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Received 13 September 2005; received in revised form 20 January 2006; accepted 26 January 2006
Available online 13 March 2006

bstract

Three biosorbents, crab carapace, the macroalgae Fucus vesiculosus and peat were compared with two commercial materials, an activated-
arbon and an ion-exchange resin for the removal of copper from aqueous media. Kinetic models of Lagergren first-order, pseudo-second order
nd intraparticular diffusion were used to model the data. The process for all materials is best represented by the pseudo-second order rate
odel. Langmuir and Freundlich isotherms were used to describe the sorption equilibrium data. Maximum uptake values were 79.4, 114.9 and

1.4 mg g−1 for crab carapace, F. vesiculosus and ion-exchange resin, respectively. Langmuir and Freundlich isotherm models could not be fitted
o the experimental data for peat and activated-carbon. Ion-exchange was calculated to contribute ∼75%, 77% and 44% to the total biosorption
y crab carapace, F. vesiculosus and peat, respectively. The removal efficiencies of crab carapace and F. vesiculosus were >95% and comparable

ith those achieved using ion-exchange resin. Results from this study suggest that both crab carapace and F. vesiculosus are efficient and effective
iosorbent materials for the removal of copper from aqueous solutions and given that they are also low-cost, may be considered viable alternatives
o activated-carbon and ion-exchange resin.

2006 Elsevier B.V. All rights reserved.
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. Introduction

It is well recognised that the presence of heavy metals in the
quatic environment can result in a number of problems. Most
etals are rather insoluble in water with a neutral or basic pH,

nd rather than dissolving, they are rapidly adsorbed to partic-
late matter or assimilated by living organisms [1]. To prevent
eteriorating surface water quality, legislation governing the lev-
ls of heavy metals, such as copper, zinc, lead and cadmium,
ischarged from industries is becoming progressively stricter.

Conventional methods for removing dissolved heavy metal

ons from aqueous media include chemical precipitation, chemi-
al oxidation and reduction, ion-exchange and activated-carbon
dsorption [2]. However, these processes have significant dis-

∗ Corresponding author. Tel.: +44 1847 889587; fax: +44 1847 890014.
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dvantages including incomplete metal removal; particularly at
ow concentrations and high operational costs. Biosorption tech-
ology, utilising natural materials or industrial and agricultural
astes to passively remove metals from aqueous media, offers

n efficient and cost-effective alternative compared to traditional
hemical and physical remediation and decontamination tech-
iques [3].

There is a large volume of literature relating to the perfor-
ance of different biosorbents for the removal of different heavy
etals under various experimental conditions, e.g. see review by
ailey et al. [4]. Work carried out to date has shown that each
iosorbent has its own individual characteristics and that the per-
ormance of each is influenced by a range of factors including
H and the presence of other ions in solution [5]. However, due

o the heterogeneity of experimental and analytical procedures,
valuation criteria and the expression of the results, compari-
on of data from different authors is difficult. Consequently, it
as been difficult to translate the advances made in the labora-

mailto:Emma.Cochrane@thurso.uhi.ac.uk
dx.doi.org/10.1016/j.jhazmat.2006.01.054


zardo

t
b

g
b
s
f
g
i
p

i
s
c
c
p
t
w
a
c
a

r
t
c
p
h
f
o

p
n
w
c
m
o

t
c
r

2

2

k
t
m
p
s
P
6

T
w
(

i
m
a

C
b
I
2

M
e
t

a
C
a

2

p
C
m
a

a
t
A
d
t
a

2

t
o
d
t
a
l
t
o
i
s
w

2

p
3
k

E.L. Cochrane et al. / Journal of Ha

ory into industrial application and realise the potential of the
iosorption process.

In addition to the performance, a number of other factors
reatly influence the choice and viability of natural materials as
iosorbents, for example the cost of processing materials, metal
electivity and regeneration of materials. Cost is a very important
actor when considering materials for use as biosorbents. It is
enerally recognised that a material can be deemed ‘low-cost’
f it requires little processing, is abundant in nature, or is a by-
roduct or waste material from another industry [4].

