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Kinetic and thermodynamic analysis of adsorption of
arsenic (III) with waste crab shells
Zhibin Zhang, Xiaorui Zhang, Shimiao Yu, Yanhao Zhang, Ning Wang,
Cuizhen Sun and Zheng Ma

ABSTRACT
Recently, pollution incidents in surface water occurred frequently all over the world, which normally
caused the surface water to have lower concentrations of heavy metals. A low cost waste crab shell
(WCS) has been studied for the removal of arsenic from the contaminated surface water. The
adsorption kinetics of WCS for low concentration (<1 mg/L) of arsenic (III) in a controlled batch
system was studied. The effects of initial arsenic (III) concentrations, temperature, pH, and WCS
biomass dose on the adsorption were investigated. Under the conditions set in this research, the
maximum adsorption capacity for arsenic (III) was 165.78 mg/kg at 0.928 mg/L of initial arsenic (III)
concentrations, pH 7.0, 40 C, and 2.0 g/L of WCS biomass. The kinetics ﬁtted the pseudo-secondW

order model better than models, such as pseudo-ﬁrst-order model, Elovich kinetic model, and intraparticle diffusion model, etc. An examination of thermodynamic parameters showed that the
adsorption of arsenic (III) with WCS was non-spontaneous and endothermic, as well as a physical
process. The results suggested that WCS adsorption may be a useful option for arsenic removal from
slightly arsenic-contaminated surface water.
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INTRODUCTION
Arsenic and its compounds are well-known toxic substances

remove arsenic from aqueous solution, such as bacteria

in ground water, causing severe human health problems

(Takeuchi et al. ), fungi (Murugesan et al. ), chitin

(Pena et al. ; dos Santos et al. ; Maiti et al. ).

and chitosan (Elson et al. ), cellulose sponge (Munoz

The World Health Organization recommends a standard

et al. ), water hyacinth (Misbahuddin & Fariduddin

of arsenic concentrations of 10 μg/L in drinking water

), Pteris vittata (Caille et al. ), human hair (Wasiud-

(Rana et al. ; Vijayaraghavan et al. ). Adsorption

din et al. ), and orange waste (Ghimire et al. ).

is one of the popular methods to remove aqueous arsenic

Containing high amounts of chitin or chitosan, treated

(Basu & Ghosh ). Traditional materials used in sorption

waste crab shell (WCS) represents a potential bioadsorbent

methods for arsenic removal include activated alumina (Lin

due to its low cost, rigid structure, excellent mechanical

& Wu ), iron coated sand (Gupta et al. ), and ion-

strength, and ability to withstand extreme conditions,

exchange resins (Kim & Benjamin ), which are all effec-

such as high-temperature regeneration processes (Niu

tive for arsenic removal from aqueous solution. However,

et al. ).

researchers are still looking for cheaper adsorbents and

Previous research has demonstrated that acid-washed

treatment techniques (Mohan & Pittman ). Recent

crab shells (acid-WCS) have promising potential for remov-

research has reported a number of economical biological

ing Cu, Pb, Ni, Cd, Co, Au, Se, Cr, V, and Zn (An et al. ;

materials which can be considered as biosorbents to

Chu ; Niu & Volesky a, b; Vijayaraghavan et al.
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Experimental procedure

could be removed effectively with WCS (Vijayaraghavan
et al. , ; Niu et al. ; Rana et al. ). However,

In the batch adsorption experiments, each 250 mL conical

few studies focused on the individual As(III) removal by

ﬂask contained 100 mL of As(III) solution and 0.2 g WCS,

WCS. As(III) is more toxic than As(V), owing to the

being shaken with bath shakers for 10 h at 120 rpm. Then,

higher sulfur afﬁnity to interrupt the intermediate metab-

mixed solution was ﬁltered through 0.22 μm polytetraﬂuoro-

olism (Weerasooriya et al. ). Furthermore, As(III) is

ethylene membranes and the ﬁltrate was kept for As(III)

more difﬁcult to be removed than As(V) (Chowdhury &

analysis. In the experiment, for effect of the initial As(III)

