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ABSTRACT

Adsorption of copper ions from aqueous solution was studied by natural wheat straw (NWS)
and modified wheat straw (MWS) with citric acid in fixed-bed column. The experiments were
conducted to investigate the effects of the bed depth, the flow rate, and the influent concentra-
tion of copper ions. The column data were fitted by the Thomas model using nonlinear regres-
sive analysis while bed depth/service time analysis (BDST) model was applied at different bed
depth. The Thomas model was found suitable for the description of breakthrough curve. The
bed depth service time (BDST) model was applied to predict the service times with other flow
rate and initial concentration. The theoretical breakthrough curve was compared with experi-
mental breakthrough curve profile in the dynamic process. The copper-loaded adsorbent was
regenerated using hydrogen chloride solution. The results showed that the adsorption capacity
of MWS for copper ion was higher than NWS and both NWS and MWS can be reused.
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1. Introduction

The removal of heavy metals ions from wastewater
has received a great attention for global awareness of
the underlying detriment of heavy metals in the envi-
ronment. Adsorption techniques have proved to be
effective and attractive processes for the treatment of
heavy metal-bearing wastewaters [1]. Since activated
carbon is expensive and regeneration of exhausted
carbon is cost, an alternative inexpensive adsorbent
can reduce the cost of an adsorption system. Agricul-
tural waste materials are economic and eco-friendly
due to their unique chemical composition, availability
in abundance, renewable, low in cost and more effi-
cient, and are seem to be viable option for heavy

metal remediation [2]. Some of these byproducts such
as rice husk, wheat straw, cereal chaff, etc. [3–6] were
used to remove metals from solution and several
reviews were published [7–10].

As a matter of fact, natural agricultural products
directly used as adsorbent are not advantageous for
physical and chemical characteristics. Therefore, these
materials need to be modified or treated before being
applied for the decontamination of heavy metals and
other pollutants. Furthermore, modification of agricul-
tural by-products can be carried out to achieve ade-
quate structural durability, enhance their natural ion
exchange capability and add value to the by-product.
The methods were reviewed [11,12] and some
modified adsorbents, such NaOH-treated husk, ethy-
lenediamine-modified rice hull, were used for removal
of metal or dye ions from solution [13–15].*Corresponding author.
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In this article, wheat straw was selected as an
adsorbent for the removal of copper ions from aque-
ous solutions because of two factors. Firstly, wheat
straw contains adequate cellulose and several func-
tional groups such as hydroxy, carboxyl, and amido-
gen, making the adsorption processes more feasible
[16]. Furthermore, wheat is a widely cultured food
crop in China. Consequently, the wheat straw was
obtained extensively and cheaply as a byproduct
acquired from agriculture. Chemical modification
using citric acid (CA) was an effective process to
enhance the adsorption capacity of natural wheat
straw (NWS) and soybean hulls for metal ions and
dyes [16–17].

Previously in our laboratory, NWS- and CA-modi-
fied wheat straw (MWS) were used as adsorbents to
remove Methylene blue and copper ion from solution
in batch mode, respectively [4,16]. However, the infor-
mation from the batch experiments did not apply to
continuous operation. The engineering advantages of a
fixed-bed adsorption column with adsorbents offer
easy continuous operation and scale up is important of
the adsorption process. But no research was reported
about copper ions adsorption onto NWS and MWS in
column mode. Therefore, it is imperative to describe
dynamic behavior in a fixed-bed column condition.

The research described here was designed to inves-
tigate the biosorption behavior of NWS and MWS in
order to remove copper ions from solution in fixed-bed
column. The effects of main variables, such as flow rate,
influent concentration, and bed depth on copper ions
adsorption were researched. In order to predict the per-
formance in the column, the experimental data were
processed with Thomas model and bed depth/service
time model. The exhausted NWS and MWS were
regenerated using 0.5mol L�1 hydrogen chloride
solution and reuse of NWS and MWS was evaluated.

