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a b s t r a c t

The purpose of this study was to explore the ability of shrimp shell to remove arsenic (As) from aqueous
solutions by experimental and modeling analyses. The shells of two species of farmed shrimp, black tiger
shrimp (Penaeus monodon) and white shrimp (Litopenaeus vannamei), were chosen to be the sorbents.
The results indicate that sorption capacities of black tiger shrimp and white shrimp shells were esti-
mated to be 8.1 × 10−3 to 5.0 × 10−1 and 7.8 × 10−3 to 2.4 × 10−1 mg g−1, respectively. Results show that
the sorption capacities of the shell of black tiger shrimp did not significantly differ from those of white
shrimp by through analysis of variance ANOVA (F = 1.50, n = 18, P > 0.05). This study found that Langmuir
and Fruendlich isotherm models described the adsorption processes well (r2 > 0.90). The Langmuir-based
maximum adsorption capacity was estimated to be 0.125–0.126 mg g−1, whereas the Fruendlich-based
adsorption capacities ranged from 0.105 to 0.124 mg g−1. Model analysis based on pseudo-second-order
ow cost kinetics reveals that sorption capacity of shrimp shell increases with the initial As concentration and
retention time in water. Based on isotherm and kinetic analyses, the sorption capacity of shell of black
tiger shrimp is slight higher but insignificant than that of shell of white shrimp for As removal from solu-
tion. A combination of experiments and modeling suggests that shrimp shell, as a waste material, could
be utilized potentially for the removal of As from an aqueous medium. Although the As-removal capacity
of shrimp shell was lower than those of natural and chemical sorbents, using shrimp shells as sorbents
is less expensive and could increase the additional benefit of shrimp products.
. Introduction

World Health Organization [1] considered arsenic (As) is
he top environmental chemical of concern. Arsenic also
anks first on the Agency for Toxic Substances and Dis-
ase Registry list of priority pollutants in the environment
http://www.atsdr.cdc.gov/cercla/05list.html). Several epidemio-
ogical studies confirm that there is an increased risk of cancer in
ase of exposure to As [2]. The main reason that people exposed
o As is because they come in contact with As containing water,
specially groundwater. Arsenic enters the food chain via aquatic
rganisms, which is also a risk to human health, if these organisms
re consumed by humans [3–6]. Systemic and chronic exposure
o As is known to lead to serious disorders, e.g., vascular diseases,
uch as blackfoot disease (BFD) and hypertension, irritations of the
Please cite this article in press as: C.-P. Chio, et al., Low-cost farmed
Hazard. Mater. (2009), doi:10.1016/j.jhazmat.2009.06.086

kin and mucous membranes as well as dermatitis, keratosis, and
elanosis [7]. Inorganic As is a human carcinogen, and ingestion of

norganic arsenic increases the risk of developing cancer of the blad-
er, liver, kidney, and skin [8]. The clinical manifestations of chronic
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arsenic are referred to as arsenicosis. At present, there is no effec-
tive therapy for arsenicosis, and consequently, treatment involves
reducing As exposure and providing specific drugs for recovery
and/or averting disease progression.

There are several kinds of techniques to remove As from
contaminated water; for instance, coagulation, ultrafiltration, ion
exchange, lime softening, adsorption on iron oxides or activated
alumina, and reverse osmosis [9–14]. These methods, however,
all have important disadvantages because they are expensive
and there is a risk for the environment because of deposited
rest products such as poisonous sludge. Mohan and Pittman [11]
reviewed the As removal techniques from water/wastewater using
natural/commercial adsorbents. Commercial adsorbents, such as
activated carbons, may have good adsorption capacities for some
heavy metals, yet they are expensive. The adsorption capacities for
activated carbons strongly depend on their intrinsic properties (e.g.,
specific surface area), sorbent chemical properties, temperature,
pH, ionic strength, and so on [11].
shrimp shells could remove arsenic from solutions kinetically, J.

