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a b s t r a c t

Biosorption of Cd2+ and Cu2+ by wheat straw (Triticum sativum) using a batch system and a continuous
up-flow fixed-bed column was studied. For the batch system, the effect of pH over a range from 3.0 to
7.0 and the temperature from 20 to 40 ◦C on the metal removal was investigated. Various initial metal
concentrations from 20 to 150 mg L−1 were used. Adsorption of metal ions was observed to increase
with pH and temperature. By increasing the temperature from 20 to 40 ◦C at an initial concentration
100 mg L−1, the metal uptake increased from 12.2 to 15.7 mg g−1 and 9.1 to 12.2 mg g−1 for Cd2+ and Cu2+,
respectively. Similarly, by increasing the solution pH from 3.0 to 7.0, adsorption capacity of Cd2+ and
Cu2+ increased from 2.7 to 14.4 mg g−1 and 3.4 to 12.4 mg g−1, respectively. Among the three widely used
isotherms, namely the Langmuir, Freundlich and Temkin models, the experimental data better fitted the
Langmuir isotherm.
reakthrough curve For the continuous up-flow mode in a fixed bed of wheat straw, experiments were performed over a
range of flow rates from 1.10 × 10−3 to 3.67 × 10−3 m3 s−1 (0.3–1.0 LPM) and varied bed heights from 0.5
to 2.0 m. The results obtained agree to the bed-depth service-time (BDST) model well. In addition, for
estimations of the parameters necessary for the design of a large-scale fixed-bed adsorber, the experi-
mental data were also fitted to the Thomas, Bohart–Adams and Yan models. The Thomas model appeared
to describe the experimental results better. A mass transfer model for adsorption of metal ions in a fixed
bed of wheat straw was also developed and found to agree with the experimental data fairly well.
. Introduction

Contamination of aqueous environment by heavy metals is
he driving force behind a great attention towards metal reme-
iation methods. Among heavy metals in wastewaters, cadmium
nd copper are considered having a high priority due to their
oxicity and high disposal rate [1,2]. Conventional technologies
or the removal of heavy metals include chemical precipitation,
on exchange, adsorption, evaporation and membrane separation.
hose processes require high operational and capital costs [3,4].

Biosorption has been demonstrated as an efficient and econom-
cal method for the removal of heavy metals in wastewaters [5].
everal naturally available biomasses, such as seaweeds and wheat
traw, can be used as biosorbents. Non-living microorganisms, sea-
eeds, crab shells and other waste biomasses have also been tested

nd shown as promising sources of biosorbents [6,7]. The availabil-

ty of a biomass at a low cost is a key factor dictating its selection
or a biosorption process.

Biosorption was earlier considered to follow a mechanism sim-
lar to that of adsorption [8]. Several governing mechanisms of
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metal uptake by a biomaterial have been proposed, including
chemisorption, complexation, chelation of metals, ion exchange,
adsorption and micro-precipitation [9]. The metal binding depends
on the biosorbent type, the metal ion species and concentration,
temperature, pH, and ionic interference by other metal ions in
the solution. Metal sorption tends to decrease with temperature
[10,11]. Among various factors, the solution pH can be considered
as the most important parameter influencing the biosorption pro-
cess [12]. It has been reported that electrostatic repulsion between
metal ions and the biomass surface, and the competition of hydro-
nium ions for adsorption sites decreased with pH; hence, the
metal uptake increased [13,14,15]. In some cases, the metal uptake
increased with pH until an optimum pH was reached, then the
uptake decreased with further increases in pH [13]. High dosages
of the biomass would obviously lead to more metal binding to the
biomass, but could also result in more sorption site interaction
[16,17].

The characteristics of a biosorption process are usually eval-
uated and classified by equilibrium isotherms and biosorption

kinetics. The isotherms are also useful tools in interpreting the
biosorption mechanism. Many models relating the adsorbate
concentration remaining in the fluid phase and the adsorbate
amount uptaken by the adsorbent at equilibrium have been
developed. Among those, the Langmuir, Freundlich and Temkin

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:hdoan@ryerson.ca
dx.doi.org/10.1016/j.cej.2009.12.042
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Nomenclature

C solute concentration of the effluent of the column
(mg L−1)

Cb solute concentration of the effluent of the column at
breakthrough (mg L−1)

Ci solute concentration in the influent to the column
(mg L−1)

Ce equilibrium concentration of the solute in solution
(mg L−1)

Co initial solute concentration (mg L−1)
D metal ion diffusivity (m2 s−1)
dp particle diameter (m)
F volumetric flow rate (L min−1)
K adsorption rate constant (L mg−1 min−1)
KAB the Bohart–Adams model rate constant