2. Materials and methods

2.1. Preparation of natural wheat straw and modified wheat
straw

Fresh biomass of wheat straw was obtained from
local countryside of Luoyang City, China. The col-
lected wheat straw was washed with distilled water
several times and dried in an oven at 50˚C. Dry wheat
straw was crushed into powder and screened through
a set of sieves (20–40 mesh), which produced a
uniform material for the adsorption tests, and then
conserved in the desiccator for use.

The preparation process of MWS follows [16]:
ground wheat straw was mixed with 0.6mol L�1 CA

at the ratio of 1:12 (straw/acid, w/v) and stirred for
30min at 20˚C. The acid straw slurries were placed in
a stainless steel tray and dried at 50˚C in a forced
air oven for 24 h. Then temperature was raised up to
120˚C for 90min. After cooling, the esterified wheat
straw was washed with distilled water until the liquid
did not turn turbidity when 0.1mol L�1 lead (II)
nitrate was dropped in. After filtration, MWS was sus-
pended in 0.1mol L�1 NaOH solution at suitable ratio
and stirred for 60min, followed by washing thor-
oughly with distilled water to remove residual alkali,
next dried at 50˚C for 24 h and preserved in a
desiccator for use.

2.2. Copper ion solution

Stock solutions of 500mgL�1 Cu(II) were prepared
from CuCl2 in distilled, deionized water containing a
few drops of concentrated HCl to prevent the precipi-
tation of Cu2+ by hydrolysis. All working solutions
were prepared by diluting the stock solution with
distilled water to the needed concentration and
solution pH was adjusted to 4.0.

2.3. Column adsorption studies

Fixed-bed column adsorption experiments were
carried out using NWS and MWS packed into a glass
column (1.0 cm inner diameter and 25 cm in height)
with a bed depth of 6, 8.5, and 11 cm, respectively.
The experiments were conducted by pumping copper
solution in down flow mode through the fixed-bed
with a peristaltic pump. The temperatures of all
experiments were 293K. Samples were collected at
regular intervals in the adsorptive process. Copper ion
was measured using atomic absorption spectrometry
at 234.8 nm (AAanalyst300, Perkin-Elmer).

The concentration of copper ions desorbed from
Cu-loaded adsorbents in column by 0.5mol L�1 hydro-
gen chloride solution was also analyzed and the regen-
erated column was reused to adsorb copper ions for
NWS and MWS (for column depth 8.5 cm, flow rate
5.6mLmin�1, copper ion concentration 20mgL�1).

3. Result and discussion

3.1. The effect of flow rate on breakthrough curves

The breakthrough curves at various flow rates
were shown in Fig. 1.

It was observed that breakthrough generally
occurred faster and the breakthrough curve was stee-
per with higher flow rate for both NWS and MWS,
respectively. Breakthrough time reaching saturation
was significantly increased with a decreased in the
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flow rate. At a low rate of influent, copper ions had
more time to contact with adsorbents and this resulted
in higher removal of copper ions in column.

3.2. Effect of influent copper ion concentration on
breakthrough curves

The effect of influent copper ions concentration on
the shape of the breakthrough curves is shown in
Fig. 2.

It was shown that the breakthrough time occurred
fast with increasing influent copper concentration.
Breakthrough curves were dispersed and breakthrough
occurred slower at lower influent metal concentrations
while sharper breakthrough curves were obtained at
higher influent concentration. The larger the influent
concentration, the steeper is the slope of breakthrough
curve and smaller is the breakthrough time. These
results demonstrate that the change of concentration

gradient affects the saturation rate and breakthrough
time.

3.3. The effect of different bed depth on breakthrough curves

The breakthrough curve at different bed depths for
NWS and MWS is shown in Fig. 3, respectively.

From Fig. 3, as the bed height increased, copper
ions had more time to contact with adsorbent, result-
ing in more efficient removal of copper ion. Thus, the
higher bed height resulted in a decrease in copper ion
concentration in the effluent. The slope of the break-
through curve decreased with increase in bed height
as a result of broadened influent movement zone.

