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ABSTRACT

In this paper, continuous fixed-bed studies were carried out to investigate the feasibility of
using tea waste (TW) as a low-cost adsorbent for the removal of Congo red (CR) from aque-
ous solution. Effects of various parameters, such as mass of the adsorbent, flow rate, influ-
ent dye concentration, and initial pH were investigated. It was found that the amount of
the column adsorption capacity was at about 3 mg/g. Three commonest models, namely
Adams–Bohart, Thomas, and Yoon–Nelson models have been employed to predict the
adsorption breakthrough curves of CR onto TW. The Adams–Bohart model satisfactorily
predicts the initial parts of the adsorption process with the correlation coefficient at about
0.9. The Thomas and Yoon–Nelson models were found to be in reasonable agreement with
the experimental data. In addition, the bed depth service time (BDST) model was applied at
different bed depths. The results revealed that the experimental data greatly described
using BDST model. It was concluded that the fixed-bed adsorption column with TW adsor-
bent can be used as a wastewater treatment for the removal of CR.
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1. Introduction

Nowadays, the industrial discharge is a major
concern. Dyes are the most undesirable pollutants con-
tained in various industries, particularly textile indus-
tries. The presence of even a small quantity of dyes in
water is highly visible and undesirable [1]. Dyes affect
the aquatic systems, since they reduce the sunlight
transmission through water and they may cause

severe damage to human and animal health [2]. Most
of the dyes are synthetic compounds with complex
aromatic structures, which make them stable and diffi-
cult to be biodegraded. Various treatment processes,
including adsorption, coagulation, ozonation, and
membrane have been developed as an alternative to
remove dye molecules from aqueous solutions [3]. It is
observed that adsorption is an effective process for the
removal of dyes from aqueous solution because of its
simplicity as well as the availability of a wide range of
adsorbent. Activated carbon is the most common
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adsorbent for the removal of dyes with high adsorp-
tion capacity [4,5]. However, its high price and diffi-
culties of regeneration restrict the use of activated
carbon as an adsorbent. Economically, the adsorption
process depends on the adsorbent price. Therefore, it
is preferred to employ low-cost adsorbents [6].
Recently, there have been several investigations on
finding favorable adsorbents as cattail root [7], pine
cone [8], red mud [9], and rice husk [10] for the
removal of Congo red (CR) from aqueous solutions.
CR is a benzidine-based anionic diazo dye which is
known to cause allergic reactions. The azo dyes are
characterized by the presence of at least one azo
group consisting of nitrogen–nitrogen double bonds.

There are many researches on the batch adsorption
for the removal of dyes reported in the literature. It is
conducted to evaluate the possibility of the adsorbent
for the removal of dye as an adsorbate. The batch
experiments can easily be used in the laboratory for
the treatment of small volumes of effluents, however
are not useful in the case of column-mode operations.
According to industrial point of view, the continuous
flow adsorption in the fixed-bed column is more
convenient [11]. It provides precious information for
the adsorption reactor scale up as well as adsorption
dynamic simulation [12]. The bench-scale column
testing will result the adsorption breakthrough curves
which can be exploited to design and operate
fixed-bed adsorption plants. Both the transport
processes in the column and in the adsorbent may
influence the shape of the breakthrough curves. The
breakthrough curves determine the bed height and
the operating lifespan of the bed and regeneration
times [13,14].

The tea plants are commonly cultivated in the
northern area of Iran. Tea waste (TW) has been
employed for the removal of several heavy metals and
dyes from aqueous solutions [15–17]. In our previous
study, TW was used as an adsorbent for the removal
of CR in batch mode experiments and the effects of
different parameters were investigated [15]. The
resulted experimental data revealed that TW can be
used as a potential adsorbent for the removal of CR
with greater adsorption capacity with respect to the
other natural adsorbents.

Recently, TW has been used in fixed-bed adsorp-
tion processes for the removal of pollutants, particu-
larly heavy metals such as Pb(II), Ni(II), and Cr(VI)
[18–20]. However, to the best of our knowledge, little
attention has been paid to the fixed-bed adsorption
of dyes with TW adsorbent. There are several
models, including Adams–Bohart [21], Thomas [22],
Yoon–Nelson [23], and BDST [24] for predicting the
fixed-bed adsorption processes.