Mulligan ), because some methods require a preoxida-

concentrations, 100 mL of arsenic solutions were prepared

tion step, converting As(III) to As(V) for effective arsenic

with different known initial concentrations (0.032, 0.051,

removal, such as oxidation-precipitation (Zaw & Emett

0.088, 0.491, and 0.928 mg/L). To determine the effects

; Bissen & Frimmel ) and coagulation-coprecipi-

of pH and temperatures on adsorptions, tests were con-

tation (Khan et al. ; Wickramasinghe et al. ). This

ducted at different pH values (1.0, 3.0, 5.0, and 7.0) and

problem could be solved by direct As(III) adsorption.

temperatures (13, 20, 30, and 40 C). To evaluate the inﬂu-

Since previous research on arsenic concentrations, arsenic

ence of biomass doses, a series of WCS mass (0.08, 0.12,

removal with WCS focused on high initial concentrations

0.20, 0.28, and 0.40 g) were added to 100 mL of As(III) sol-

(>1 mg/L) (Kalmykova et al. ), low concentration

ution (0.928 mg/L), respectively. In kinetic studies, 1.0 g of

(<1 mg/L) arsenic removal attracts less study (Rana et al.

WCS was added to 1.0 L of 0.928 mg/L As(III) solution

; Vijayaraghavan et al. ; Jeon ), which could

(pH ¼ 7.0) at 13 C, shaken at 120 rpm and sampled at

not be ignored, owing to the bioaccumulation of marine ani-

15, 30, 60, 180, 300, 600 and 1440 min, respectively. In

mals in the long term.

addition, the same kinetic experiment procedures were car-

The objective of this study is to investigate the potential
of WCS on removal of aqueous As(III) at low concen-

W

W

W

ried out at 20, 30, and 40 C for thermodynamic studies,
respectively.

trations. Parameters affecting the biosorption potential,

Each test was run in triplicate with a blank control under

kinetics, and thermodynamics of biosorption were also

the same condition. The As(III) concentrations were deter-

determined and demonstrated.

mined by atomic ﬂuorescence spectrometry (AFS-930)
(Beijing Titan Instruments Co., Ltd). The As(III) adsorption
capacity can be calculated using Equation (1)

MATERIALS AND METHODS
Qe ¼ (C0  Ce )V=m

(1)

Biosorbent and solution preparation
where Qe is the metal adsorption capacity (mg arsenic/kg
Raw WCS: WCS obtained from a seafood market in Jinan,

WCS); C0 and Ce are the initial and equilibrium concen-

Shandong, China, was treated as follows: washed by deio-

trations of As(III) in the solutions (mg/L), respectively; V

nized water, fully dried, and crushed and sieved into

is the solution volume (L); and m is the biomass dose of

0.35–0.5 mm particles. Then, the particles were rinsed in 1

WCS (g).

N HCl (55 g dry shells/L HCl) for 6 h in order to eliminate
minerals before being washed with deionized water until the
pH was stabilized at approximately 6.0. The washed

RESULTS AND DISCUSSION

W

material was dried at 55 C overnight.
As(III) solutions were prepared with solid NaAsO2 and

Effect of initial As(III) concentrations

deionized water. The pH values of aqueous samples were
adjusted with 0.1 M HCl or 0.1 M NaOH if necessary. All

The effect of initial As(III) concentrations on adsorption

the reagents used in this study were of analytical grade.