Compared to breakthrough curves (Figs. 1–3) at
same condition (same about bed depth, flow rate, and
copper concentration) between NWS and MWS, it can
be seen that the breakthrough time and exhausted
time of MWS are longer than those of NWS, respec-
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Fig. 1. Breakthrough curves at various flow rate on copper
adsorption (Z= 8.5 cm, C0 = 20mgL�1).
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Fig. 2. Breakthrough curves at different influent concen-
tration (Z=8.5 cm, v= 5.6mLmin�1).
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tively. These results showed that MWS had more
adsorption capacity for copper ions than NWS. This
was also confirmed by adsorption in batch mode
[4,16]. The mechanism may be the rough surface and
more functional groups (carboxyl groups) made
MWS’s beneficial to adsorb metal cation ion from
solution [16].

3.4. Regeneration and copper-loaded NWS and MWS and
reuse

Disposal of the metal-loaded adsorbent creates
another environmental problem as it is hazardous
material. The use of biomass as a potential adsorbent
depends not only on the adsorptive capacity, but also
on how well the biomass can be regenerated and
reused, especially for modified adsorbents. Regenera-
tion must produce small volume of metal solution
without significantly damaging the capacity of the
adsorbent, making it reusable in several adsorptions
and desorption cycles [18–21].

Fig. 4 shows the desorbed curves using 0.5mol L�1

hydrogen chloride solution. As shown in Fig. 4, cop-
per ion was easily desorbed because the desorption
nearly completed in less than 10min. Fig. 5 shows the
recycles of copper ions adsorbed by NWS and MWS.
The first, second, and third regeneration yields are
88.1, 57.8, and 57.0% for NWS and 75.3, 48.8, and
44.3% for MWS, respectively. The results showed that
NWS and MWS can be used repeatedly with losing
some adsorption capacity for removal of copper ions
from solution (Fig. 5).

3.5. Modeling of column study

3.5.1. Thomas model

The Thomas model is used to calculate the maxi-
mum solid phase concentration on adsorbent and the
adsorption rate constant. The expression by Thomas
for an adsorption column is given as follows [22]:
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Fig. 3. Breakthrough curves at different bed depths
(C0 = 20mgL�1, v= 5.6mLmin�1).
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Ct

C0

¼ 1

1þ expðkThq0x=v� kThC0tÞ ð1Þ

where q0 is the adsorption capacity per g of the adsor-
bent (mgg�1); kTh is the rate constant
(mLmin�1mg�1); x is the quantity of adsorbent in the
column (g); C0 is the influent copper ion concentration
(mgL�1); Ct is the effluent concentration at any time
t (mgL�1); and v is the flow rate (mLmin�1). The
value of Ct/C0 is the proportion of effluent and
influent copper ion concentration.

From a plot of Ct/C0 against t at a given flow rate
using nonlinear regression, A (kThq0x/v) and B (kThC0)
can be obtained. As values of initial concentration C0,
adsorbent mass x and flow rate v are known, the
kinetic coefficient kTh (from B) and the adsorption
capacity of the column q0 can be calculated. The
parameters of Thomas model are listed in Table 1.
Values of error (x2) and qexp (from experiment) are
also listed in Table 1.

From Table 1, with flow rate increasing, the value
of q0 for NWS and MWS decreased but the value of
kTh increased. As the bed depth increased, the value
of q0 and kTh decreased for two adsorbents. With the
increase in copper ion concentration, values of q0
increased but it was opposite to values of kTh. It was
also obtained that the adsorption capacity of MWS
was larger than that NWS from Table 1.

They were all with higher determined coefficients
(R2) (larger 0.96) and lower x2 (smaller than 0.00800)
from Table 1. But the value of q0 is not close to qexp at
same condition. So it was concluded that Thomas
model be suitable to fit experimental data.