Consequently, there is growing interest in using low-cost mate-
rials to remove As from water [11,15]. Arsenic can be adsorbed
by different natural materials, such as aquifer, bentonite, bone
char, clay, goethite, kaolinite, macrofungus, montmorillonite, oat
hulls, sand, sorghum, and spodic materials [10–14,16–20]. Among
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he natural sorbents, chitosan and chitin have the higher sorption
apacities for As [11,21]. Chitosan is difficult to be dissolved at low
H values. It also poses problems of agglomeration and it can form
el in aqueous solutions. Chitosan can be obtained from chitin by a
eacetylation process with a strong alkaline solution. Fungi, algae,
olluscs, insects, and crustaceans all have chitin as their main com-

onent [11,22–24]. Chitin is recognized as an excellent sorbent; the
rocess of producing chitin however, requires large amounts of acid
nd alkaline. Therefore, other kinds of techniques have to be devel-
ped for As removal. Among potential materials, the low-cost fresh
hrimp shells can be one of the choices [11,25,26].

The aquaculture of shrimp is a promising business in Taiwan.
aiwan has more than 9000 ha of shrimp cultivating ponds with a
otal amount of supply and marketing of around 9000 t yr−1 [27].
hrimp consumption generates a large amount of shells. These
hells are still considered as solid offal, according to the stipu-
ation of the Environmental Protection Administration in Taiwan.
ormally these shrimp shells are just thrown aside wantonly and
ause pollution. In this study, we attempted to utilize shrimp shell
s adsorbing material to remove As from aqueous solution.

The objective of this study was to evaluate the As adsorption
apacities for shrimp shells of two important cultured species of
armed shrimp, black tiger shrimp (Penaeus monodon) and white
hrimp (Litopenaeus vannamei), in Taiwan based on experimental
nd kinetic modeling assessments.

. Materials and methods

.1. Experiment

Black tiger shrimp (BTS) and white shrimp (WS) were obtained
rom fish markets in Chiayi City, Taiwan, and placed on ice during
ransfer to the laboratory. Two hundred and seventy individuals
rom each species, in total 540 shrimps, were selected. The first shell
rom the abdominal segment of the shrimp was removed from its
ody and collected for laboratory exposure experiments. The shells
ere cleaned, rinsed and then soaked in 1% NaOH at room tem-
erature overnight to remove the bulk of the protein. After being
insed with distilled water, the shells were dried in a convection
ven (DO45, DENG YNG, Taiwan) at 40 ◦C for 3 days. The level of
hitin in the shell was analyzed following the method of Juang et
l. [28]. The chitin was obtained by immersing the shell in 5 wt.%
aOH for 18 h and later in 5 wt.% HCl (with a weight ratio of 1:10

or shell to solution) for 18 h.
To determine the sorption capacity of the shrimp shell, adsorp-

ion assays were conducted in the laboratory. Since the sorption
apacities of black tiger shrimp shell and white shrimp shells might
e relatively low, hence we needed to increase the As concen-
rations in solution to make the As in shrimp shell detectable.
he sorption capacity was examined by exposing the shells to As
oncentrations of 1, 2, 5, 10, 20, 40, 60, 80, and 100 mg L−1 for spe-
ial design mentioned above. To prepare the concentration of As
n water, arsenite (Na3AsO3) was dissolved in distilled water. An
mount of 270 dried shells from the same species was separated
venly into 10 flasks, each with a volume of 500 ml; thus, every flask
ontained 27 pieces of shells. One by one the flasks were filled with
00 mL As solutions in the different concentrations as mentioned
bove. Three pieces of shells were taken out from each flask at the 0,
rd, 6th, 9th, 12th, 24th, 48th, and 96th h and kept at −20 ◦C before
hey were analyzed. Water samples were taken every 12 h from each
Please cite this article in press as: C.-P. Chio, et al., Low-cost farmed
Hazard. Mater. (2009), doi:10.1016/j.jhazmat.2009.06.086

ask, acidified by adding 5 mL 1N HNO3 and stored for analysis of
s concentration. The pH values of solutions under various As con-
entrations were measured. Immediately after sampling, the water
n the flasks was renewed to maintain the As concentration. The
xperiment was repeated twice.
 PRESS
Materials xxx (2009) xxx–xxx

For analysis of total As, shell and water samples were sent to the
Super Micro Mass Research and Technology Center, Cheng Shiu Uni-
versity, Kaohsiung, Taiwan. The shells were dehydrated in a dryer
(40 ◦C) for 96 h and grounded into powder. Aliquots of dry shell
powder weighing 0.5 g were placed into a 250 mL beaker. Nitric
acid (65%, 10 mL) was added and then covered with a glass for an
overnight digestion.