Crab carapace, an abundant by-product of the shell-fishing
ndustry has been proposed as a potential biosorbent with exten-
ive studies having been carried out by Rae and Gibb [6]. Most
rab meat is canned or frozen and the carapace can be obtained
heaply as a by-product or waste [2]. Crab carapace consists
rincipally of CaCO3 and chitin, usually cross-linked with pro-
ein and a proportion of lipids [7]. It is a highly porous material
ith a reported 150,000–200,000 mm2 of pore canals perme-

ting the cuticle of the edible crab, Cancer pagurus [8]. This
haracteristic makes it extremely viable for metal uptake from
queous media.

Macroalgae is another abundant, potential biosorbent. It is
eadily available and some macroalgae have been identified for
he ion-exchange properties associated with their polysaccharide
ontent (particularly pronounced in brown algae) [4]. They also
ossess large quantities of biopolymers (alginates) that can bind
eavy metals, therefore their metal uptake capacities are high,
or example, Sargassum sp. showing gold uptake as high as 40%
f the biomass dry weight [9].

Peat has also been recognised as potential material for water
ollution control. Ho et al. [10] demonstrated the use of peat for
ickel removal, however removal was found to be poor compared
ith other metals such as lead [11]. Peat is a complex material

ontaining lignin and cellulose [12]. The type of peat used, the
etal concentration, ionic strength and pH all have major effects

n the metal removal capacity [4].
Here we compare three biosorbent materials (crab carapace,

he macroalgae Fucus vesiculosus and peat) with two commer-
ial materials (activated-carbon and ion-exchange resin) for the
emoval of copper from aqueous solutions.

. Materials and methods

.1. Preparation of biosorbents/sorbents

Cryogenically milled crab carapace of C. pagurus commonly
nown as the edible or brown crab, was obtained from Carafil-
ration Ltd. N.E. Lincs, UK. The carapace was sieved using a

echanical sieve (Retsch, AS 200 mechanical sieve) to obtain
articles within the size range 250–800 �m. It was then washed
everal times using deionised water (Millipore Direct Q3 Water
urification System) until the water ran clear and then dried at
0 ◦C in a laboratory oven for 24 h.
The brown macroalgae F. vesiculosus was collected from
hurso Bay, Thurso, Caithness, UK. It was washed thoroughly
ith deionised water and then air-dried at room temperature

∼20 ◦C for 48 h). The material was then milled and mechan-
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cally sieved to give particles in the range 250–800 �m. The
acroalgae particles were then washed using deionised water

nd dried overnight in an oven at 40 ◦C.
Peat was obtained from Dale and Achkeepster Farms Ltd.,

auseway Mire, Caithness, UK. It was air-dried for 48 h, crudely
roken using a hammer and dried in an oven for 24 h at 60 ◦C.
t was then milled and sieved to give particles in the size range
50–800 �m.

A strongly acidic ion-exchange resin (Dowex® 50WX4 Fine
esh, Sigma–Aldrich Chemical Company, UK) was used in all

xperiments. The resin was washed using deionised water and
hen dried at 40 ◦C before use.

The activated-carbon used in this study was Norit® granular
ctivated-carbon ROW 0.8, pellets (Sigma–Aldrich Chemical
ompany, UK). The material was washed using deionised water
nd then dried at 40 ◦C for 24 h.

.2. Metal solutions

Copper solutions (100 mg l−1) were prepared using cop-
er(II) sulphate (CuSO4, anhydrous 98%, Acros Organics).
uSO4 was chosen as the metal salt since sulphate ions exist
ore widely in most wastewater or mine drainage i.e. potential

pplication for biosorption.
Calcium, magnesium, potassium and sodium solutions, used

s standards for flame photometry, were prepared using labora-
ory grade Ca(NO3)2, MgCl2, KCl and NaCl salts, respectively.
ll solutions, their dilutions and standards were prepared using
eionised water (Millipore Direct Q3 Water Purification Sys-
em). Any pH adjustments were made using 0.1 M hydrochloric
cid or sodium hydroxide solutions.

.3. Metal analysis

Flame atomic-absorption spectroscopy (FAAS, Instrumen-
ation Laboratory Inc., Model 357) was used for the analysis
f copper (Cu2+) and magnesium (Mg2+). Concentrations were
etermined after calibrating the instrument with standards within
he concentration range of 0.5–10 and 0.1–1.0 mg l−1 for Cu2+

nd Mg2+, respectively. The light source was a hollow-cathode
amp of the element that was being measured. Flame photome-
ry (Sherwood, Model 410) was used to analyse concentrations
f dissolved sodium (Na+), potassium (K+) and calcium (Ca2+)
n solution. All working standards were prepared by diluting a
tock solution containing 1000 mg l−1 metal ion with deionised
ater.