(L mg−1 min)
KTH the Thomas model rate constant (L mg−1 min−1)
KY the Yan model rate constant (L mg−1 min−1)
Z length of the bed (m)
M mass of adsorbent (g)
No adsorption capacity (mg L−1)
NRe the Reynolds number (NRe = (dp�u)/�)
NSc the Schmidt number (NSc = �/(�D))
qe equilibrium metal uptake (mg g−1)
qmax maximum adsorption capacity (mg g−1)
qt maximum metal uptake (mg g−1)
T absolute solution temperature (K)
tb breakthrough time (time at which the metal con-

centration of the effluent is equal to 10% of the metal
concentration of the influent to the bed) (min)

te equilibrium time when column is exhausted (C = Ci)
(min)

u superficial velocity of liquid in the column
(dm min−1)

V cumulative throughput liquid volume (L)
Z biosorbent bed depth in the column (dm)

Greek letters

a
[

c
i
f
t
c
c
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o
d
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a

� liquid viscosity (Pa s)
� liquid density (kg m−3)

nd Pyzhev isotherms are the most commonly used models
18,19,20].

Biosorption process can be performed under either a batch or
ontinuous mode. For a continuous process, a fixed-bed adsorber
s usually used. The effectiveness of a biomass can be evaluated
rom the breakthrough curve of the effluent concentration (or
he concentration–time profile). A typical S-shaped breakthrough
urve is usually observed [21]. In order to predict the breakthrough
urve of an adsorption process in a fixed bed, the Bohart–Adams,
homas and Yans model have been often used [22,23,24]. More-
ver, the required bed height is an important parameter in
esigning an adsorption column. This can be determined from
he breakthrough curve and the bed-depth service-time (BDST)

odel. In the present study, the effectiveness of wheat straw as
biosorbent was evaluated. The effect of the initial metal concen-

ration, temperature, pH and co-adsorption on the metal uptake
as studied using a batch system. The adsorption capacity of wheat
traw in a continuous fixed-bed column was also determined. For
proper design of an adsorption column, an accurate prediction

f the breakthrough curve is needed. Therefore, the experimen-
al results obtained from the continuous system were fitted to the
bovementioned models for adsorption. A mass transfer model for
ing Journal 158 (2010) 369–377

the biosorption of metal ions by wheat straw in a fixed-bed column
was also developed.

2. Materials and methods

2.1. Sample preparation

Wheat straw obtained from a farm in Vaughan, Ontario, Canada,
was used as a biosorbent. Prior to the experiments, the wheat straw
was cut into uniform lengths of 1 cm and pretreated using the fol-
lowing steps: (1) washing the wheat straw with distilled water, (2)
drying the wheat straw at 60 ◦C, (3) immersing the sample in a 0.1N
solution of H2SO4 for one and a half hour, (4) washing the sample
with distilled water, (5) immersing the sample in a 0.1N NaOH solu-
tion for one and a half hour, (6) washing the sample with distilled
water, and (7) drying the sample at 60 ◦C in a vacuum dryer.

2.2. Batch biosorption system

The experimental setup was basically a temperature-controlled
variable-speed agitator water bath (Julabo SW22, Labortechnik
GmbH, Germany). A metal solution of a known concentration
was prepared by dissolving analytical grade cadmium sul-
fate octahydrate (3CdSO4·8H2O) and cupric sulfate pentahydrate
(CuSO4·5H2O) in distilled water. The chemicals were obtained from
VWR (Mississauga, Ontario, Canada). Initial metal concentrations of
20, 50, 75, 100, and 150 mg L−1 were used. A 200-mL aliquot of the
metal solution was transferred to a 300-mL Erlenmeyer flask. One
gram of pretreated biomass was then added to the flask containing
the metal solution. The flask was placed in the shaker water bath
at a predetermined temperature. The temperature effect on the
adsorption of metal was studied over a range from 20 to 40 ◦C with
5 ◦C increments, using an initial metal concentration of 100 mg L−1

and a shaker speed of 120 rpm. The effect of pH over a range from
3.0 to 7.0 was also tested. The solution pH was adjusted with 0.1N
H2SO4 or 0.1N NaOH. Each run was performed for 6 h and sam-
ples were taken at 5-min intervals in the first 30 min and then
at 30-min intervals for the rest of the experiment duration. The
concentration of the residual metal in each sample collected was
determined using an atomic adsorption spectrophotometer (AAn-
alyst 800, PerkinElmer, Toronto, Ontario, Canada).