The beaker was heated with a water bath at 70–80 ◦C for 2–4 h to
reduce the total volume to 1–2 mL. The solution in the beaker was
transferred to a 50 mL volumetric flask. The rinsed solution (5 mL
of 0.01N of HNO3) for the watch glass was also added to the flask.
The flask was then filled with 0.01N of HNO3 to make a 50 mL of
final solution. After filtration, this 50 mL solution was transferred
to test tubes for As analysis.

Arsenic analysis was carried out by using an Agilent 7500a
ICP-MS. Analytical quality control was achieved by digesting and
analyzing identical amounts of rehydrated (90% H2O) standard
reference materials (DORM-2, Dogfish Liver-2-organic matrix, NRC-
CNRC, Canada). Recovery rates ranged from 95% to 97%.

2.2. Data analysis

The amount of pollutant adsorbed by the sorbent is equal to the
amount of pollutant reduced in water:

Q = Cs

1000 × M
, (1)

where Q is sorption capacity (mmol g−1), M is the molecular weight
of pollutant (g mol−1), and Cs = (n0 − n1)/W is the saturated concen-
tration of sorbent (�g g−1) in which n0 and n1 are the original and
residual weights of pollutant in water, respectively (mg), and W
is the weight of sorbent (g). Eq. (1) is derived based on An et al.
[24] by calculating directly from metal mass balance relationships,
indicating removed As amounts per unit sorbent dry weight as:

Q = (C0 − C1)V
1000 × W

, (2)

where C0 and C1 are the original and residual concentrations of
pollutant in water, respectively (mmol g−1) and V is the volume of
metal solution (L). For making the unit for sorption capacity consis-
tent throughout this study, the following descriptions of sorption
capacity (Q) were denoted by mg g−1.

Experimental isotherms are useful for describing adsorption
capacity to facilitate evaluation of the feasibility of the process for
a given application, for selection of the most appropriate sorbent,
and for preliminary determination of sorbent dosage requirements.
The isotherm plays an important role in the predictive model-
ing procedure for analysis and design of sorption systems. The
Langmuir and Fruendlich isotherms are most frequently used to
represent the data of sorption from solution. The Langmuir model
[10,13,14,20,29,30] represents one of the first theoretical treatments
of nonlinear sorption and suggests that uptake occurs on a homoge-
neous surface by monolayer sorption without interaction between
adsorbed molecules. The Langmuir model assumes uniform ener-
gies of adsorption onto the surface and no transmigration of the
sorbent. The linear Langmuir adsorption model was applied to the
sorption equilibria at different adsorption doses to establish the
maximum sorption capacity:

1
qe

= 1
QL

+ 1
KLQLCe

, (3)
shrimp shells could remove arsenic from solutions kinetically, J.

where qe is the isotherm related As uptake per mass of adsorbent
(mg g−1), Ce is the sorbent concentration at equilibrium (mg L−1),
QL (mg g−1) and KL (L−1 mg) are the Langmuir constants related
to maximum adsorption capacity and the binding energy of the
sorption system, respectively.

dx.doi.org/10.1016/j.jhazmat.2009.06.086
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Fig. 1. The equilibrium sorption capacities of the shells of (A) black tiger sh

The Fruendlich isotherm [10,13,14,20,29] is a nonlinear sorption
odel in that the model proposes a monolayer sorption with a het-

rogeneous energetic distribution of active sites accompanied by
nteractions between adsorbed molecules. A logarithmic linear Fru-
ndlich model is applied to sorption equilibria at different sorbent
oses:

og qe = log KF + 1
n

log Ce, (4)

here KF represents the adsorption capacity (mg g−1) and n denotes
he adsorption intensity. The values of 1/n varies between 0.1 and
.0 indicate the favorable adsorption of As.