.4. Sorption kinetics and adsorption isotherms

Batch sorption experiments were conducted at room tem-
erature (20 ± 1 ◦C) on a rotary shaker (IKA®KS 260 basic) at
50 rpm, using capped bottles (Azlon® 150 ml). In the sorption
inetic experiments, 0.5 g of sorbent was thoroughly mixed with

u2+ solution (100 ml; 100 mg l−1) at a pH of 4.2 with no further
H control. Samples were drawn at predetermined time inter-
als to a maximum of 12 h. After shaking, 10 ml of the resulting
ixture was filtered through Whatman® filter paper (GF/A glass
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icro-fibre filter paper, 1.6 �m pore size), the final pH recorded
Jenway, Model 3205), and to all samples, 50 �l of 1 M HCl
as added before being stored in a refrigerator (4 ± 1 ◦C). The
ltrate was then analysed for metals by FAAS and flame pho-

ometry. Control experiments were conducted under the same
xperimental conditions using deionised water without Cu2+.

The residual metal concentration was obtained by calculating
he difference between the initial and final metal concentration in
olution. Percentage removal of Cu2+ was calculated as removal
%) = (1−Cf/Ci) × 100, where Cf and Ci are the final and initial
u2+ concentration in solution, respectively. Batch experiments

nvestigating the effects of initial pH were conducted as above
or a continuous 12 h. pH adjustments were made using additions
f 0.1 M HCl and 0.1 M NaOH.

Batch experiments were also conducted with Cu2+ concen-
rations of 10, 20, 25, 50, 75, 100, 150, 200, 250, 300 and
00 mg l−1. Samples were mixed for a continuous 24 h and the
esulting filtrate analysed for its Cu2+ concentration.

For the adsorption isotherm experiments, sorbent (0.1–0.4 g)
as added to Cu2+ solution (100 ml, 100 mg l−1, pH 4.2). The
ottles were shaken at room temperature as in the previous exper-
ment for a continuous 12 h after which the final pH was recorded
nd Cu2+ concentration determined. Metal removal data from
he equilibrium batch sorption experiments was applied to the
dsorption isotherm model, according to Langmuir, which is
xpressed as:

e = qmaxbCe

1 + bCe
(1)

r in its linearised form:

Ce

qe
= Ce

qm
+ 1

qmb
(2)

here qmax is the maximum sorption capacity (mg g−1), qe the
mount of metal ions adsorbed at equilibrium (mg g−1), Ce
he solute concentration at equilibrium (mg l−1) and b is the
quilibrium constant related to the energy of sorption which
uantitatively reflects the affinity between the sorbent and sor-
ate [13].

Data was also applied to the isotherm model of Freundlich.
he Freundlich relationship is an empirical equation based on
orption on a heterogeneous surface and assumes that different
ites with several adsorption energies are involved [14,15]. It is
xpressed as:

e = kC1/n
e (3)

r in its linearised form:

n qe = ln k + 1

n
ln Ce (4)

here k and n are the Freundlich constants denoting the relative
dsorption capacity and the intensity of adsorption, respectively.

Sequential batch studies were carried out by adding 0.5 g

orbent to Cu2+ solution (100 ml; 100 mg l−1). The bottles were
haken at room temperature at 350 rpm for 24 h after which the
esulting filtrate was analysed for its Cu2+ concentration. The
emaining solution was discarded and fresh solution added to
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he loaded sorbent. The experiment was then repeated as above
or 10 days.

.5. Kinetic modelling

Three different models were used in this study to deter-
ine the sorption kinetics of Cu2+, the Lagergren first-order

ate model [17], the pseudo-second order model [16] and the
ntraparticular diffusion model [17].