The amount of metal adsorbed by the wheat straw was calcu-
lated using the following equation:

q = (Co − Ct)V
M

(1)

where q is metal uptake (mg g−1), Co is initial concentration
(mg L−1), Ct is metal concentration at a given time (mg L−1), M is
mass of biosorbent (g), and V is volume of the solution (L).

The experimental error of the results obtained in the present
study was from water sampling, preparation and analysis. The aver-
aged deviation from the means of the data was determined to be
within ±4%, which was used for the error bars in some of the graphs
presented below.

2.3. Continuous system

The experimental set-up for a continuous system consisted of
four 0.5-m long column sections of a 0.076 m diameter as shown in
Fig. 1. Dry wheat straw was cut to 1-in. particles and packed into
the columns with plastic meshes installed at both the top and the

bottom of the packed bed to hold the wheat straw particles in place.
For an even liquid flow across the column’s cross-sectional area,
a liquid distributor was used to introduce liquid into the packed
bed. In order to have a consistent packing porosity, the column was
packed at varied bed heights using a constant bulk density of wheat
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Fig. 1. Schematic diagram of the exp

traw of 68.5 g L−1, which was determined from the packing bulk
ensity in a 0.5-m high column.

A solution of Cd2+ or Cu2+ with an initial concentration of
00 mg L−1 was pumped from a holding tank to the bottom of
he column. The liquid flow rate was monitored using a rotame-
er (Blue-White F-450, Fabco Inc., Vaughan, Ontario, Canada). All
xperiments were performed at 25 ◦C and an initial pH of 6.0. The
ffect of the bed height was studied using one, two, three or all
our column sections at the same time. The equivalent bed heights
ere 0.5, 1.0, 1.5 and 2.0 m. Liquid flow rates of 0.3, 0.5, 0.8 and

.0 L min−1 (1.10 × 10−3 to 3.67 × 10−3 m3 s−1) were used for both
d2+ and Cu2+ solutions.

In order to ensure the formation of a complete breakthrough
urve, each experiment was run for approximately 8 h. Water
amples were taken from the sampling points at the same inter-
als as those used for experiments with the batch system. The
reakthrough curves for various bed heights and liquid flow rates
ere obtained from the measured metal concentrations in the
ater samples collected. The amount of metal ions adsorbed in

he column was determined from the area above the breakthrough
urve of the metal concentration in the effluent stream and the
iquid flow rate.

. Results and discussions

.1. Batch system
.1.1. Effect of initial Cd2+and Cu2+concentration and
o-adsorption

The effect of the metal concentration on the adsorption effi-
iency of Cd2+ and Cu2+ by wheat straw was investigated over a
ntal set up for a continuous process.

range from 20 to 150 mg L−1. Figs. 2 and 3 present Cd2+ and Cu2+

uptakes at 25 ◦C and the initial pH values of 5.5 and 6.0 for Cu2+

and Cd2+, respectively. The metal uptake for both Cd2+ and Cu2+

increased quickly during the first 30 min. For Cd2+ at all initial con-
centrations, about 90% of the total metal uptake occurred over this
period. For example, at an initial concentration of 75 mg L−1, Cd2+

uptake was 11.4 mg g−1 as compared to the equilibrium uptake of
21.1 mg g−1. For Cu2+, the metal uptake over the same period was
about 85%, at an initial concentration lower than 75 mg L−1, and
about 70% of the total uptake at higher initial concentrations. As an
example, at an initial concentration of 50 mg L−1, the Cu2+ uptake
after 30 min was 8.6 mg g−1, and the total uptake was 9.8 mg g−1.
On the other hand, at an initial concentration of 75 mg L−1, the
metal uptake over the same period was 6.1 mg g−1 out of the
total uptake of 8.3 mg g−1. However, the equilibrium time varied
between 60–210 min for Cd2+ and 75–210 min for Cu2+, as can be
seen in Figs. 2 and 3.

It was found that the percentage metal removal decreased from
almost 100% to 54% and 86% to 38% for Cd2+ and Cu2+, respectively,
with increases in the initial concentration from 20 to 150 mg L−1.
This was due to the exhaustion of the sorption sites available on
the biomass, for a given biomass dosage, when the metal concen-
tration was increased. A similar trend of concentration dependency
of biosorption of metal ions was also observed by Malkoc [25].