A widely used pseudo-second-order kinetic model was
mployed to analyze the kinetics of the sorption system [28–31]:

t

q
= 1

kq2
e

+ t

qe
, (5)

here t is the contact time (h), q is the quantity of sorbent adsorbed
t time t (�g g−1), and k is the rate constant (g �g−1 h−1). The initial
orption rate can be obtained as q/t approaches zero:

0 = kq2
e , (6)

here h0 is the initial sorption rate (�g g−1 h−1).
The linear option of Statistica software (StatSoft, Tulsa, OK) was

sed to perform all curve fittings. Statistica software was also used
o calculate the coefficient of determination (r2) and statistical
nalyses (analysis of variance and Students t-test). Statistical signif-
cance was determined at P < 0.05. For performing three-dimension
lot, the TableCurve 3D packages (Version 4.0, AISN Software Inc.,
apleton, OR, USA) was employed.

. Results and discussion

.1. Characteristics and sorption capacity

The physical and chemical features in the structure of the shrimp
hells of these two species, black tiger shrimp and white shrimp,
sed in this study were also described. The length, wet weight, and
Please cite this article in press as: C.-P. Chio, et al., Low-cost farmed
Hazard. Mater. (2009), doi:10.1016/j.jhazmat.2009.06.086

ry weight of black tiger shrimp were 15.49 ± 0.55 cm, 21.51 ± 1.64,
nd 4.89 ± 0.42 g, respectively, while those of white shrimp were
4.61 ± 0.36 cm, 17.93 ± 1.58, and 4.34 ± 0.39 g, respectively. The
pecific surface area of shells of black tiger shrimp and white shrimp
ere 0.011 and 0.023 m2 g−1, respectively. The shrimp shells were
BTS) and (B) white shrimp (WS) under various As concentrations in water.

cleaned, rinsed and then soaked in 1% NaOH to remove the bulk of
the protein on the surface of the shells

The sorption capacities of the shells of BTS and WS ranged
from 1.08 × 10−4 to 6.66 × 10−3 mmol g−1 (i.e. 8.1 × 10−3 to
5.0 × 10−1 mg g−1) and 1.04 × 10−4 to 3.26 × 10−3 mmol g−1 (i.e.
7.8 × 10−3 to 2.4 × 10−1 mg g−1), respectively (Fig. 1A and B). The
resulting data also showed that there were significantly association
between equilibrium sorption capacities and the concentrations of
As-contained solution for both of the shells of BTS and WS. Accord-
ing to the analysis of variance (ANOVA), results showed that the
sorption capacities of the shells of BTS and WS had no significant
difference (F = 1.50, n = 18, P > 0.05), indicating that the two kinds of
shrimp shell had a similar capacity to adsorb As from the aqueous
solution.

Dambies et al. [32] noted that the sorption capacities of acti-
vated carbon, activated mineral surfaces, alumina, bauxite, chitin,
coral limestone and silica were lower than 0.1–0.2 mmol g−1 (i.e.
7.5–15 mg g−1). Ghimire et al. [33] pointed out that the sorption
capacities of orange waste and cellulose for removing As were esti-
mated to be 1.21 and 0.96 mmol g−1 (i.e. 90.6 and 71.9 mg g−1),
respectively. The natural materials will be influenced by pH val-
ues. The chemical materials will not be influenced by pH values,
but they cause a side effect bearing As-sludge. Moreover, these
chemicals remain expensive. The sorption capacity of shrimp shell
is lower than those of natural and chemical sorbents, but the
shrimp shell will not have the same problems mentioned above
[24]. The pH values of the solutions in this study remained between
6.03 and 7.02. Dambies et al. [32] have shown that the sorp-
tion capacity of raw chitosan beads for As(III) removal remained
constant, independently of the pH. The influence of pH change
on the sorption capacity of shrimp shell in this study can be
neglected. The shrimp shell therefore could be potentially used
as sorbent of As in aqueous medium. Thus, the shell of shrimp,
as well as other shellfish, crabs, and krill creates, should not
be considered as waste materials, but better be recycled and
used for removal of As [24]. It is cheap and useful to prevent
pollution [34]. Therefore, using these shell wastes could also
increase the additional benefits of fishery and aquaculture prod-
ucts.
shrimp shells could remove arsenic from solutions kinetically, J.