The first-order rate expression of Lagergren based on solid
apacity is generally expressed as follows [17]:

dqt

dt
= k1,ad(qe − qt) (5)

here qe and qt are the amounts of metal ions adsorbed onto
he material (mg g−1) at equilibrium and at time t, respectively;
1,ad is the rate constant of first-order (min−1). After integra-
ion between boundary conditions (t = 0–t and qt = 0–qe), Eq.
5) becomes

og(qe − qt) = log qe − k1,ad

2.303
t (6)

The pseudo-second order equation is based on the sorption
apacity of the solid phase and is expressed as:

dqt

dt
= k2,ad(qe − qt)

2 (7)

here k2,ad is the rate constant of second order biosorption
mg g−1), qe the amount of metal ions adsorbed at equilibrium
mg g−1) and qt the amount of soluted sorbate on the surface of
he biosorbent at any time t (mg g−1) [16]. For boundary condi-
ions (t = 0–t and qt = 0–qe), Eq. (7) becomes Eq. (8), and is the
ntegrated rate law for a pseudo-second order reaction [16].

t

qt

= 1

k2,adq2
e

+ 1

qe
t (8)

The study of the kinetics of sorption provides valuable infor-
ation on the time required to reach equilibrium and is key to

nderstanding the influence of variables on sorption. The rate of
orption is particularly important, mainly in applications as in
he industrial wastewater treatment.

In this study the intraparticular diffusion model of Weber and
orris [17] is used, and is expressed as:

t = kw

m
t1/2 (9)

here m is the mass of adsorbent (g), qt the amount of metal
ons adsorbed at time t (mg g−1) and kw is the initial rate of
ntraparticular diffusion (mg l−1 s−0.5).

According to McKay [18], there are four stages in the adsorp-
ion process of which any one or more may control the rate at
hich the solute is adsorbed and the amount of solute that is

dsorbed onto the solid particles. The four steps are described

s: (i) solute transfer from the solution to the boundary film bor-
ering the polymer surface, (ii) solute transport from boundary
lm to the sorbent surface, (iii) solute transfer from the sorbent
urface to the intraparticular active sites and (iv) interactions
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do not play any part in the ion-exchange process. This smaller
release of ions with deionised water is clearly demonstrated in
Fig. 2(b).
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f the solute molecules with the available sites on the internal
urface.

.6. Surface area analysis

The specific surface area of each material, except for peat
19], was determined using the Brunauer Emmett and Teller
BET) single point method [14]. This was carried out using a

icromeritics (Flowsorb III 2305/2310) surface analyser with
itrogen gas as the adsorbate. Samples were out-gassed by pass-
ng dry nitrogen over the sample for a stated time to clean the
urface of any absorbed matter e.g. water, which would affect
he surface area by blocking pores.

. Results and discussion

.1. Equilibrium contact time

Fig. 1 shows the percentage of Cu2+ removed by the five mate-
ials versus contact time corresponding to an initial Cu2+ con-
entration of 100 mg l−1. Both the commercial sorbents showed
xcellent removal of Cu2+ especially the ion-exchange resin,
owex, removing almost 99% Cu2+ after just 1 h of contact

ime. However, crab carapace and the macroalgae F. vesiculosus
howed comparable results in the initial stages of the biosorp-
ion process and even though equilibrium was not reached by the
acroalgae after 12 h, almost 93% removal was achieved after
h contact time. This rapid uptake is in accordance with liter-
ture published, for example, Herrero et al. [20] observed that
ver 90% of total cadmium adsorption is achieved in the first
5 min of contact. Among several studies on biosorption kinet-
cs of metals by seaweed biomass, it was found that the sorption
ate increases sharply at the beginning of the process, followed
y a slower uptake rate as equilibrium is approached [21].

Crab carapace showed equally comparable results with
ctivated-carbon, both achieving almost 50% after 1 h contact

ime and a removal of 98.3% and 95.9%, respectively, after 12 h
f contact time.

The adsorption by crab carapace was quite slow compared
ith the results of previous studies such as those described by

ig. 1. Percentage removal of Cu2+ after 12 h contact time (particle size,
50–800 �m; T, 20 ±1 ◦C; pH, 4.2; Ci, 100 mg l−1; m, 0.5 g of sorbent).

F
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T
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cKay [18], as equilibrium was not reached after 12 h. Evans
t al. [23] reported that chitosan-based crab carapace had a rel-
tively high initial uptake rate, which decreased with time and
ay take hundreds of hours to reach equilibrium, suggesting

hat intraparticular diffusion may be the rate limiting step.
Peat displayed poor removal and only achieved 45% removal

fter 12 h contact. This is consistent with other results for peat
nder these conditions [11] and it is a possibility that removal
ould improve under different experimental conditions such as

t lower Cu2+ concentrations. Peat is also a complex soil material
nd there are many types of peat due to the plant material that
onstitutes its formation. The type of peat as well as the pH, ionic
trength and metal concentration all have an effect on sorption.