3.5.2 The Yoon–Nelson model

The Yoon–Nelson model not only is less
complicated than other models, but also requires no
detailed data concerning the characteristics of adsorbate,
the type of adsorbent, and the physical properties of
adsorption bed. The Yoon–Nelson equation regarding to
a single component system is expressed as [23]:

Ct

C0 � Ct

¼ expðkYNt� skYNÞ ð2Þ

The approach involves a plot of Ct/(C0–Ct) vs. sam-
pling time (t) according to Eq. (2). The parameters of
kYN and s (the time required for 50% copper ion break-
through) can be obtained using nonlinear regressive
method. The values of kYN and s are listed in Table 2.

From Table 2, the rate constant kYN increased and
the 50% breakthrough time s decreased with both
increasing flow rate and copper ions influent concen-
tration. With the bed depth increasing, the values of s
increased while the values of kYN decreased. The data
in Table 2 also indicated that values s were similar to
experimental results.

As Thomas model and Yoon–Nelson model can be
transformed on form, the values of R2 and x2 listed in
Tables 1 and 2 are same at same experimental condi-
tion, respectively.

3.5.3. Clark model

Clark model was based on the use of a mass-trans-
fer concept in combination with the Freundlich
isotherm [24]:

Ct

C0

¼ 1

1þ Ae�rt

� �1=ðn�1Þ
ð3Þ

From a plot of Ct/C0 against t at a given bed
height and flow rate using nonlinear regressive
analysis, the values of A and r can be obtained.
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In previous study, it was found that the Freundlich
model was approximately valid for the adsorption of
copper on NWS and MWS in batch adsorption [4,16],
so the Freundlich constant 1/n (0.364 for NWS, 0.819
for MWS) obtained in batch experiment were used to
calculate the parameters in the Clark model. The val-
ues of A and r in the Clark model are determined

using Eq. (3) by nonlinear regression analysis and are
shown in Table 3. From Table 3, as both flow rate and
influent dye concentration increased, the values of r
increased.

Compared values of R2 and x2 are listed in Tables
1 and 3 (or Table 2), value of R2 from Thomas model
(Yoon–Nelson model) is larger than that from Clark

Table 1
Thomas model parameters at different conditions

C0

(mgL�1)
v
(mLmin�1)

Z
(cm)

qexp q0 kTh R2 x2

(mgg�1) (mgg�1) (mLmin�1mg�1)

NWS

20 5.6 6.0 4.49 4.04 13.2 0.989 0.00095

20 5.6 8.5 4.36 3.38 9.82 0.969 0.00305

20 5.6 11.0 4.56 3.06 8.54 0.930 0.00725

20 3.6 8.5 5.24 4.14 9.4 0.980 0.00324

20 7.6 8.5 3.69 3.02 14.5 0.975 0.00201

10 5.6 8.5 3.18 2.62 19.06 0.973 0.00462

30 5.6 8.5 5.35 3.95 9.22 0.976 0.00237

MWS

20 5.6 6.0 7.64 6.21 9.73 0.968 0.00446

20 5.6 8.5 7.16 6.05 7.90 0.978 0.00315

20 5.6 11.0 6.84 5.52 6.16 0.970 0.00459

20 3.6 8.5 7.88 6.78 6.31 0.985 0.00193

20 7.6 8.5 5.86 4.98 12.3 0.973 0.00441

10 5.6 8.5 6.48 4.92 8.22 0.956 0.00641

30 5.6 8.5 8.20 6.45 7.17 0.981 0.00270

Note: x2 ¼ P ðq� qcÞ2; q and qc are the experimental value and calculated value according the model, respectively.