The effect of co-adsorption of multiple metals on the biosorp-
tion capacity of individual metal ions present in the wastewater

was also investigated. Fig. 4 presents the equilibrium uptake of Cd2+

and Cu2+ on wheat straw with single metal and bimetal solutions.
For the single metal system, Cd2+ was adsorbed slightly more than
Cu2+. On the other hand, the wheat straw appeared to uptake more
Cu2+ than Cd2+ in the bimetal solution as can be seen in Fig. 4. It is
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4.0 to 6.5, less H+ was present in the solution; hence, the competi-
2+ 2+
ig. 2. Cd2+ uptake vs. contact time (T = 25 ◦C and pH 6.0), single-ion solution.

elevant to note that the electronegativity of copper is 1.90 while
he electronegativity of cadmium is 1.69. The higher electronega-
ivity tends to hinder the biding of metal ions to the negative sites
n the wheat straw. However, the atomic weight of cadmium is
12.4 as compared to 63.6 for copper [26]. The mobility of heav-

er ions from liquid to the adsorbent would be lower than that of
ighter ions. This was indeed the case as reflected by the higher
iffusivity of Cu2+ (5.355 × 10−8 m2 s−1) compared to that of Cd2+

3.005 × 10−8 m2 s−1) [27]. Therefore, when both Cd2+ and Cu2+

ere present in a bimetal solution, the effect of the ion mobility
ight have outweighed the effect of the electronegativity, resulting

n a substantially higher uptake of Cu2+.

.1.2. Effect of solution temperature and pH
Biosorption of metal ions by wheat straw at varied temper-

tures of 20, 25, 30, 35 and 40 ◦C was investigated. The initial
etal concentration of 100 mg L−1 and the liquid pH of 6.0 and 5.5

or Cd2+ and Cu2+, respectively, were used in all experiments. A
light increase in metal uptake with temperature was observed.
y increasing the temperature from 20 to 40 ◦C, the metal uptake

ncreased from 12.2 to 15.7 mg g−1 and 9.1 to 12.2 mg g−1 for Cd2+

nd Cu2+, respectively. The increase in the metal uptake with
emperature may be attributed to the increase in the active sites
vailable on the surface of the adsorbent for biosorption. This came
bout by the opening up of the cellulose fibers of the wheat straw
hen it was soaked in a warmer solution. In an investigation of
dsorption of Pb(II) ions by pine bark, Gundogdu et al. reported
hat a higher metal uptake at high temperature may be attributed
o the availability of more active sites on the surface of the bark
y expansion of the pores [28]. However, significant variation of
he effect of temperature on biosorption has been reported in the

ig. 3. Cu2+ uptake vs. contact time (T = 25 ◦C and pH 5.5), single-ion solution.
Fig. 4. Effect of co-adsorption on the removal of Cd2+ and Cu 2+.

literature, even conflicting results at times. Antunes et al. showed
that over a range from 25 to 55 ◦C, temperature did not affect bios-
sorption of copper by brown seaweed, Sargassum sp., significantly
[29]. This might be due to different types of biosorbents and their
interaction with metal ions.

The uptake of Cd2+ and Cu2+ was also examined over a pH range
from 3.0 to 7.0. Fig. 5 shows the variation of the equilibrium uptake
of Cd2+ and Cu2+ with the solution pH at 25 ◦C. Adsorption of both
metal ions increased with pH. Over the range of pH from 3.0 to
7.0, the metal uptake increased by 5.2 and 3.7 times for Cd2+ and
Cu2+, respectively. It is also noted that, for pH from 3.0 to 4.0, the
metal uptake for Cu2+ increased at a much greater rate than that of
Cd2+. However, at the solution pH higher than 4.0, the uptakes of
both Cd2+ and Cu2+ increased at a similar rate. At a high pH (a low
H+ concentration in the solution), the competition of H+ with the
metal ions for the adsorption sites on the wheat straw was less;
hence, the metal ions could be adsorbed more onto the biomass
surface. However, Cu2+ uptake was consistently higher than Cd2+

uptake over the whole range of pH from 3.0 to 6.5. Nevertheless,
at pH of 3.0 the difference in the metal uptakes for the two met-
als was less due to the hindrance to adsorption of both metals by
a high concentration of H+ in the solution. At higher pH values of
tion between Cu and Cd became more predominant, which was
more favorable for Cu2+.

Fig. 5. Effect of pH on the uptake of Cd2+ and Cu2+ at 25 ◦C.
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Fig. 6. Langmuir isotherm for Cd2+ and Cu2+ at 25 ◦C.