The objective of this study was to investigate the
removal efficiency of TW for the removal of CR from
aqueous solution in a fixed-bed column. The effects of
design parameters, such as initial dye concentration,
pH of the solution, flow rate, and bed depth on the
adsorption of CR were studied using a laboratory-
scale fixed-bed column. The Adams–Bohart, Thomas,
Yoon–Nelson, and BDST models were used to analyze
and predict the breakthrough curves for the adsorp-
tion of CR.

2. Experimental

2.1. Adsorbate

CR [1-naphthalene sulfonic acid, 3,30-(4,40-biphe-
nylenebis (azo)) bis (4-amino) disodium salt] used
in this study was supplied by Merck company. Its
C.I. No. is 22120, FW = 696, chemical formula =
C32H22N6Na2O6S2, and λmax= 495 nm. The molecular
structure of CR is illustrated in Fig. 1.

2.2. Preparation of adsorbent

Tea leaves used in this experiment were produced
in tea plantations from the northern area of Iran. The
TW was collected and prior to the experiments, it was
washed with tap water several times to remove all dirt
and dye particles. It was continued until the filtrated
water was clear and completely colorless. Next, TW
was washed with distilled water and was oven dried
for 48 h at 70˚C. Subsequently, the dried TW was
crushed with a knife mill and sieved to achieve a
mesh size between 125 and 250 μm. The prepared
sample was stored in a plastic bottle for further use.
No other chemical or physical treatments were
applied prior to adsorption experiments.

2.3. Experimental setup

The fixed-bed column experiments were performed
using a laboratory-scale glass column with an inner

Fig. 1. Molecular structure of CR.
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diameter of 1.4 cm and a height of 20 cm as shown in
Fig. 2. Glass wool was placed at the top to retain the
adsorbent as well as at the bottom of the adsorption
column to better distribute the solution onto the med-
ium surface. The column was packed with 6, 8, and
10 g of TW to obtain a particular bed height of adsor-
bent (equivalent to 8.9, 11.7, and 14.6 cm of bed
depth). CR solution of known concentration (30, 40,
and 50 mg/L) at pH 6 was pumped upward through
the column by a peristaltic pump at a desired flow
rate (4.6, 5.6, and 6.6 ml/min). Moreover, the CR con-
centration of 30 mg/l at the specific pH (4, 6, and 8)
and the bed depth of 10 cm were examined. The pH
of the solution was adjusted by adding 0.1 N NaOH
and 0.1 N HCl solutions. The temperature of the influ-
ent feed was maintained at 30˚C by means of a water
circulation heater as shown in Fig. 2; in which water
was passed through a surrounding jacket around the
column. The effluent samples were collected at regular
time intervals to determine the dye concentration in
the solution. The dye concentration was measured
using a UV–vis spectrophotometer (UNICAM, 8700
series, USA) at the wavelength of maximum absor-
bance (495 nm).

2.4. Column study

The point where the effluent concentration
reaches arbitrarily at some low value is the break-
through point (Cb) and the point where the concen-
tration approaches to 90% of C0 is considered the
exhausted point of the adsorbent (C*) [25]. The break-
through point, breakthrough exhausted point, and

the shape of the breakthrough curve are highly
important characteristics of the operation, dynamic
response, and process design of a sorption column
[26]. The breakthrough curve is usually expressed by
the ratio of effluent concentration (Ct) to influent con-
centration (C0) (Ct/C0) as a function of time (t). The
effluent volume (Veff) can be calculated as the follow-
ing equation [26]:

Veff ¼ Qttotal (1)

where ttotal and Q represent the total flow time (min)
and volumetric flow rate (ml/min). The total adsorbed
CR quantity can be found from integrating the
adsorbed concentration (Cad) vs. t (min) plot which is
the area under the breakthrough curves. The value of
total adsorbed CR in the fixed-bed column for a given
feed concentration and flow rate is calculated from
Eq. (2) as reads [27]:

qtotal ¼ QA

1; 000
¼ Q

1; 000

Z t¼ttotal

t¼0

Cad dt (2)

