batch 
process. A realistic volume of 1,000 L of water is used in this 
batch reactor design analysis.

The minimum mass required is calculated for three 
scenarios:

•	 C2 = 1% C0
•	 C2 = 10 µg/L (WHO limit for arsenic in water)
•	 C2 = 5 µg/L (estimated future limit for arsenic in water)

The results of the mass modelling indicate that to treat 
1,000 L of water with varying initial arsenate concentrations 
(1,000–12,000 μg/L), the amount of nanochitosan required 
would vary from 1 to 6 kg. In real-life applications, the con-
centration of arsenate in water would likely be in lower range 
of concentrations studied hence indicating that that the total 
amount of nanochitosan required to be around 1–3 kg at most. 
The results are summarised in Fig. 4.

3.3. Batch kinetic studies 

The kinetic models of adsorption are used to correlate the 
adsorbate uptake rate with bulk concentration of adsorbate. It 
is of paramount importance to study the adsorption kinetics 
to evaluate the suitability of using the adsorbent for practical 
demonstrations in water treatment. The kinetics not only pro-
vide valuable insights into the reaction mechanisms but will also 
be used to predict the rate at which the pollutant in removed 
from the liquid phase in order to design appropriate systems.

3.4. Mechanism

In order to determine the most appropriate model to rep-
resent the kinetics involved it is necessary to establish the 
mechanism of the arsenate removal process from which the 
order of reaction may be inferred for the adsorption process. 
The first stage of the mechanism is the protonation of the 
nanochitosan [47], which is represented by Eq. (18):

NH2 + H2O ⇌ NH3
+ + OH–	 (18)

The point of zero charge of the nanochitosan was deter-
mined to be between pHpzc = 8.0 and pHpzc = 9.2. Since the pH 
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of the point of zero charge (pHpzc) is the pH above which the 
total surface of the particles is negatively charged, the total 
surface of the nanochitosan is positively charged within the 
operation range of initial pHi = 3.5 to the final pHe values of 
5.5–6.5 depending on the initial concentration in this study. 
The next mechanistic step is to assess how the arsenate spe-
cies attach to this protonated amino nanochitosan group. The 
speciation diagram shown in Fig. 5 shows the nature of arse-
nate species in the solution.

The dominant species of arsenate ions in the final range 
of pH of 5.5–6.5 is a combination of the monovalent form, 
H2AsO4

– and the divalent form, HAsO3
2–, as shown in Table 4. 

On this basis the two adsorption arsenate removal equations 
are represented as follows: 

R–NH3
+ + H2AsO4

– ⇌ R–NH3
+ – H2AsO4

–	 (19)

2R – NH3
+ + HAsO4

2– ⇌ [R – NH3
+]2 – HAsO4

2–	 (20)

For the second stage an additional NH3
+ adsorption site 

is required to hold the divalent ions, HAsO4
2–. Therefore, the 

mechanism involves two molecules and three molecules, respec-
tively. A slow desorption of arsenate ions occurs gradually after 
the point of maximum solid phase concentration. Therefore, 
in order to identify a kinetic model to describe the adsorption 
stage, two second-order models are compared in this study 
namely the pseudo-second-order model and the Elovich model.

3.4.1. Pseudo-second-order model

q
q k t

q k tt
e

e

=
+

2
2

21
	 (21)

where qe is the amount of arsenate sorbed at equilibrium 
(μg g–1), and k2 is the equilibrium rate constant of 
pseudo-second-order chemical sorption (g μg–1 min–1) [58] 
and shown in Eq. (21).

3.4.2. Elovich model

q a tt = +α α αln( ) ln 	 (22)

where qt represents the amount of arsenate adsorbed at time 
t; a (g μg–1) is the desorption constant and α (μg g–1 min–1) is 
the initial adsorption rate [59] and shown in Eq. (22).

SSE was used to determine the best-fit model. It is seen that 
the pseudo-second-order model best fit the data over the range 
of concentrations studied. The results are shown in Table 5.Fig. 5. Arsenate ions, As(V) speciation diagram.

Table 3 
Equilibrium isotherm modelling results

Model Equation Parameters Parameter values SSE results

Langmuir
q

K C
a Ce
L e

L e

=
+1

KL KL = 11.67 SSE = 5.49 × 105

aL aL = 0.00082801

Freundlich q a Ce F e
bF= aF aF = 306.8 SSE = 3.24 × 106

bF bF = 0.428

Sips (Langmuir–Freundlich)
q

K C

a C
e

LF e
n

LF e
n

LF

LF
=

+ ( )1

KLF KLF = 29.88 SSE = 3.05 × 105

aLF aLF = 0.00186

nLF nLF = 0.8482

Redlich–Peterson
q

K C
a Ce

RP e

RP e
bRP

=
+1

KRP KRP = 2,023 SSE = 3.99 × 107

aRP aRP = 100.4

bRP bRP = 0.7968

Temkin
q

RT
b

A
RT
b

ce
T

T
T

e= +








ln ln

AT At = 0.04637 SSE = 2.24 × 107

bT bT = 2,095

Toth
q

k c

a c
e

t e

t e
t t

=
+ 

1

kt kt = 17,170 SSE = 3.21 × 105

at at = 138.1

t t = 0.7096
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It should be stated that in further studies the effect of 
other anions should be explored since the sequence of anion 
adsorption shows a marked selectivity which is regulated 
by its hydrophobic character as predicted by the Hofmeister 
series [60]. It follows the general role that anions which inter-
act less with water are better extracted from water. Most com-
mercially available anion exchange resins do not have high 
selectivity to arsenate species over chloride and sulphate. 