The concentrations of Ca2+, Mg2+, K+ and Na+ ions eluted
fter the 12 h of contact time with Cu2+ (100 mg l−1) were also
etermined and the results shown in Fig. 2(a). The concentra-
ions of these ions were used to indicate the significance of the
on-exchange mechanisms contributing to the total biosorption
rocess. It was observed that almost 40 and 16 mg l−1 Ca2+ and
g2+, respectively, were eluted from the crab carapace after

2 h. Control studies showed that there was a smaller release
f Ca2+ and Mg2+ ions from crab carapace when mixed with
eionised water than when mixed with Cu2+ solution. These ions
ig. 2. Elution of Ca2+, Na+, K+ and Mg2+ ions after 12 h contact time, with: (a)
u2+ (100 ml, 100 mg l−1) and (b) ‘deionised water’ (particle size, 250–800 �m;
, 20 ± 1 ◦C; pH, 4.2; m, 0.5 g of sorbent).
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A mass balance calculation, taking into account ion charge,
as performed to quantify the contribution of ion-exchange to

he biosorption process. It was calculated that for crab carapace,
7%, 21%, 7% and 0.1% of the total removal by biosorption was
ccounted for by ion-exchange between Cu2+ and Ca2+, Mg2+,
a+ and K+, respectively. For peat, 30%, 10%, 4% and 0.4%
f the total biosorption was accounted for by ion-exchange with
a2+, Mg2+, Na+ and K+, respectively, whilst for the macroal-
ae, ion-exchange was calculated to contribute 77% with 13%,
%, 24% and 31% accounting for Ca2+, Mg2+, Na+ and K+,
espectively.

The results of this study clearly demonstrate that ion-
xchange is a highly significant component of the biosorption
echanism i.e. total ion-exchange accounts for 75% of total

iosorption of Cu2+ by crab carapace, 44% of total biosorption
y peat and 77% of total biosorption by the macroalgae. In addi-
ion, the relative proportions of the counter-ions released appears
o be a function of the composition of the biosorbent e.g. Ca2+

s the dominant ion released from crab carapace, a material rich
n CaCO3.

CaCO3 is the main inorganic component in crab carapace
here chitin is the main organic fraction [9]. The chemical
roups in crab carapace are also particularly suited for seques-
ering anionic species. Due to the amine moieties they contain,
iomass with high amounts of chitin and chitosan is specifically
romising for biosorption [9]. The removal of metals using chitin
nd chitosan has been documented by Rae and Gibb [6] where it
as shown that chitinous materials were effective biosorbent
aterials. The extraction of chitin or chitosan can be fairly

ostly; however natural biomaterials containing chitin have been
ecognised as effective biosorbents for metal removal.

The calculated surface area of crab carapace and other biosor-
ents, determined by the BET method are presented in Table 1.
he highly porous structure of crab carapace may account for

his relatively large surface area of 33.4 m2 g−1 in comparison
ith other materials. However, since the active sites are dis-

ributed in the carapace non-uniformly on the microscale, it
s inappropriate to characterise its sorption capacity based on
he surface area [24]. Peat also has a high specific surface area
32.5 m2 g−1) and is extremely porous, two characteristics which
re extremely important in biosorption [12].

Surface area is an important parameter since a larger surface

rea increases the number of sites available for surface sorption
rocesses. A smaller particle size increases the surface area; this
s clearly demonstrated by crab carapace where particle sizes

c
i
r

able 1
ET surface area results for selected materials

aterial description Outgassing temp

ryogenically milled carapace 250–800 �m 70 ◦C/20 h
ryogenically milled carapace 800–1500 �m 70 ◦C/20 h
ryogenically milled carapace (Cu2+ treated, 250–800 �m) 70 ◦C/20 h
ctivated-carbon 60 ◦C/20 h

on-exchange resin 25 ◦C/65 h
acroalgae (Fucus vesiculosus) 70 ◦C/20 h

eat [19] N/A
ig. 3. Final pH of solute with sorbent in contact for 12 h with: (a) Cu2+ solution
100 mg l−1) and (b) ‘deionised water’ modified to an initial pH of 4.2.

etween 250–800 and 800–1500 �m give a surface area of 33.4
nd 30.5 m2 g−1, respectively. The effects of particle size on
etal removal with crab carapace have been extensively studied

nd it has been shown that as particle size decreases there is a
orresponding increase in metal removal [6].