3.2. Adsorption isotherm

The Langmuir isotherm simulation for As sorption by shells of
BTS and WS were depicted in Fig. 2A and B, whereas the fitted Fru-

dx.doi.org/10.1016/j.jhazmat.2009.06.086
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adsorption capacity (QL) sorbent compared with the other three
materials (oat hulls [20], A. niger [13], and sorghum biomass [10]).
In our study, contrary to the other studies, we did not use the beads
and particles but the whole piece of shrimp shell as sorbent. The
specific surface area (m2 g−1) of shell was calculated dividing the
ig. 2. Langmuir and Fruendlich isotherm simulations for As sorption by shells of
A and C) black tiger shrimp (BTS) and (B and D) white shrimp (WS).

ndlich isotherm model for those were shown in Fig. 2C and D.
ll of them (Fig. 2A–D) displayed good linear correlations between

nverse and log transformed qe (As uptake per mass of adsor-
ent) and the corresponding transformed Ce (sorbent concentration
t equilibrium) for shells of BTS and WS. The fitted parameters
ere summarized in Table 1. Results showed that high correla-

ions (r2 = 0.91–0.98) were found for two type isotherms fitted to
he experimental data of two As-shrimp shell systems.

In Langmuir isotherm analysis, results showed that there were
o significant differences on maximum adsorption capacity (QL
ere estimated to be 0.126 and 0.125 mg g−1 for BTS and WS,
Please cite this article in press as: C.-P. Chio, et al., Low-cost farmed
Hazard. Mater. (2009), doi:10.1016/j.jhazmat.2009.06.086

espectively) between selected two shells. Only the regression
lope (1/KLQL) for BTS (1/(0.06 × 0.126) = 132 g−l mg−2) is relatively
igher than that for WS (1/(0.068 × 0.125) = 118 g−l mg−2). Simi-

arly, the regression slope (1/n) for BTS (1/1.05 = 0.95) is relatively
igher than that for WS (1/1.40 = 0.71) in the Fruendlich isotherm

able 1
odeling of As sorption isotherms by using Langmuir and Fruendlich equations for

lack tiger shrimp and white shrimp shells.

sotherm model Black tiger shrimp White shrimp

angmuir KL (L mg−1) 0.060 0.068
QL (mg g−1) 0.126 0.125
r2 0.91 0.95

ruendlich KF (mg g−1) 0.105 0.124
n 1.05 1.40
r2 0.97 0.98
 PRESS
Materials xxx (2009) xxx–xxx

analysis, although the interceptions (log KF) showed an inverse
trend (−2.25 and −2.09 mg g−1 for BTS and WS, respectively).

Although many isotherm models, e.g., Langmuir, Fruendlich,
Redlich–Peterson (R–P), and Dubini–Radushkevich (D–R), had been
proposed [29], we only selected the first two isotherms based on
the limitations in our data and simplified reasons. These first two
isotherm models of Langmuir and Fruendlich were represented the
nonlinear sorption in homogeneous surface and in heterogeneous
energetic distribution of active sites by monolayer sorption, respec-
tively. The R–P isotherm is the other form of Langmuir isotherm,
that is, the Langmuir isotherm is known as a specific (simplest) form
of the R–P isotherm. However, the D–R isotherm is not suitable be
applied in our study due to the data limitation.

Recently, A. niger [13], chitson bead [32], oat hull [20], and
sorghum biomass [10] had also been used as sorbent for As removal
(Table 2). Both of Langmuir and Fruendlich isotherms described
well for As adsorption, most of r2 were greater than 0.95. For
arsenate (As(V)) adsorption by Langmuir isotherm, the molybdate
coagulated chitosan beads (MCCB) and molybdate impregnated
chitosan beads (MICB) [32] were performed the higher maximum
shrimp shells could remove arsenic from solutions kinetically, J.