3.5. Contact time minimisation 

In this section, the pseudo-second-order model is used 
to determine the minimum contact time required for a two-
stage process [61,62]. The pseudo-second-order model has 
been previously used in literature to correlate the kinetic data 
for arsenate and chitosan adsorption by many researchers in 
the past [63,64].

By employing the mass balance equation, along with the 
kinetic model equation, the operating time for each stage can 
be determined for different amounts of removal. 

Fig. 3 is a schematic diagram for a two-stage batch system 
process. L dm3 wastewater enters stage 1 with S1 g adsorbent. 
The concentration of the meal ions is reduced from C0 to C1. 
Then the wastewater is treated in stage 2 with S2 g adsorbent. 
The ion concentration is further reduced to C2. 

Generally, the mass balance is shown in Eq. (23):

L(Cn–1 – Cn) = S(qn – q0)	 (23)

The pseudo-second-order equation is shown in Eq. (24):

t
q kq q

t
e e1
2

1 1
= + 	 (24)

By combining Eqs. (23) and (24), the mass balance equa-
tion becomes as shown in Eqs. (25) and (26):
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The removal of metal ions in each stage, Rn, can be calcu-
lated as follows in Eq. (27):
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The total removal is:
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Subsequently, qe and k are expressed as a function of C0 
when calculated as follows:

q A Ce q
Bq= 0 	 (29) 

Table 4
Speciation changes of arsenate ions in aqueous phase upon 
increasing system pH from monovalent to divalent ions 
(HAsO4

2–)

pH H3AsO4 (%) H2AsO4
– (%) HAsO4

2– (%) AsO4
3– (%)

3.50 4.77 95.20 0.03 2.50 × 10–10

4.00 1.56 98.34 0.10 2.59 × 10–9

4.50 0.50 99.17 0.33 2.61 × 10–8

5.00 0.16 98.81 1.03 2.60 × 10–7

5.50 0.05 96.75 3.20 2.54 × 10–6

6.00 0.02 91.08 8.90 2.48 × 10–5

6.50 0.001 74.99 25.0 2.37 × 10–4

6.80 0.00 60.21 39.78 6.31 × 10–4

Table 5 
Kinetic modelling results

Parameter Model 
Value

Pseudo-second 
order

Elovich

k2 α a

Co (µg/L) 1,000 1.121 × 10–5 197.3 0.00507
Co (µg/L) 2,000 3.988 × 10–6 398.7 0.00251
Co (µg/L) 4,000 2.734 × 10–6 756.05 0.00132
Co (µg/L) 6,000 1.471 × 10–6 1,031 0.000969
Co (µg/L) 8,000 1.378 × 10–6 1,202 0.000832
Co (µg/L) 10,000 1.354 × 10–6 1,320 0.000758
Total SSE 2.807 × 107 8.218 × 107
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k A Ck
Bk= 0 	 (30)

where Aq, Bq, Ak and Bk are constants.
Substitution Eqs. (29) and (30) into Eq. (28):
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By using Eq. (31), the total time for any removal can be 
calculated. 

The parameters Aq, Bq, Ak and Bk are obtained by plotting 
relevant qe vs. Co and K vs. Co graphs.

The contact times for 90%, 95% and 99% of arsenate 
removal using nanochitosan have been studied to identify the 
minimum contact times in a two-stage batch process. Arsenate 
concentrations of 1,000, 1,500 and 2,000 µg/L were used to 
undertake the contact time modelling. Some of the results 
obtained are shown in Figs. 6–8, respectively. The minimum 
contact time is represented in the figures by a dotted line.

The concentration of arsenate studied in the multibatch 
contact time minimisation studies is likely to be higher than 
those that would normally exist in contaminated groundwa-
ter systems. The results indicate that for the range of con-
centration studied, the minimum time required in two-stage 
batch process would normally be around 7–105 min.

4. Conclusion

In this work, the feasibility of the removal of arsenate 
from water using nanochitosan is studied. The equilibrium 
and kinetic studies were conducted at a concentration 
ranging from 1,000 to 12,000 µg/L at a pH of 3.5. The 
equilibrium data was analysed using various isotherm 
models, the Sips 3-parameter model demonstrated to pro-
vide the best correlation to describe the adsorption of arse-
nate onto nanochitosan at equilibrium. The mechanism of 
the arsenate removal process was established to determine 
the order of reaction for the adsorption process. From the 
models chosen, it was recognised that the adsorption of 
arsenate into nanochitosan followed pseudo-second-order 
adsorption kinetics. The results of the equilibrium and 
kinetic modelling were used to design an optimised two-
stage batch adsorber system for arsenate removal. The min-
imum mass of nanochitosan adsorbent required in a batch 

process was identified for various initial concentrations 
and provided good results for practical use. Lastly, the con-
tact time to achieve a fixed percentage of arsenate removal 
using nanochitosan adsorbent was modelled based on a 
pseudo-second-order equation. This is particularly suitable 
to design low-cost adsorbent systems where multibatch turn-
around time is a critical operational and design benchmark. 
Moreover, for large-scale operation column studies will 
be required elution studies will need to be conducted for 
cost-effective design.
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