.1.3. Isotherm models for adsorption of Cd2+ and Cu2+ on wheat
traw

The experimental data for single-ion solutions were fitted to
he Langmuir, Freundlich and Temkin isotherm models for both
d2+ and Cu2+. The Langmuir, Freundlich and Temkin models can
e expressed as in Eqs. (2)–(4), respectively, below:

e = qmaxbCe

(1 + bCe)
(2)

here qe is the equilibrium amount of metal adsorbed, Ce is the
quilibrium concentration of metal ions in the solution, qmax is the
aximum adsorption capacity or the theoretical monolayer satu-

ation capacity and b is the Langmuir equilibrium constant [18].

e = KFC1/n
e (3)

For the Freundlich model, KF is the constant related to the
dsorption capacity of the adsorbent, n is the exponent related to
dsorption intensity [19].

e =
(

RT

B

)
ln(ACe) (4)

In the Temkin model, R is universal gas constant, T is the absolute
emperature (K), A and B are constants [20].

The values of qmax and b in the Langmuir model can be deter-
ined from the slope and the intercept of a plot of Ce/qe versus Ce.

imilarly, KF and n in the Freundlich model can be obtained from a
lot of ln(qe) versus Ce. A plot of qe versus ln Ce is a linear line that
an be used to determinate the constants A and B in the Temkin
odel.
It was found that Langmuir model best fitted to the experi-

ental data with the values to the coefficient of determination,
2, of 0.978 and 0.994 for Cd2+ and Cu2+, respectively, as shown in
ig. 6. This indicates that wheat straw would provide monolayer
nd homogeneous adsorption for the metal ions.

.2. Continuous biosorption system

.2.1. Effect of bed height and liquid flow rate on biosorption
rocess

2+ 2+
The effect of the bed height on adsorption of Cd and Cu
as investigated using various bed heights from 0.5 to 2.0 m. The

reakthrough curves of Cd2+ and Cu2+ for various bed heights
ere obtained from the variation of the metal concentration in

he column effluent with time. Typical breakthrough curves are
Fig. 7. Effect of the bed height on adsorption of (a) Cd2+ and (b) Cu2+at a liquid flow
rate of LPM and an influent metal concentration of 100 mg L−1.

plotted in Fig. 7(a) and (b) for the case with a liquid flow rate of
1.10 × 10−3 m3 s−1 (0.3 LPM).

The shape and the gradient of the breakthrough curves change
significantly with the bed height, as can be seen in Fig. 7(a). The
slope of the breakthrough curve of a tall bed of a 2.0-m height is
lower than that of a shorter bed, especially at lower liquid flow
rates, as expected. For a taller bed, a larger volume of the metal
solution could be treated, and a higher percentage metal removal
was obtained. However, the metal uptake per unit mass of wheat
straw remained relatively constant for different bed heights. This
indicates that the metal uptake amount was directly proportional
to the amount of adsorbent available in the bed. For Cu2+, a similar
trend was observed, as can be seen in Fig. 7(b). It was also found
that the 10% breakthrough time, tb (the time at which the metal
concentration in the effluent was equal to 10% of the metal con-
centration of the influent to the bed) increased with the bed height
as shown in Table 1. It is self-evident that a taller bed has more
adsorbent available for metal binding; hence, more liquid could be
treated and the breakthrough time is longer.

Fig. 8(a) and (b) presents the breakthrough curves for Cd2+ and
Cu2+ at different flow rates from 0.3 to 1.0 LPM through a 2.0-m
high column. The breakthrough curves shifted towards a lower time
scale with increases in liquid flow rate from 0.3 to 1.0 LPM. This
indicates a shorter column active life at a higher liquid flow rate.
For the 2.0-m high bed, the percentage Cd2+ removal decreased by
32% when the liquid flow rate was increased about 2.7 times from

0.3 to 0.8 LPM. However, a further increase in the liquid flow rate
by only 25% from 0.8 to 1.0 LPM, the percentage metal removal
decreased at a much faster rate by another 11.4%. A similar trend
was also observed for Cu2+. The rapid decrease of the percentage
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Table 1
Experimental uptake and breakthrough time for biosorption of Cd2+ in a fixed bed of wheat straw with an influent metal
concentration of 100 mg L−1.