The equilibrium uptake (qeq) or maximum column
capacity in the column is defined by Eq. (3) as the
total amount of adsorbed dye (qtotal) per gram of
adsorbent (W) at the end of total flow time [27]:

qeq ¼ qtotal
W

(3)

The total influent CR entering the fixed-bed column
(mtotal) is obtained from the following equation [27,28]:

mtotal ¼ C0Qttotal
1; 000

(4)

The flow rates represent the empty bed contact
time (EBCT) on the column and can be calculated as
[28]:

EBCT ðminÞ ¼ bed volume ðmlÞ = flow rate ðml=minÞ
(5)

3. Results and discussion

3.1. The effect of different mass of adsorbents on the
breakthrough curve

Fig. 3 illustrates the breakthrough curves for CR
adsorption onto TW at different mass of adsorbents of

Heat 
Circulation

Feed Tank

Product Tank

Peristaltic Pump

Glass Wool

Adsorbent

Fig. 2. Schematic diagram of the packed bed column
apparatus.
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6, 8, and 10 g (8.9, 11.7, and 14.6 cm), while other
parameters such as flow rate, inlet concentration, and
pH were kept constant at 6.6 ml/min, 30 mg/l, and 6,
respectively. The experimental results are listed in
Table 1. It is obvious from Fig. 3 that increasing the
mass of the adsorbent, the exhaustion time was
increased, since more binding sites were available for
CR adsorption; besides, the slope of the breakthrough
curves decreased with increasing of the mass of the
adsorbent and more broadened mass transfer zone
were achieved. As the mass of the adsorbent was
increased from 6 to 10 g, the breakthrough point
increased from 8.1 to 23.8 min. The increase of break-
through point with bed depth can be attributed to the
fact that by increasing the mass of the adsorbent,
adsorption sites were increased. According to Table 1,
the dye uptake capacity was significantly affected by
the mass of the adsorbent. The values of total
adsorbed CR were 10.62, 13.94, and 17.83 mg/g at dif-
ferent mass of the adsorbent of 6, 8, and 10 g, respec-
tively. This can be interpreted by the fact that higher

mass of the adsorbent provided more contact time of
CR with TW adsorbent [29–31].

3.2. The effect of flow rate on the breakthrough curve

The effect of various flow rates (4.6, 5.6, and
6.6 ml/min) on the adsorption breakthrough curves of
CR is shown in Fig. 4 by maintaining the constant
mass of the adsorbent of 10 g, the inlet concentration
of 30 mg/l, and pH of 6. It is evident that as the flow
rate was increased, the steepness of breakthrough
curve increased. This is ascribed to the fact that at a
high rate of influent, there was not sufficient time for
CR to contact with TW, hence the removal of CR
decreased. In addition, by increasing the flow rate
from 4.6 to 6.6 ml/min, the breakthrough point
decreased from 27.8 to 23.8 min. At lower influent
flow rate, the breakthrough time reaching saturation
was significantly increased, which is due to the fact
that at a low flow rate, CR molecules in dye solution
had more time to be in contact with TW particles and
the residence time in column increased which resulted
in higher removal efficiency. The impact of the influ-
ent flow rate was considered on dye uptake capacity
as well; the maximum dye uptake capacities were
3.00, 2.32, and 1.78 mg/g for flow rates of 4.6, 5.6, and
6.6 ml/min, respectively (Table 1). The increase in
adsorption capacity with the decrease of the flow rate
suggests that the adsorption process was controlled by
intraparticle diffusion. The results were in agreement
with other researchers [27,29,30].

3.3. The effect of inlet CR concentration on the
breakthrough curve

The effect of different inlet CR concentration was
investigated at three inlet concentration 30, 40, and
50 mg/l. Other operational parameters such as effluent
flow rate, mass of adsorbent, and pH were unchanged

Fig. 3. The effect of different mass of the adsorbent on the
breakthrough curves of CR adsorption on TW (inlet CR
concentration = 30 mg/l, flow rate = 6.6 ml/min, tempera-
ture = 30˚C, pH = 6).