.2. Effects of pH and initial pH

The change in pH over the 12 h of contact is shown in Fig. 3
long with the results of a control study where the materials were
ixed for 12 h with deionised water. There was an increase in
arapace, activated-carbon and macroalgae, respectively. For
on-exchange resin and peat the pH lowered to pH 2.6 and 3.2,
espectively. This is to be expected as the ion-exchange resin

erature/time Weight loss (outgassing %) Surface area (m2 g−1)

3.05 33.4
2.55 30.5
4.52 22.8
2.43 780
56.0 <0.02
4.38 0.22
N/A 32.5
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ig. 4. Percentage removal of Cu2+ with different initial pH (particle size,
50–800 �m; T, 20 ± 1 ◦C; Ci, 100 mg l−1; m, 0.5 g).

sed in this study was a strongly acidic, hydrogen form resin.
eat is derived from partially decayed plant material and con-

ains humic acids; therefore the low final pH for peat is consistent
ith proton (H+) release due to competing Cu2+ ions for avail-

ble sites. A rise in pH for crab carapace and F. vesiculosus can
e explained by an ion-exchange between free Cu2+ in solution
nd Ca2+ or K+ ions present in the material. This is consistent
ith previous data [26]. Overall, there is a lower final pH when
u2+ ions are present in solution (in comparison with deionised
ater as shown in Fig. 3b) due to exchange of H+ and Cu2+ ions.
Fig. 4 shows the percentage removal of Cu2+ (100 mg l−1

t 20 ± 1 ◦C) when the solution was adjusted to different ini-
ial pHs. As shown in Fig. 4 the metal removal increased with
ncreasing pH up to around pH 4.0 and then remained fairly
onstant with further increases in pH.

Similar trends have been observed in studies with other mate-
ials [15,22]. It is shown in Fig. 4 that for peat and activated-
arbon there was little or no metal removal at pH 2.0, this can
e explained by the fact that at this low pH value the H+ ions
ompete with Cu2+ for surface sites [22]. As the pH is increased
here is a decrease of positive surface charge, which results in
ower coulombic repulsion of the sorbing metal ions [13].

The rapid rise in removal efficiency from pH 2.0 to 3.0 using
. vesiculosus can be explained by observations described by
rist et al. [25] that zero-point charge would be found at pH 3.0

or algal biomass and that above this; algal cells would have a
egative charge. At pH 3 reactions would be promoted between
etal cations as there would be attractions between positively

harged cations and negatively charged binding sites. Crab cara-
ace showed removal of over 90% at all pHs tested. This was
omparable with ion-exchange resin, which also gave over 90%
emoval across the pH range.

.3. Effect of initial metal concentration

The metal uptake by the five materials in respect to different

nitial metal concentrations is shown in Fig. 5. There is a general
ecrease in Cu2+ removal with an increase in initial concentra-
ions above 75 mg l−1. Crab carapace however showed almost
00% removal for all concentrations. It is interesting to note

a
t
a

ig. 5. Percentage removal of Cu with different initial Cu concentrations.
wenty-four hour contact time (particle size, 250–800 �m; T, 20 ± 1 ◦C; pH,
.2; m, 0.5 g).

hat at concentrations below 100 mg l−1 peat removal was sig-
ificantly higher than in previous experiments. This shows that
quilibrium sorption capacity is highly dependent on the initial
etal concentration.

.4. Sorption isotherms

The Langmuir and Freundlich adsorption isotherms of Cu2+

re shown in Fig. 6. The isotherms for peat and activated-carbon
re not shown due to the inability to fit the isotherms equations
Eqs. (2) and (4)) to the experimental data for these materials.
n other studies using peat it has been possible to fit data to both
sotherm equations [11], it is possible that the inability to fit the
dsorption isotherm of peat and activated-carbon was due to or
ffected by the slight change in the Cu2+ removal from solution
ven at a pH greater than 4.