Flow rate (LPM) Bed height (m) Experimental
uptake (mg g−1)

tb at 10% (min) te (min) Cd2+ removal (%)

0.3 0.5 16.9 15 180 53.4
1.0 15.7 45 290 68.8
1.5 13.5 100 300 76.9
2.0 13.3 150 370 86.5

0.5 0.5 16.4 10 120 50.9
1.0 15.1 35 255 51.3
1.5 14.6 60 295 62.3
2.0 14.4 90 305 70.1

0.8 0.5 16.1 5 150 34.1
1.0 14.9 25 190 41.0
1.5 14.4 35 230 48.3
2.0 14.1 55 270 54.6

m
t
c
t
b
u
w
r
p
r

F
b

1.0 0.5 16.1
1.0 15.7
1.5 15.6
2.0 14.6

etal removal at liquid flow rates higher than 0.8 LPM indicates
hat there might be a critical flow rate at which flow channeling
ould become significant, and hence, lead to less metal adsorp-
ion. The sensitivity of the adsorption to the liquid flow rate can
e explained by the fact that the liquid residence time in the col-
mn is critical for the biosorption process. When the flow rate

as increased, the liquid residence time in the column decreased

esulting in less metal ions adsorbed to the biomass; and hence, the
ercentage metal removal was decreased. Similar observation was
eported by Netpradit et al. in their study using metal hydroxide

ig. 8. Effect of the liquid flow rate on adsorption of (a) Cd2+ and (b) Cu2+ in a 2.0 m
ed and an influent concentration of 100 mg L−1.
3 150 27.4
15 155 35.7
25 220 41.9
45 230 43.2

sludge for adsorption of reactive dye in a fixed-bed column [30].
On the other hand, the metal uptake per unit mass of adsorbent in
the bed remained relatively constant with the liquid flow rate, as
can be seen in Table 1. This indicates that adsorption was the pre-
dominant step of the overall metal removal process, which includes
two steps: the mass transfer from the bulk liquid to the solid adsor-
bent, and the adsorption of metal ions onto the adsorbent surface.
It was also noted that the metal uptake decreased slightly with the
bed height. This might be due to the effect of liquid maldistribution
and channeling in the tall beds.

3.2.2. Models for adsorption in the column of wheat straw
3.2.2.1. Bed-depth service-time model (BDST). Data collected from
laboratory and pilot-plant tests serve as the basis for the design
of a full-scale adsorption column. Among various parameters, the
required bed depth for a specific adsorption time (service-time)
before the regeneration of the adsorbent is an important design
parameter. The bed-depth service-time model can be used to esti-
mate the required bed depth for a given service-time. The BDTS
model can be expressed as below [16]:

tb = No

Ciu
Z − 1

CiK
ln

(
Ci

Cb
− 1

)
(5)

where Cb is the solute concentration in the effluent of the column
at breakthrough, Ci is the solute concentration in the influent to
the column. The adsorption capacity, No, can be determined from
the slope of the plot of the service-time tb versus the bed height
Z. The rate constant, K, can be obtained from the intercept of the
plot, which represents the rate of solute transfer from the liquid
phase to the solid phase. Once the constants of the model have been
determined from the experimental data, the model can be used to
estimate the service-time for a given bed height and specific solute
concentrations at the bed inlet and outlet.

Fig. 9(a) and (b) shows the plots of the service-time (tb) at the
10% breakthrough point (i.e. tb at Cout = 10 mg L−1) versus the bed
height at different flow rates and an influent metal concentration of
100 mg L−1. The linear relationship between tb and the bed height
was obtained with the r2 values mostly close to unity, indicating the
suitability of the BDST model to represent the adsorption of Cd2+

and Cu2+ in a fixed bed of wheat straw. The adsorption capacity, No,

only slightly decreased with the flow rate while the rate constant K
increased significantly with the flow rate, as can be seen in Table 2.

3.2.2.2. Other kinetic models. The experimental data obtained from
the continuous biosorption system were also fitted to the most
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ig. 9. BDST curve at 10% breakthrough for biosorption of (a) Cd2+ and (b) Cu2+ on
heat straw.

ommonly used kinetic models for adsorption in a fixed bed. Those
re the Thomas, Bohart–Adams and Yan models, which can be writ-
en respectively as below:

n
(

Ci

C
− 1

)
= KTHqTM

F
− KTHCiV

F
(6)

n
(

Ci

C
− 1

)
= KBANo

Z

V
− KBACit (7)
n
(

C

Ci − C

)
= KyCi

F
ln(V) − KyCi

F
ln

(
KyqtM

F

)
(8)

here C is the effluent solute concentration, Ci is the influent solute
oncentration, KTH is the Thomas rate constant, F is the volumetric

able 2
arameters predicted from the BDST model for biosorption of Cd2+ and Cu2+ on
heat straw.