Table 1
The parameters of the fixed-bed column for the CR sorption onto TW at different conditions

C0 (mg/l) Q (ml/min) W (g) pH tb (min) Veff (ml) mtotal (mg) qtot (mg) qe (mg/g) EBCT (min)

30 6.6 6 6 8.1 1,108.4 33.26 10.62 1.77 2.075
30 6.6 8 6 21.7 1,452 43.56 13.94 1.74 2.728
30 6.6 10 6 23.8 1,848 55.44 17.83 1.78 3.404
30 4.6 10 6 27.8 2,116 63.46 29.99 3.00 8.23
30 5.6 10 6 25.0 2,016 60.48 23.19 2.32 6.76
40 6.6 10 6 20.6 1,636.8 62.30 20.90 2.09 3.404
50 6.6 10 6 6.04 1,557.6 77.88 21.47 2.15 3.404
30 6.6 10 4 31.2 2,164.8 64.94 24.27 2.43 3.404
30 6.6 10 8 29.0 1,636.8 49.10 17.71 1.77 3.404
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at 6.6 ml/min, 10 g, and 6, respectively. Fig. 5 shows
the breakthrough curves at various inlet concentra-
tions. It can be observed that lower inlet concentration
gave a later breakthrough curve and greater treated
volume was obtained. At higher adsorbate concentra-
tion, sharper breakthrough curves were obtained,
which is due to the fact that higher initial concentra-
tion provided greater driving force which resulted fas-
ter CR transport. As expected, the breakthrough point
significantly decreased from 23.8 to 6.04 min by
increasing the inlet concentration from 30 to 50 mg/l.
This can be ascribed to higher initial concentration,
which provided higher CR loading rates for the adsor-
bent sites; hence, the binding sites were occupied
more quickly at higher initial concentration and smal-
ler mass transfer zone were achieved [32,33]. The dye

uptake capacity was increased with increasing the
inlet concentration (Table 1), since higher initial con-
centration provided higher driving force against the
CR transfer resistances for the adsorption process.
Similar results have been found by other researchers
[27,32,33].

3.4. The effect of initial pH solution on the breakthrough
curve

pH value is an important process parameter which
affects the adsorption uptake considerably. The break-
through curves were applied to investigate the effect
of pH of the influent on the adsorption of CR on TW
for different pH of 4, 6, and 8 with a constant mass of
adsorbent of 10 g, the inlet concentration of 30 mg/l,
and the flow rate of 6.6 ml/min (Fig. 6). Similar steep-
ness was observed for the breakthrough curves of
various inlet solution pH. The breakthrough curves
occurred more slowly for lower inlet solution pH, in
which more treated volume was achieved. By increas-
ing the inlet solution pH, the CR uptake capacity was
decreased. Several mechanisms may have interfered in
the adsorption process which may have impressive
effects at different pH of the solution. The commonest
mechanism, the electrostatic interaction, has been
reported in many research studies. Lower pH values
led to the increase of the H+ ions in the inlet solution
and TW attained the positive charge; accordingly, at
lower pH, there existed an electrostatic attraction
between the positively charged surface of the adsor-
bent and the anionic dye (CR). At higher pH, the
negatively charged surface sites on the adsorbent
made an electrostatic repulsion which did not favor
the adsorption of CR onto TW. In addition, lower

Fig. 4. The effect of different flow rates on the break-
through curves of CR adsorption on TW (inlet CR concen-
tration = 30 mg/l, mass of the adsorbent = 10 g,
temperature = 30˚C, pH = 6).

Fig. 5. The effect of inlet CR concentration on the break-
through curves of CR adsorption on TW (flow
rate = 6.6 ml/min, mass of the adsorbent = 10 g, tempera-
ture = 30˚C, pH = 6).

Fig. 6. The effect of inlet solution pH on the breakthrough
curves of CR adsorption on TW (inlet CR concentra-
tion = 30 mg/l, flow rate = 6.6 ml/min, mass of the adsor-
bent = 10 g, temperature = 30˚C).
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uptake of CR at higher pH was probably due to the
competition between OH− and dye anions for the
positive sites on the adsorbent.

3.5. Characterization of TW

Fig. 7(a) and (b) show the SEM micrographs of TW
before and after CR sorption. It can be seen from
Fig. 7 that there existed highly heterogeneous pores
within the TW particles. The dye-loaded TW particle
can also be seen from the following figures.