It was observed that both the Langmuir and Freundlich
sotherm models fit the experimental data for crab cara-
ace, F. vesiculosus and ion-exchange resin very well with
alculated maximum uptake capacities of 79.4, 114.9 and
1.4 mg Cu2+ g−1 respectively. The qmax values (calculated by
tting the Langmuir isotherm model to the experimental data)
re very important in considering the suitability of materials
or biosorption as they give an indication of the total number of
inding sites that are available [14]. The maximum uptake values
rom this study are presented and compared with other materials
n Table 2. A higher value of b for ion-exchange resin and crab
arapace indicates a higher affinity of the sorbent towards Cu2+

han F. vesiculosus. The uptake capacities of crab carapace and
acroalgae are low compared to results obtained using another

pecies of carapace (Portunus sanguinolentus) [26]. However,
hey are quite high in comparison to many other biomasses
tudied, for example in the study of biosorption of copper by
aste sugar beat pulp authors achieved a maximum uptake of
8.5 mg g−1 [27].
The Langmuir isotherm model however makes a number of
ssumptions such as monolayer-based sorption. It also assumes
hat all the binding sites on the sorbent are free sites, ready to
ccept the sorbent from solution [14]. Therefore ion-exchange
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Table 2
Langmuir and Freundlich isotherm constants data and maximum uptake (qmax) of Cu2+ for selected biosorbent materials

Material qmax Cu2+ (mg g−1)
(batch data)

Langmuir
constant b

Freundlich
constant n

Freundlich
constant KF

Reference

Crab carapace (Cancer pagurus) 79.4 0.621 3.05 30.4 This work
Macroalgae (Fucus vesiculosus) 114.9 0.049 1.654 9.09 This work
Ion-exchange resin 71.4 0.611 14.12 51.5 This work
M 0.060 8.15 [31]
M 0.0028 1.41 0.787 [32]
C 0.0039 2.05 6.29 [26]
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t
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acroalgae (Ulva lactuca) 52.1
acroalgae (Turbinaria ornate) 104.2
rab shell (Portunus sanguinolentus) 204.1

s not considered in the Langmuir model so does not reflect all
he mechanisms involved in this study.

.5. Kinetic studies and sorption dynamics

Data from the batch studies on sorption of Cu2+ on the five
ifferent materials were analysed using three different kinetic
odels to determine the time required to reach equilibrium. Data

s shown in Fig. 7 together with regressions for: (a) Lagergren
rst-order, (b) pseudo-second order and (c) intraparticular dif-

usion, kinetic models.

The correlation coefficients for the pseudo-second order rate
quation and the other kinetic models obtained from the linear
lots are listed in Table 3. In all materials, the first-order equation

ig. 6. Sorption isotherms of (a) Langmuir isotherm and (b) Freundlich
sotherm. Twelve-hour contact time (particle size, 250–800 �m; T, 20 ± 1 ◦C;
H, 4.2; Ci, 100 mg l−1; m, 0.5 g of sorbent). Lines represent modelled data.

Fig. 7. Kinetic models: (a) first-order, (b) pseudo-second order and (c) intra-
particular diffusion model, after 12 h contact time (particle size, 250–800 �m;
T, 20 ± 1 ◦C; pH, 4.2; Ci, 100 mg l−1; m, 0.5 g of sorbent).
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Table 3
Correlation coefficients of the kinetic models first-order (first-order), pseudo-second order (second order) and intraparticular diffusion (Int-diff) for Cu2+ sorption on
the five materials for 100 mg l−1 initial Cu2+ concentration

R2 (first-order) dqt

dt
= k1,ad(qe − qt) R2 (second order) dqt

dt
= k2,ad(qe − qt)2 R2 (Int-diff) qt = kw

m
t1/2

Cryogenically milled carapace 0.947 0.991 0.988
Macroalgae (Fucus vesiculosus) 0.746 1.000 0.538
Peat 0.904 0.994 0.892
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c
desorption and regeneration studies using crab carapace (results
not shown) showed that the regeneration and reuse of the mate-
rial is not possible in the ‘raw’ untreated state. This is due to the
ctivated-carbon 0.986
on-exchange resin 0.952

f Lagergren did not apply well throughout the whole range
f contact times, which can be seen in Fig. 7(a). The sorption
ystem for all materials does not therefore follow a first-order
eaction. The insufficiency of the first-order model to fit the
inetic data could possibly be due to a boundary layer controlling
he beginning of the sorption process [28]. This is also consistent
ith most cases in the literature.
The pseudo-second order model is based on the assumption

hat the rate limiting step may be a chemical sorption involving
alence forces through sharing or exchange of electrons between
orbent and sorbate [17]. The correlation coefficients are consid-
rably lower for intraparticular diffusion compared to those of
he pseudo-second order where the coefficients are all in excess
f 0.99. The nature of the rate-limiting step in a batch system
an be assessed from the properties of the solute and sorbent
16].