Flow rate (LPM) Cd2+ Cu2+

No (mg L−1) K (L mg−1 min−1) No (mg L−1) K (L mg−1 min−1)

0.3 340 0.000586 348 0.000439
0.5 327 0.00126 334 0.000897
0.8 316 0.00220 308 0.00169
1.0 311 0.00231 269 0.00209
Fig. 10. The Thomas model for metal adsorption in a fixed bed of wheat straw at 0.3
LPM: (a) for Cd2+ and (b) for Cu2+.

liquid flow rate, qt the maximum metal uptake to the solid adsor-
bent, M mass of adsorbent (g) in the bed, V is the cumulative liquid
throughput volume, and KBA is the Bohart–Adams rate constant.
Similarly, Ky is the Yan rate constant.

Among the three models presented above, it was found that the
Thomas model best fitted to the experimental data for Cd2+ and
Cu2+ with the r2 values ranging from 0.96 to 0.99 as can be seen in
Fig. 10(a) and (b). However, at the initial stage of adsorption, a large
deviation between the model prediction and the experimental data
was observed. The Thomas model was derived from the equation of
mass conservation in a flow system [23]. In addition, the model also
assumes that the rate driving force obeys second-order reversible
reaction kinetics, and the adsorption equilibrium follows the Lang-
muir model with no axial dispersion [31]. The Thomas model is
widely used to evaluate the column performance. It can be used to
predict the breakthrough curve and the maximum solute uptake
by the adsorbent. These parameters are essential for a successful
design of an adsorption column [32].

The Thomas rate constant (KTH) and the maximum solid phase
concentration (qt) were determined, respectively, from the slope
and the intercept of the plots of ln[(Ci/C) − 1] versus V as shown

in Fig. 10(a) and (b). The values obtained are given in Table 3 for
Cd2+. The rate constant KTH appear to increase significantly only
when the liquid flow rate is increased to 1.0 LPM. The insensitivity
of the rate constant with the liquid flow rate lower than 1.0 LPM
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Table 3
Predicted parameters from the Thomas model for biosorption of Cd2+ on wheat straw.

Flow rate (LPM) Z (m) KTH (L mg−1 min−1) qt (mg g−1) Experimental
uptake (mg g−1)

r2

0.3 0.5 0.000368 12.13 16.9 0.98
1 0.000297 11.27 15.7 0.99
1.5 0.000283 10.19 13.5 0.96
2 0.000242 10.57 13.3 0.97

0.5 0.5 0.000512 14.18 16.4 0.99
1 0.000295 16.59 15.1 0.99
1.5 0.000273 16.03 14.6 0.98
2 0.000263 15.68 14.4 0.98
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1500 can be used to estimate kC [34]:

JD = 0.25
ε

N−0.31
Re (10)

where JD = (kCNSc
2/3)/u and NSc is the Schmidt number.
1.0 0.5 0.00055
1 0.00048
1.5 0.00041
2 0.00036

einforces the hypothesis of the adsorption-controlled nature of
he overall metal adsorption process in a fixed bed of wheat straw.
owever, the rate constant KTH and the metal uptake qt appear

o decrease with the bed height at all liquid flow rates from 0.3 to
.0 LPM. The experimental values of the metal uptake also exhibit a
imilar trend. At a low liquid flow rate of 0.3 LPM, the model under-
stimates the metal uptake by about 30%. On the other hand, at a
igh liquid flow rate of 1.0 LPM and short beds of 0.5 m and 1.0 m,
he model overestimates the metal uptake by about 20%. However,
or all bed heights from 0.5 to 2.0 m, the model prediction agrees
uite well with the experimental data at 0.5 LPM. Moreover, when
ll experimental data at various bed heights from 0.5 to 2.0 m and
iquid flow rates from 0.3 to 1.0 LPM are combined, the averaged
alue of the metal uptake is 15.2 mg g−1 with a standard deviation
f 1.1 mg g−1. The averaged uptake qt predicted from the Thomas
odel is 14.8 mg g−1 with a standard deviation of 3.2 mg g−1, which

s quite close to the averaged experimental value. A two-tailed “t”
est at a 95% confidence level was performed and found that the dif-
erence between the averaged experimental metal uptake and the
veraged value predicted from the Thomas model was statistically
nsignificant [33]. Therefore, the Thomas model can be considered
s a suitable kinetic model to describe Cd2+ and Cu2+ adsorption in
fixed bed of wheat straw.

.2.2.3. Mass transfer model for adsorption in the column. The BDST
nd Thomas models represent the experimental data fairly well.
owever, those models are undefined mathematically when the
ffluent concentration approaches zero during the initial period of
he adsorption process. Therefore, in order to overcome this short-
all, a mass transfer model based on the first principle of mass
ransfer was developed. The following assumptions were used in
he model development:

One dimensional flow and diffusion in the axial direction.
The fluid temperature, density and velocity are constant.
Mass diffusivity is independent of the concentration of the solute.
No intraparticle diffusion.