(pH ¼ 7.0, temperature ¼ 13 C, WCS biomass ¼ 2.0 g/L) is
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shown in Figure 1. The adsorption capacity (Qe) increased
with the initial As(III) concentrations, and its maximum
value was 162.70 ± 11.31 mg/kg when the concentration
was 0.928 mg/L within the tested concentration range
(0.032–0.928 mg/L). Considering the trend of curve, the
adsorption capacity was assumed to keep increasing if
higher initial concentration was involved. However, the
equilibrium As(III) removal efﬁciency decreased from
64.9% at initial As(III) concentrations of 0.032 mg/L to
35.1% at initial As(III) concentrations of 0.928 mg/L.
A possible explanation may be that As(III) adsorption
sites

on

WCS

became

increasingly

saturated

with

higher initial As(III) concentrations (Kalmykova et al.
).

Figure 2

|

Inﬂuence of temperature on adsorption (pH ¼ 7.0, initial As(III) concentrations
of 0.928 mg/L, WCS biomass of 2.0 g/L).

Temperature effect

treatment of natural waters polluted with arsenic, especially

The inﬂuence of temperature on adsorption (pH ¼ 7.0) is
shown in Figure 2. The adsorption capacity increased slightly

resisting the temperature shifting at the transition of
seasons.

W

with the increase of water temperature from 13 to 40 C, with
a maximum value of 165.78 ± 15.33 mg/kg under the con-

pH effect

ditions of initial arsenic (III) concentrations of 0.928 mg/L,
W

pH 7.0, 40 C, and WCS biomass of 2.0 g/L. The results
demonstrated that temperature is not the main inﬂuencing
factor of As(III) adsorption. Similar behavior was observed
in the adsorption of aqueous phosphate on WCS ( Jeon &
Yeom ). The thermal stability of WCS favored to
As(III) adsorption could beneﬁt its application to the

Figure 1

|

Figure 3 shows adsorption isotherms obtained for As(III)
on WCS at equilibrium pH values of 1.0, 3.0, 5.0, and 7.0.
As pH increases at the initial As(III) concentrations of
0.928 mg/L, the adsorption capacity for As(III) uptake
on WCS increased from 109.10 ± 8.12 to 162.70 ±
15.32 mg/kg. This could be attributed to the fact that
the arsenic dominant species is H3AsO3 (pKa ¼ 9.2)

W

Effect of initial As (III) concentrations on adsorption (pH 7.0, 13 C, WCS
biomass of 2.0 g/L).
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when pH is far less than 7.0, and van der Waals force
could play an important role between the solute and
adsorbent (Weerasooriya et al. ). With pH increasing,
more H2AsO
3 would form and beneﬁt arsenic uptake
to WCS, due to more electrostatic attraction (Liu et al.
).

Effect of WCS dose
Generally, the metal adsorption capacity increases with biomass dose. However, Figure 4 shows that the As(III)
adsorption capacity slightly decreased from 162.70 ± 13.87
to 151.83 ± 9.71 mg/kg with the biomass dose increasing
from 0.8 to 4.0 g/L, which resulted from the effective

Figure 5

|

Kinetics of As(III) adsorption onto WCS from aqueous solution (T ¼ 13 C, pH ¼
W

7.0, WCS biomass of 1.0 g/L).

active area reducing, caused by biomass particle aggregating
at a high biomass dose (Miretzky et al. ). Similar results
were reported for As(V), Cu, and Co on WCS (Vijayaraghavan et al. ).

adsorption capacity and rate resulted from the dominant
van der Waals force between sorbents and sorbates. The
second phase was from 60–300 min, where the slope of
the curve became lower, meaning the metal adsorption

Kinetics

capacity increased more slowly. This could be attributed
to gradual saturation of the active site on the WCS

Kinetic study was conducted to investigate As(III)

surface. The third phase started from 300 min to the

adsorption rate and to determine the rate-limiting step

end. In this phase, the adsorption reached equilibrium

within the ion transport mechanism. The kinetic curve

when the curve tended to be level. Generally, the trans-

of aqueous As(III) adsorption on WCS (T ¼ 13 C, pH ¼

port of metal ions on porous media includes four steps:

W

7.0) is shown in Figure 5, including three time phases.
For

the

ﬁrst

15–60 min,

the

increasing

of

metal

transport of the sorbate in the bulk solution, ﬁlm diffusion from the bulk solution through the boundary layer
of ﬂuid immediately adjacent to the external surface of
the biosorbent particle, diffusion through the particle,
and intra-particle diffusion (Lodeiro et al. ). The
last two steps are slower, so they are usually considered
as rate-limiting steps.
Four kinetic models were used to ﬁt the tested results
of this study: the pseudo-ﬁrst-order model, the pseudosecond-order model, the Elovich kinetic model and
the intra-particle diffusion model. Fitting curves and
model parameters are shown in Figure 6 and Table 1,
respectively.
The Qe obtained from the intercept of the plot of the
pseudo-ﬁrst-order model was 46.13 mg/kg, which was
much lower than the experimental value of 155.89 mg/kg,

Figure 4

|

Inﬂuence of WCS biomass dose on As(III) adsorption (pH ¼ 7.0, T ¼ 13 C, initial
W

As(III) concentrations of 0.928 mg/L).
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Kinetic ﬁtting curves using models: pseudo-ﬁrst-order (a), pseudo-second-order (b), Elovich kinetics (c) and intra-particle diffusion (d). (T ¼ 13 C, pH ¼ 7.0).
W

Fitting parameters for the pseudo-ﬁrst order model, pseudo-second order model, Elovich kinetic model and intra-particle diffusion model

Pseudo-ﬁrst order lg
(Qe – Qt) ¼ lgQe – kt/

W

pH

T/ C

k1 1/min

7.0

13

5.76 × 103

7.0

20

7.14 × 10

3

7.0

30

6.68 × 103

40

3

7.0

6.45 × 10

Intra-particle diffusion
Pseudo-second order t/Q ¼ 1/υ0 þ t 1/ Qe

2.303

Elovich kinetic Qt¼1/β ln(αβ) þ1/β lnt

Qt ¼ kd t 1/2

α mg/kg · min

β mg/kg

r2

kd mg/kg · min

r2

0.07

0.88

1.68

0.63

0.88

1.71

0.62

0.87

1.67

0.61

1.61

0.58

r2

k2 kg/mg · min

υ0 mg/kg · min

r2

0.92

4.94 × 104

11.67

1.00

0.96

4.99 × 10

4

12.97

1.00

963.26

0.07

0.94

5.35 × 104

13.91

1.00

1312.84

0.07

0.92

4

16.00

1.00

2316.90

0.07

0.84

5.76 × 10

156.25 mg/kg, which was approximately equal to the exper-

879.52

Thermodynamics

imental data and the r 2 value was 1.00, which showed that it
was highly possible to be the actual adsorption process. The

Assuming that the entropy (ΔS*) and enthalpy (ΔH*) during

Elovich model (r 2 ¼ 0.88) did not match the experiment data

the adsorption process are not inﬂuenced by temperature,

as well as the pseudo-second-order model did; and for the

the k value can be obtained from the pseudo-second

intra-particle diffusion model the r 2 value was only 0.63

order kinetic model (data in Table 1) using the Arrhenius

and the curve obtained did not pass through the origin

formula:

point, indicating that intra-particle diffusion was not the
rate-limiting step.
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Plots of 1/T to –ln k (a) and 1/T to –ln (k/T) (b) for As(III) adsorption on WCS.

where Ea is the adsorption activation energy (kJ/mol), which

(Anirudhan & Radhakrishnan ). ΔS* < 0 indicates

could be calculated from the curve slope in Figure 7(a).

that the degree of disorder was reduced in the reaction

ΔH* and ΔS* were calculated by the Eyring formula

system. Since ΔH* > 0, the reaction will be accelerated

(Equation (3)) and the Gibbs free energy (ΔG*) was obtained

with increasing temperature. Also, ΔG* > 0 demonstrates

by Equation (4):

that the adsorption occurs only with when external
energy is involved.

ln k=T ¼ ln kB =h þ ΔS=R  ΔH=RT

(3)