Fig. 3. Response surface representations of the maximum As sorption capacities at
various retention time and As initial concentrations in water by shells of (A) black
tiger shrimp (BTS) and (B) white shrimp (WS).

dx.doi.org/10.1016/j.jhazmat.2009.06.086
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Table 2
Comparisons of different sorbents applied onto As speciation sorption.

Sorbenta As speciation KL (L mg−1) QL (mg g−1) r2 Reference

Langmuir isotherm model
MCCB As(V) 0.12 ± 0.05b 211.2 ± 16.4 NAc [32]
MICB As(V) 0.11 ± 0.02 197.6 ± 8.8 NA [32]
Oat hulls As(V) 39.6–44.2d 1.57–3.09 0.95–0.99 [20]
A. niger As(V) 0.059 0.060 0.95 [13]
NISB/ISB As(V) 0.26–0.55 0.0029–0.0036 0.98–0.99 [10]
MCCB As(III) 0.04 ± 0.02 69.2 ± 6.6 NA [32]
BTS shells As(III) 0.060 0.126 0.91 This study
WS shells As(III) 0.068 0.125 0.95 This study

Sorbent KF (mg g−1) n r2

Fruendlich isotherm model
Oat hulls As(V) 0.39–0.49 2.48–5.10 0.84–0.94 [20]
NISB/ISB As(V) 0.73–1.02 1.39–1.41 0.99 [10]
BTS shells As(III) 0.105 1.05 0.97 This study
WS shells As(III) 0.124 1.40 0.98 This study

a MCCB: molybdate coagulated chitosan beads, MICB: molybdate impregnated chitosan beads, NISB/ISB: non-immobilized/immobilized sorghum biomass, BTS: black tiger
s
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hrimp, and WS: white shrimp.
b Mean ± SD.
c Not available.
d Min–max.

urface area (m2) by the dry weight (g). The specific surface areas of
aw shrimp shell were 0.011–0.023 m2 g−1, while those of the crab
hell particles and the chitosan beads were 13.35 and 12.50 m2 g−1,
espectively [28,32]. The difference in specific surface area between
hrimp shell and crab shell particles, as well as-shrimp shell and
hitosan beads, is rather large (more than 500 times). That is the
eason we concluded that the difference in specific surface area
ould be the main reason for the significant difference in sorption
apacity between shrimp shell and the other two materials men-
ioned above. But, it does not mean that the adsorption capacity of
hrimp shell is mainly influenced by the specific surface area.

.3. Kinetic studies
Please cite this article in press as: C.-P. Chio, et al., Low-cost farmed
Hazard. Mater. (2009), doi:10.1016/j.jhazmat.2009.06.086

The corresponding values of qe, k, and h0 against Cw were
egressed to obtain expressions for these regression values in terms
f the initial As concentration with high correlation coefficients
Table 3). The pertinent parameters of pseudo-second-order sorp-

able 3
ertinent parameters of pseudo-second-order sorption equation for black tiger shrimp an

w(mg L−1) Slope (g �g−1) Interception (h g �g−1) r2

lack tiger shrimp
0 3.85 × 100 9.70 × 10−1 0.98
1 1.01 × 10−1 6.11 × 100 0.87
2 1.06 × 10−1 6.96 × 100 0.87
5 4.88 × 10−2 2.64 × 100 0.92

10 1.73 × 10−2 8.59 × 10−1 0.93
20 1.28 × 10−2 5.56 × 10−2 0.99
40 8.32 × 10−3 2.33 × 10−2 0.99
60 2.49 × 10−3 3.17 × 10−3 0.99
80 1.89 × 10−3 1.00 × 10−2 0.96
00 1.76 × 10−3 4.99 × 10−3 0.97

hite shrimp
0 4.90 × 100 7.49 × 100 0.98
1 1.15 × 10−1 5.57 × 100 0.93
2 7.25 × 10−2 2.06 × 100 0.98
5 4.58 × 10−2 2.37 × 100 0.95