According to the equation for intraparticular diffusion by
ebber and Morris, the plot for q versus t1/2 should be lin-

ar. The experimental data for all materials does not equate to
inearity therefore indicating that intraparticular diffusion is not
he only mechanism involved. From Fig. 7 it is clear that intra-
articular diffusion is not the sole rate-determining step and that
u2+ sorption onto these biosorbent materials is best represented
y a pseudo-second order rate model. This is in agreement with
tudies carried out on other biosorbents e.g. peat and pith [16]
nd other metals such as chromium(VI) [29].

.6. Sequential batch studies

Fig. 8(a) shows the uptake (q) accumulated by each mate-
ial over a 10-day cycle. Over the 10 days there was a grad-
al decrease in the additional copper uptake for all materials
Fig. 8(b)) and after 5 days there was no noticeable change in
he accumulated uptake values for most of the materials, all
f which achieved saturation. The exception being crab cara-
ace, where after 10 days, a removal efficiency of ∼62% and
ncomplete saturation was observed. It is however likely that pre-
ipitation occurred in this process as the final pH after day 1 was
round pH 7.5 for crab carapace. Therefore removal cannot be
ccepted as solely adsorption. At this pH precipitation of Cu2+ at
he material surface in the hydroxide or carbonate forms is ther-

odynamically favoured; this could be clearly seen in scanning

lectron microscope observations. The incomplete saturation of
rab carapace in comparison with the other materials could be
ue to the crab carapace being ‘broken’ by the release of Ca+

ons therefore providing new accessible active sites.

F
a
c
o

0.996 0.971
0.999 0.904

Isotherm models such as Langmuir suggest that this sequen-
ial loading of metal onto a sorbent is not theoretically possible.
owever one of the conditions for the validity of Langmuir type

dsorption equilibrium is that equilibrium occurs up to the for-
ation of a monolayer [30]. The Langmuir isotherm assumes

ree sites i.e. not ion-exchange; however it is well recognised
hat biosorption is to a large degree based on ion-exchange [14]
nd includes precipitation and complexation.

This multi-batch experiment could be useful in future studies
or applying the biosorption mechanism in an industrial applica-
ion as the reuse of the material with out the need for regeneration
an be observed, keeping processing costs to a minimum. Initial
ig. 8. The accumulated uptake: (a) and the additional uptake, (b) of Cu2+ over
10-day sequential batch cycle. Twenty-four hour contact time for each batch

ycle (particle size, 250–800 �m; T, 20 ± 1 ◦C; pH, 4.2; Ci, 100 mg l−1; m, 0.5 g
f sorbent).
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tructure of the carapace being extensively altered during the
iosorption and subsequent desorption process. Further work
nd more in-depth studies are required to investigate this use of
rab carapace for industrial application.

. Conclusions

The sorption process and kinetics of Cu2+ onto crab cara-
ace, F. vesiculosus, peat, activated-carbon and ion-exchange
esin have been studied. Based on these results the following
onclusions have been made. It has been shown for crab cara-
ace that a decrease in particle size corresponds to an increase
n surface area and therefore an increase in available active sites,
uggesting an overall increase in metal removal.

The kinetics of Cu2+ onto crab carapace, F. vesiculosus and
on-exchange resin follow a pseudo-second order rate equa-
ion. Ion-exchange was calculated to contribute approximately
5%, 77% and 44% of total biosorption by crab carapace, F.
esiculosus and peat respectively. The Langmuir and Freundlich
sotherm equations fit the experimental data of crab carapace,
. vesiculosus and ion-exchange resin. Crab carapace in partic-
lar has proved to be an effective biosorbent with the possible
equential loading of metal onto the material providing an ideal
asis for industrial application.

The aim of this study was to compare three biosorbent mate-
ials with two commercially available materials. It can be con-
luded from the three biosorbents investigated in this study, the
acroalgae, F. vesiculosus and crab carapace are effective and

fficient biosorbent materials for the removal of copper from
queous solutions. Given that they are also low-cost materials
hey may be considered viable alternatives to activated-carbon
nd ion-exchange resin.
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