Table 2
Yoon–Nelson parameters at different conditions

C0 (mgL�1) V (mLmin�1) Z (cm) kYN/(Lmin�1) s/min se/min R2 x2

NWS

20 5.6 6.0 0.293 9.14 8.6 0.989 0.0095

20 5.6 8.5 0.202 12.0 11.5 0.968 0.00305

20 5.6 11.0 0.172 14.8 13.6 0.930 0.00725

20 3.6 8.5 0.208 23.1 22.5 0.980 0.00324

20 7.6 8.5 0.320 7.99 7.2 0.976 0.00201

10 5.6 8.5 0.189 18.7 17.1 0.969 0.00466

30 5.6 8.5 0.277 9.69 8.6 0.975 0.00237

MWS

20 5.6 6.0 0.199 15.6 14.4 0.968 0.00446

20 5.6 8.5 0.158 21.6 20.1 0.978 0.00315

20 5.6 11.0 0.123 25.5 24.4 0.970 0.00459

20 3.6 8.5 0.126 37.7 35.6 0.973 0.00441

20 7.6 8.5 0.245 13.1 12.5 0.985 0.00192

10 5.6 8.5 0.0817 35.2 33.6 0.951 0.00641

30 5.6 8.5 0.215 15.8 15.1 0.981 0.00270
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model while x2 is smaller at same condition for NWS.
But for MWS, they are opposite. Moreover, the differ-
ence is smaller. So the three models can be used to
predict the breakthrough curves.

3.5.4. BDST model

The BDST model is based on physically measuring
the capacity of the bed at different breakthrough
values. The BDST model works well and provides
useful modeling equations for the changes of system
parameters [25]. A modified form of the equation that
expresses the service time at breakthrough, t, as a
fixed function of operation parameters is BDST model:

t ¼ N0

C0F
Z� 1

KaC0

ln
C0

Ct

� 1

� �
ð4Þ

where Ct is the effluent concentration of solute in the
liquid phase (mgL�1); C0 is the initial concentration of
solute in the liquid phase (mgL�1); F is the influent
linear velocity (cmmin�1); N0 is the adsorption quan-
tity (mgL�1); Ka is the rate constant in BDST model
(Lmg�1min�1); t is the time (min); and Z is the bed
depth of column (cm).

A plot of t vs. bed depth, Z, should yield a straight
line where N0 and K, the adsorption capacity and rate
constant, respectively, can be evaluated.

The lines of t–Z at values of Ct/C0 0.2, 0.6, and 0.8
for NWS and MWS are shown in Fig. 6, respectively.

The related constants of BDST according to the slopes
and intercepts of lines are listed in Table 4.

From Table 4, it was shown that the value of N0

increased dramatically while the rate constant of Ka

increased along with the value of Ct/C0 increasing.
According to the values of R2, the rationality of the
BDST model was identified for the adsorption pro-
cesses. Moreover, MWS had more excellent adsorption
capacity along with higher values of N0, compared
with NWS in the same situation.

In addition, The BDST model constants can be
used to predict the adsorbent performance for other
flow rate and concentration without further process. A
simplified form of the BDST model is:

Table 3
Clark parameters at different conditions

C0 (mgL�1) V (mLmin�1) Z (cm) A r R2 x2

NWS

20 5.6 6.0 4.64 0.250 0.991 0.00720

20 5.6 8.5 3.86 0.176 0.975 0.00241

20 5.6 11.0 4.25 0.148 0.940 0.00623

20 3.6 8.5 28.48 0.178 0.984 0.00258

20 7.6 8.5 4.29 0.277 0.981 0.00155

10 5.6 8.5 10.20 0.164 0.975 0.00368

30 5.6 8.5 4.74 0.238 0.981 0.00183

MWS

20 5.6 6.0 1.97E5 0.566 0.939 0.00852

20 5.6 8.5 2.23E5 0.402 0.950 0.00755

20 5.6 11.0 1.64E5 0.335 0.937 0.00705

20 3.6 8.5 8.6E5 0.365 0.947 0.00884

20 7.6 8.5 1.91E5 0.659 0.968 0.00429

10 5.6 8.5 5.91E4 0.212 0.907 0.0122

30 5.6 8.5 3.97E5 0.598 0.960 0.00563

Table 4
Calculated constants of the BDST model for the adsorption
of copper ion onto NWS and MWS (C0 = 20mgL�1,
v=5.6mLmin�1)

Ct/
C0

a
(min cm�1)

b
(min)