10 1.95 × 10−2 4.35 × 10−1 0.97
20 1.31 × 10−2 4.68 × 10−2 0.99
40 9.24 × 10−3 2.80 × 10−2 0.99
60 5.91 × 10−3 1.51 × 10−2 0.99
80 5.13 × 10−3 6.27 × 10−3 0.99
00 3.55 × 10−3 1.41 × 10−2 0.99
tion equation used to model the shells of BTS and WS, including
the fitted slope (i.e. 1/qe) and interception (i.e. 1/kq2

e ), had been
estimated (Table 3). The fitted r2 for shells of BTS and WS ranged
from 0.871 to 0.999 and 0.932–0.999, respectively. Results indicated
that the fitted slope and interception for both shells of BTS and WS
showed a decrease pattern association with increase of the initial
As concentration (Cw) in aqueous solution. However, the estimated
sorption capacity (qe) and initial sorption rate (h0) showed a similar
trend with increase of the initial As concentration (Cw) in aqueous
solution.

The results also showed that the maximum sorption for BTS
(h0t = 75,000 �g g−1) was approximately 3 times higher than that
for WS (25,000 �g g−1) (Fig. 3) because of the maximum quantity
of sorbent for BTS in equilibrium state (qe = 569 �g g−1) is approxi-
shrimp shells could remove arsenic from solutions kinetically, J.

mately 2 times higher than that for WS (282 �g g−1, Table 3). Based
on two types of isotherms and pseudo-second-order kinetic model-
ing (also referred to as Ho model [13]) analyses, shells of BTS are the
more suitable sorbents than those of WS for As removal from aque-
ous solution. In the previous study [13], Ho model was considered

d white shrimp shells.

qe (�g g−1) k (g �g−1 h−1) h0(k q2
e ) (�g g−1 h−1)

8 2.60 × 10−1 1.52 × 10−1 1.03 × 100

5 9.93 × 100 1.66 × 10−3 1.64 × 10−1

1 9.46 × 100 1.61 × 10−3 1.44 × 10−1

7 2.05 × 101 9.00 × 10−4 3.78 × 10−1

5 5.79 × 101 3.48 × 10−4 1.16 × 100

9 7.83 × 101 2.93 × 10−3 1.80 × 101

9 1.20 × 102 2.97 × 10−3 4.29 × 101

8 4.02 × 102 1.95 × 10−4 3.16 × 102

7 5.30 × 102 3.55 × 10−4 9.98 × 101

2 5.69 × 102 6.19 × 10−4 2.00 × 102

4 2.04 × 10−1 3.20 × 100 1.34 × 10−1

2 8.68 × 100 2.38 × 10−3 1.80 × 10−1

5 1.38 × 101 2.56 × 10−3 4.87 × 10−1

4 2.18 × 101 8.86 × 10−4 4.22 × 10−1

8 5.12 × 101 8.78 × 10−4 2.30 × 100

7 7.66 × 101 3.64 × 10−3 2.14 × 101

9 1.08 × 102 3.04 × 10−3 3.57 × 101

7 1.69 × 102 2.31 × 10−3 6.62 × 101

6 1.95 × 102 4.20 × 10−3 1.59 × 102

7 2.82 × 102 8.96 × 10−4 7.11 × 101
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. Conclusions

In the present study, it has been shown that the use of low-
ost farmed shrimp shell for As removal appeared to be feasible
echnically. With a capacity of removing As from aqueous solution,
hrimp shell may perform potentially to remove As from wastew-
ter or As-contaminated groundwater. Shrimp shell, as a natural
aterial, is available ideally with a low cost and is also environmen-

al friendly. Besides that, being composed entirely of aquacultural
nd fishing industrial waste, it helps to reduce waste. Shrimp shells
an easily be obtained, employed, and disposed of with low cost.
hey would be good candidates for adsorption of As in wastewater
treams. The use of shrimp shell as sorbent should be investigated as
replacement for the current expensive methods to remove heavy
etals from solution. The mechanism of As adsorption in shrimp

hell should be revealed. To make the As removal more efficient,
he use of a significant amount of shrimp shell is required, which
mplies that more research should be done on the desorption of As
rom the shells. Furthermore, studies concerning As as well as the
ther metals adsorbed by shrimp shells needed to be undertaken
o provide more available information on shrimp shells as low-cost
orbents.
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