ΔG ¼ ΔH  TΔS

(4)

CONCLUSIONS

where kB and h are the Boltzmann constant and the Planck

The present work shows that WSC can be used to adsorb

constant, respectively, k is the rate constant of the pseudo-

lower concentration aqueous As(III) in surface water. The

second order kinetic model. The values of ΔH* and ΔS*

maximum

were the intercept and slope of the plot between ln (k/

165.78 mg/kg (pH ¼ 7.0, T ¼ 40 C and 2.0 g/L biomass

T ) and 1/T in Figure 7(b). All the thermodynamic par-

dose) from aqueous solution under the set conditions in

ameters are summarized in Table 2.

this study. The pH and biomass dose showed signiﬁcant inﬂu-

As(III) adsorption

capacity by WCS

was

W

Generally, when Ea < 40 kJ/mol, it indicates that the

ence on adsorption while temperature did not. Experimental

reaction is a diffusion-controlled process while higher

kinetic data ﬁt the pseudo-second-order model well, which

values represent a chemical reaction process. As(III)

indicated that it is highly possible to be the actual As(III)

adsorption on WCS could be a diffusion-controlled rapid

adsorption process. For the thermodynamic study, it was con-

physical process due to Ea ¼ 5.16 kJ/mol (5–20 kJ/mol) in

cluded that the adsorption process characterized with non-

Table 2. Additionally, since the value is between 5 and

spontaneous characteristics and low adsorption activation

20 kJ/mol, the physical adsorption is the predominant

energy favored higher temperature. All the study results will

adsorption mechanism for As(III) removal by WCS

offer a reference for the application of treating slightly
arsenic-contaminated natural water by WCS.

Table 2

|

Thermodynamic parameters for As(III) adsorption onto WCS

T/K

Ea (kJ/mol)

ΔG* (kJ/mol)

ΔH* (kJ/mol)

ΔS* (J /(mol · K))

286

5.16

31.64

2.67

 101.30

293

32.35

303

33.36

313

34.38

Downloaded from https://iwaponline.com/aqua/article-pdf/399997/642.pdf
by guest

ACKNOWLEDGEMENTS
This research was ﬁnancially supported by the Department
of

Environmental

Protection

of

Shandong

Province

(No. SDHBPJ-ZB-09) and the Natural Science Foundation

648

Z. Zhang et al.

|

Kinetic and thermodynamic analysis of adsorption of arsenic (III) with waste

of Shandong Province (No. BS2013HZ028 and No.
ZR2012EEQ024).