Ka

(Lmg�1min�1)
N0

(mgL�1)
R2

NWS

0.2 0.606 �0.978 7.09� 10�4 67.9 0.999

0.6 0.685 �6.67 3.04� 10�3 76.7 0.953

0.8 1.92 �3.46 2.00� 10�2 215 0.887

MWS

0.2 1.13 �2.99 –2.32� 10�2 127 0.856

0.6 2.29 �2.42 8.37� 10�3 257 0.98

0.8 2.95 �7.52 9.22� 10�3 331 0.974
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t ¼ aZ� b ð5Þ

where

a ¼ N0

C0F
ð6Þ

b ¼ 1

KaC0

ln
C0

Ct

� 1

� �
ð7Þ

The slope constant for a different flow rate can be
directly calculated by Eq. (6) [25]:

a0 ¼ a
F

F0 ¼ a
v

v0
ð8Þ

where a and F are the old slope and influent linear
velocity, respectively, and a0 and F0 are the new slope
and influent linear velocity, respectively. As the col-
umn used in experiment has the same diameter, the
ratio of original (F) and the new influent linear veloc-

ity (F0) and original flow rate (v) and the new flow
rate (v0) is equal.

For other influent concentrations, the desired
equation is given by a new slope, and a new intercept
is given by

a0 ¼ a
C0

C0
0

ð9Þ

b0 ¼ b � C0

C0
0

� lnðC
0
0=C

0
f � 1Þ

lnðC0=Cf � 1Þ ð10Þ

where b0 and b are the new and old intercepts,
respectively; C0

0 and C0 are the new and old influent
concentrations, respectively. C0

f is the effluent concen-

tration at influent concentration C0
0 and Cf is the efflu-

ent concentration at influent concentration C0.
The BDST constants gained at flow rate

5.6mLmin�1 and influent concentration 20mgL�1

was helpful to predict the column behavior at higher
flow rate of 7.6mLmin�1 and lower influent
concentration of 10mgL�1, respectively. Meanwhile,
the related calculated time (tc) and experimental time
(te) are listed in Tables 5 and 6, respectively.

In addition, The BDST model constants can be
used to predict the adsorbent performance for other
flow rate and concentration without further process.
For instance, the BDST constants gained at flow rate
5.6mLmin�1 and influent concentration 80mgL�1

were helpful to forecast the adsorbent behavior at
higher flow rate of 7.6mLmin�1 and lower influent
concentration of 10mgL�1, respectively. Meanwhile,
the corresponding calculated time (tc) and experimen-
tal time (te) are demonstrated in Tables 5 and 6,
respectively.

It was shown that some values of tc were close to
values of te while some were not, which indicated
available prediction for the case of changed influent
concentration and flow rate.

3.5.5. Theoretical breakthrough curve

The data obtained from the batch adsorption iso-
therm can be used to predict the theoretical break-
through curve, which can be compared with the
experimental curve. The detailed calculations for the
generation of the experimental breakthrough curve
from the equilibrium data obtained from batch studies
are as follows [26]:

(1) An experimental equilibrium curve was plotted
assuming various values of Ce (the value was
equal to Ct) and calculating the corresponding
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Fig. 6. Isoremoval lines for 0.2, 0.4, and 0.6 breakthrough
for different bed depths (C0 = 20mgL�1, v= 5.6mLmin�1).
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values of qe using the best fit isotherm model
obtained from the batch adsorption results.

(2) An operating line was drawn, which was
through the original and end points obtained
by experimental equilibrium curve. The
significance of this operating line is that the
data of the continuously batch reactor and the
data of the fixed-bed reactor are identical at
these two points, first at the initiation and other
at the exhaustion of the reaction.

(3) The rate of transfer of solute from solution over
a differential depth of column, dh, is given by

vdC ¼ KmðC� C�Þdh ð11Þ

where v is the wastewater flow rate, Km is the
overall mass transfer coefficient, which includes
the resistances offered by film diffusion and
pore diffusion and C� is the equilibrium con-
centration of solute in solution corresponding
to an adsorbed concentration, qe.