Mass transfer takes place between the bulk liquid at a metal con-
entration C and the wheat straw surface at a metal concentration
e. The concentration at the surface of the particle, Ce, is the equi-

ibrium concentration between liquid and wheat straw, which can
e calculated from the equilibrium isotherm such as the Langmuir

odel. By using the differential mass balance, the following model
as obtained:

∂C

∂t
= D

ε

∂2c

∂z2
− u

ε

∂C

∂z
− (1 − ε)

ε
kCa(C − Ce) (9)
19.8 16.1 0.99
19.0 15.7 0.98
16.10 15.6 0.99
15.50 14.6 0.98

where a is the specific area of the wheat straw particles in the col-
umn, D is the diffusivity of metal ions, ε is the bed porosity, kC is the
mass transfer coefficient of metal ions from the bulk liquid to the
surface of the wheat straw particles in the column, u is the super-
ficial velocity of liquid in the column, t is time and z is the axial
distance in the column.

For mass transfer in liquid in a packed bed, the following corre-
lation of the JD factor for the Reynolds numbers ranging from 55 to
Fig. 11. Experimental and predicted outlet concentration: (a) 0.3 L min−1 and (b)
1.0 L min−1, inlet concentration of 100 mg L−1 Cd2+, T = 25 ◦C.
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Table 4
Parameters used for the mass transfer model simulation.

Parameter Value

ε 0.37
D [m2 s−1] of Cd2+ 3.005 × 10−8

D [m2 s−1] of Cu2+ 5.355 × 10−8

Z [m] 0.5, 1.0, 1.5, 2.0
Liquid flow rate [L min−1] 0.3, 0.5, 0.8, 1.0
kc of Cd2+ [m s−1] 1.62 × 10−5

kc of Cu2+ [m s−1] 2.3 × 10−5
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� of Cd2+ [Pa s] 0.941 × 10−3

� of Cu2+ [Pa s] 0.94 × 10−3

a [m2 m−3] 250

The model in Eq. (9) was solved numerically using the finite
ifference method. The values of the parameters used in solving
he model are given in Table 4. The predicted values of Cd2+ con-
entration in the column effluent for various bed heights from 0.5
o 2.0 m, which were obtained from the numerical solution of the

odel, are plotted in Fig. 11(a) and (b). The metal concentration
redicted from the model agrees quite well with the experimental
ata. The averaged deviation between the experimental data and
he predicted values over the entire breakthrough curve was found
e in the range of 7.5–15% among different experiments. The pre-
icted values from the mass transfer model appear to agree to the
xperimental data better than the Thomas model prediction. The
ass transfer model can thus be used to predict the breakthrough

urve for adsorption of metal ions in a fixed-bed column.

. Conclusion

Biosorption of Cd2+ and Cu2+ by wheat straw was studied, using
batch system and a continuous fixed bed. The batch system with
n initial metal concentration of 100 mg L−1 was used to investi-
ate the effect of temperature and pH on the metal uptake, and
he equilibrium isotherms. The metal uptake was found to increase
ith both temperature and pH. The metal uptake increased from

2.2 to 15.7 mg g−1 and 9.1 to 12.2 mg g−1 for Cd2+ and Cu2+, respec-
ively, when the liquid temperature was increased from 20 to 40 ◦C.
ver a pH range from 3.0 to 7.0, the metal uptake increased by 5.2
nd 3.7 times for Cd2+ and Cu2+, respectively. It was also found that
he adsorption of Cd2+ and Cu2+ by wheat straw appeared to follow
he Langmuir isotherm.

In the continuous system using a fixed-bed adsorber, break-
hrough curves were obtained for different bed heights and liquid
ow rates. It was found that the adsorption breakthrough was
trongly dependent on the liquid flow rate, as expected. The
iosorption process was showed to be more effective at a low flow
ate (1.10 × 10−3 m3 s−1 or 0.3 LPM) and a tall bed (2.0 m).

The bed-depth service-time model well correlated the bed
eight and the 10%-breakthrough time for metal adsorption in a
xed bed of wheat straw. Application of other mathematical models
uch as the Thomas, Bohart–Adams and Yan models to a fixed-bed
dsorber was also investigated. Among those models, the Thomas
odel was found to be most suitable to represent the kinetics of

iosorption of Cd2+ and Cu2+ in a fixed bed of wheat straw.
A mass transfer model for biosorption of metal ions in a fixed

ed of wheat straw was also developed. The model predicted the
oncentration of metal ions in the effluent stream quite well.
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