REFERENCES
An, H. K., Park, B. Y. & Kim, D. S.  Crab shell for the removal
of heavy metals from aqueous solution. Water Res. 35 (15),
3551–3556.
Anirudhan, T. S. & Radhakrishnan, P. G.  Thermodynamics
and kinetics of adsorption of Cu(II) from aqueous solutions
onto a new cation exchanger derived from tamarind fruit
shell. J. Chem. Thermodyn. 40 (4), 702–709.
Basu, T. & Ghosh, U. C.  Inﬂuence of groundwater occurring
ions on the kinetics of As(III) adsorption reaction with
synthetic nanostructured Fe(III)-Cr(III) mixed oxide.
Desalination 266 (1–3), 25–32.
Bissen, M. & Frimmel, F. H.  Arsenic – a review. Part II:
Oxidation of arsenic and its removal in water treatment. Acta
Hydrochim. Hydrobiol. 31 (2), 97–107.
Caille, N., Swanwick, S., Zhao, F. J. & McGrath, S. P.  Arsenic
hyperaccumulation by Pteris vittata from arsenic
contaminated soils and the effect of liming and phosphate
fertilisation. Environ. Pollut. 132 (1), 113–120.
Chowdhury, M. R. I. & Mulligan, C. N.  Biosorption of arsenic
from contaminated water by anaerobic biomass. J. Hazard.
Mater. 190 (1–3), 486–492.
Chu, K. H.  Removal of copper from aqueous solution by
chitosan in prawn shell: adsorption equilibrium and kinetics.
J. Hazard. Mater. 90 (1), 77–95.
dos Santos, H. H., Demarchi, C. A., Rodrigues, C. A., Greneche, J.
M., Nedelko, N. & Slawska-Waniewska, A.  Adsorption
of As(III) on chitosan-Fe-crosslinked complex (Ch-Fe).
Chemosphere 82 (2), 278–283.
Elson, C. M., Davies, D. H. & Hayes, E. R.  Removal of
arsenic from contaminated drinking water by a chitosan/
chitin mixture. Water Res. 14 (9), 1307–1311.
Ghimire, K. N., Inoue, K., Yamaguchi, H., Makino, K. &
Miyajima, T.  Adsorptive separation of arsenate and
arsenite anions from aqueous medium by using orange waste.
Water Res. 37 (20), 4945–4953.
Gupta, V. K., Saini, V. K. & Jain, N.  Adsorption of As(III)
from aqueous solutions by iron oxide-coated sand. J. Colloid
Interface Sci. 288 (1), 55–60.
Jeon, C.  Removal of As(V) from aqueous solutions by waste
crab shells. Korean J. Chem. Eng. 28 (3), 813–816.
Jeon, D. J. & Yeom, S. H.  Recycling wasted biomaterial,
crab shells, as an adsorbent for the removal of high
concentration of phosphate. Bioresour. Technol. 100 (9),
2646–2649.
Kalmykova, Y., Stromvall, A. M. & Steenari, B. M. 
Adsorption of Cd, Cu, Ni, Pb and Zn on Sphagnum peat from

Downloaded from https://iwaponline.com/aqua/article-pdf/399997/642.pdf
by guest

Journal of Water Supply: Research and Technology—AQUA

|

63.8

|

2014

solutions with low metal concentrations. J. Hazard. Mater.
152 (2), 885–891.
Khan, M. M. T., Yamamoto, K. & Ahmed, M. F.  A low cost
technique of arsenic removal from drinking water by
coagulation using ferric chloride salt and alum. Second World
Water Congress: Drinking Water Treatment 2 (2), 281–288.
Kim, J. & Benjamin, M. M.  Modeling a novel ion exchange
process for arsenic and nitrate removal. Water Res. 38 (8),
2053–2062.
Lin, T. F. & Wu, J. K.  Adsorption of arsenite and arsenate
within activated alumina grains: Equilibrium and kinetics.
Water Res. 35 (8), 2049–2057.
Liu, B. J., Lv, X., Wang, D. F., Xu, Y., Zhang, L. & Li, Y. J. 
Adsorption behavior of As(III) onto chitosan resin with
As(III) as template ions. J. Appl. Polym. Sci. 125 (1), 246–253.
Lodeiro, P., Herrero, R. & de Vicente, M. E. S. 
Thermodynamic and kinetic aspects on the biosorption of
cadmium by low cost materials: A review. Environ. Chem.
3 (6), 400–418.
Lu, S. G., Gibb, S. W. & Cochrane, E.  Effective removal of
zinc ions from aqueous solutions using crab carapace
biosorbent. J. Hazard. Mater. 149 (1), 208–217.
Maiti, A., Basu, J. K. & De, S.  Experimental and kinetic modeling
of As(V) and As(III) adsorption on treated laterite using
synthetic and contaminated groundwater: Effects of phosphate,
silicate and carbonate ions. Chem. Eng. J. 191, 1–12.
Miretzky, P., Munoz, C. & Carrillo-Chavez, A.  Cd (II)
removal from aqueous solution by Eleocharis acicularis
biomass, equilibrium and kinetic studies. Bioresour. Technol.
101 (8), 2637–2642.
Misbahuddin, M. & Fariduddin, A.  Water hyacinth removes
arsenic from arsenic-contaminated drinking water. Arch.
Environ. Health 57 (6), 516–518.
Mohan, D. & Pittman, C. U.  Arsenic removal from water/
wastewater using adsorbents – A critical review. J. Hazard.
Mater. 142 (1–2), 1–53.
Munoz, J. A., Gonzalo, A. & Valiente, M.  Arsenic adsorption by
Fe(III)-loaded open-celled cellulose sponge. Thermodynamic
and selectivity aspects. Environ. Sci. Technol. 36 (15),
3405–3411.
Murugesan, G. S., Sathishkumar, M. & Swaminathan, K. 
Arsenic removal from groundwater by pretreated waste tea
fungal biomass. Bioresour. Technol. 97 (3), 483–487.
Niu, H. & Volesky, B. a Biosorption mechanism for anionic
metal species with waste crab shells. Eur. J. Miner. Process.
Environ. Protect. 3 (1), 75.
Niu, H. & Volesky, B. b Characteristics of anionic metal
species biosorption with waste crab shells. Hydrometallurgy
71 (1–2), 209–215.
Niu, C. H., Volesky, B. & Cleiman, D.  Biosorption of arsenic (V)
with acid-washed crab shells. Water Res. 41 (11), 2473–2478.
Pena, M. E., Korﬁatis, G. P., Patel, M., Lippincott, L. & Meng,
X. G.  Adsorption of As(V) and As(III) by
nanocrystalline titanium dioxide. Water Res. 39 (11),
2327–2337.