The term C� C� is the driving force for
adsorption and is equal to the distance between

the operating line and equilibrium curve at any
given value of qe. Integrating Eq. (10) and
solving for the height of the adsorption zone,

hZ ¼ v

Km

Z CE

CB

dC

C� C� ð12Þ

For any value of h less than hz, correspond-
ing to a concentration C between CB and CE,
Eq. (12) can be written

h ¼ v

Km

Z C

CB

dC

C� C� ð13Þ

Dividing Eq. (13) by Eq. (12) results in

h

hz
¼

R C

CB
dC=ðC� C�ÞR CE

CB
dC=ðC� C�Þ

¼ V � VB

VE � VB

ð14Þ

where VB and VE are total volume of water
treated till breakthrough and up to exhaust
point, respectively, and V is the volume of

Table 6
Predicted breakthrough time based on the BDST constants for a new copper ion concentration

Ct/C0 C0 (mgL�1) C0
0 (mgL�1) a0 (min cm�1) b0 (min) tc (min) te (min)

NWS (v= 5.6mLmin�1, Z= 8.5 cm)

0.2 20 10 1.21 �1.96 12.3 12.4

0.6 20 10 1.37 �13.4 25.0 19.0

0.8 20 10 3.84 �6.93 39.6 29.9

MWS (v= 5.6mLmin�1, Z= 8.5 cm)

0.2 20 10 2.27 �5.98 25.2 19.5

0.6 20 10 4.59 �4.84 43.8 37.2

0.8 20 10 5.90 �15.0 65.2 60.6

Table 5
Predicted breakthrough time based on the BDST constants for a new flow rate

Ct/C0 V (mLmin�1) V0 (mLmin�1) a0 (min cm�1) b0 (min) tc (min) te/min

NWS (C0 = 20mgL�1, Z= 8.5 cm)

0.2 5.6 7.6 0.447 �0.978 4.77 4.21

0.6 5.6 7.6 0.505 �6.67 11.0 8.72

0.8 5.6 7.6 1.42 �3.46 15.5 13.5

MWS (C0 = 20mgL�1, Z= 8.5 cm)

0.2 5.6 7.6 0.835 �2.99 10.1 7.93

0.6 5.6 7.6 1.69 �2.42 16.8 14.7

0.8 5.6 7.6 2.17 �7.52 26.0 19.5
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water treated within VE for effluent concentra-
tion C with in CE. Dividing the values ofR C
CB

dC=ðC� C�Þ by the value of
R CE

CB
dC=ðC� C�Þ

the term (V�VB)/(VE�VB) was evaluated.

(4) Now the plot of C/C0 vs. (V�VB)/(VE�VB)
represents the theoretical breakthrough curve.

Evaluating the result from fitting the batch experi-
mental data, it was showed that Langmuir isotherm
provided a best fitness [4,16]. So the Langmuir isotherm
was used to generate the theoretical breakthrough
curve. Fig. 7 showed the theoretical breakthrough curve
compared with the experimental breakthrough curve
which relevant to 8.5 cm bed depth and initial copper
ion concentration of 20mgL�1 with flow rate
5.6mLmin�1. For NWS, the two curves followed the
same trend with small differences. But for MWS, the
two curves followed same trend and there were some
difference. Therefore, Langmuir isotherm constants

found from the batch experimental data can be used to
predict the breakthrough in fixed-bed system for cop-
per ion adsorption onto NWS.

4. Conclusion

This study showed that NWS and MWS was an
effective adsorbent for removal of copper ion from
aqueous solution. The adsorption of copper ion was
strongly dependent on the flow rate, the initial copper
ion concentration, and bed depth. The breakthrough
process can be fitted by Thomas and the breakthrough
data predictions by BDST model showed some agree-
ment with experiment data. The mass transfer model
could provide a good agreement between the experi-
mental breakthrough curve and the theoretical break-
through curve. Copper ion was easily desorbed from
NWS and MWS column using 0.5mol L�1 HCl solu-
tion and the NWS and MWS column can be reused to
remove copper ion from aqueous solution efficiently.
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