649

Z. Zhang et al.

|

Kinetic and thermodynamic analysis of adsorption of arsenic (III) with waste

Rana, M., Halim, M., Hoque, S., Hasan, K. & Hossan, M. 
Bioadsorbtion of arsenic by prepared and commercial crab
shell chitosan. Biotechnology 8 (1), 160–165.
Takeuchi, M., Kawahata, H., Gupta, L. P., Kita, N., Morishita, Y., Ono,
Y. & Komai, T.  Arsenic resistance and removal by marine
and non-marine bacteria. J. Biotechnol. 127 (3), 434–442.
Vijayaraghavan, K., Jegan, J., Palanivelu, K. & Velan, M. 
Removal of nickel(II) ions from aqueous solution using crab
shell particles in a packed bed up-ﬂow column. J. Hazard.
Mater. 113 (1–3), 223–230.
Vijayaraghavan, K., Palanivelu, K. & Velan, M.  Biosorption
of copper(II) and cobalt(II) from aqueous solutions by crab
shell particles. Bioresour. Technol. 97 (12), 1411–1419.
Vijayaraghavan, K., Arun, M., Joshi, U. M. & Balasubramanian, R.
 Biosorption of As(V) onto the Shells of the Crab

Journal of Water Supply: Research and Technology—AQUA

63.8

|

2014

(Portunus sanguinolentus): Equilibrium and Kinetic Studies.
Ind. Eng. Chem. Res. 48 (7), 3589–3594.
Wasiuddin, N. M., Tango, M. & Islam, M. R.  A novel method
for arsenic removal at low concentrations. Energy Sources 24
(11), 1031–1041.
Weerasooriya, R., Tobschall, H., Wijesekara, H., Arachchige, E. &
Pathirathne, K.  On the mechanistic modeling of As (III)
adsorption on gibbsite. Chemosphere 51 (9), 1001–1013.
Wickramasinghe, S. R., Han, B. B., Zimbron, J., Shen, Z. & Karim,
M. N.  Arsenic removal by coagulation and ﬁltration:
comparison of groundwaters from the United States and
Bangladesh. Desalination 169 (3), 231–244.
Zaw, M. & Emett, M. T.  Arsenic removal from water
using advanced oxidation processes. Toxicol. Lett. 133 (1),
113–118.

First received 11 December 2013; accepted in revised form 14 April 2014. Available online 13 May 2014

Downloaded from https://iwaponline.com/aqua/article-pdf/399997/642.pdf
by guest

|