3.6. Dynamic modeling of the breakthrough curves

The breakthrough models can be taken into
practice to predict the concentration-time profiles in
order to have a better design for the adsorption
process. Several mathematical models have been
developed to describe the column experiments [30,31].
Amongst them, the commonest model, including the
Thomas, Adams–Bohart, Yoon–Nelson, and BDST
models were used to predict the adsorption break-
through curves.

3.6.1. The Adams–Bohart model

Adams and Bohart proposed a model based on the
surface reaction theory, which assumes the adsorption
rate as a function of both the residual capacity of the
adsorbent and the concentration of adsorbate species.
This model was applied for the description of initial
parts of breakthrough curves [21,28,34]. The Adams–
Bohart equation can be expressed as:

ln
Ct

C0

� �
¼ kABC0t� kABN0

Z

U0
(6)

where C0 and Ct (mg/l) stand for the inlet and efflu-
ent dye concentration, kAB (l/mg min) is designated as
the rate coefficient, U0 (cm/min) represents the linear
velocity defined as the volumetric flow rate to the
cross-sectional area of column bed, Z (cm) is the bed
height, and N0 (mg/l) stands for the sorption capacity
of the adsorbent per unit volume of the bed. A linear
plot of ln(Ct/C0) vs. t was employed for the adsorp-
tion experimental data ranging from 0 to 0.5 in order
to determine the model parameters kAB and N0 (the
figure is not shown). These parameters can be calcu-
lated from the intercept and the slope of the plot. The
values of the kAB and N0 for all of the breakthrough
curves are presented in Table 2, as well as the corre-
sponding correlation coefficient of the model. Accord-
ing to Table 2, the values of kAB decreased with the
increase of and inlet concentration, but it increased
with flow rate. The values of correlation coefficient are
at about 0.9 which represents the suitability of the
model for the description of the breakthrough curves
at the early parts of the adsorption.

3.6.2. Thomas model

The Thomas model is one of the commonly used
models to describe the adsorption dynamic in the
fixed-bed column. This model is based on the assump-
tion that the flow in the column bed obeys the plug
flow behavior and the Langmuir isotherm is consid-
ered for equilibrium. The nonlinear correlation

Fig. 7. SEM images for TW, and (a) before adsorption (b) after adsorption.
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between concentration and time has been obtained,
which is shown below [22,35]:

Ct

C0
¼ 1

1þ expðkThq0WQ � kThC0tÞ
(7)

The linearized form of the Thomas model is given as:

ln
C0

Ct
� 1

� �
¼ kThq0W

Q
� kThC0t; (8)

where Q (ml/min) is the flow rate, W (g) is the weight
of adsorbent, kTh (l/mg min) is the Thomas rate con-
stant, and q0 (mg/g) implies the maximum capacity of
the adsorbent. A linear plot of ln[(C0/Ct)−1] against t
determined the values of the model parameters kTh
and q0 from the intercept and the slope of the plot
(the figure is not shown).

The relative constants along with the correlation
coefficient of the model are presented in Table 3. From
Table 3, it is evident that by increasing the bed depth,
the values of kTh decreased, while the values of q0
increased. The values of kTh increased with the
increase of flow rate. This result suggests that the Tho-
mas model was suitable for the adsorption processes
where the external and internal diffusion was not the
limiting step [28,36].

3.6.3. The Yoon–Nelson Model

The Yoon–Nelson model is based on the assump-
tion that the rate of decrease in probability of adsorp-
tion for each adsorbate molecule is proportional to the
probability of adsorbate adsorption and the probabil-
ity of adsorbate breakthrough on the adsorbent
[23,34,37]. The linearized form of the Yoon–Nelson
model regarding to a single-component system is
expressed as:

Table 2
Adams–Bohart model parameters at different conditions using linear regression analysis

Inlet concentrations
(mg/l)

Flow rate
(ml/min) Mass of adsorbent (g) pH

Adams–Bohart model

R2
kAB

(l/mg min) × 104
N0

(mg/l) × 10−2

30 6.6 6 6 1.45 7.74 0.95
30 6.6 8 6 3.17 5.19 0.92
30 6.6 10 6 2.18 5.97 0.84
30 4.6 10 6 0.64 7.77 0.94
30 5.6 10 6 0.99 6.89 0.90
40 6.6 10 6 1.60 6.65 0.89
50 6.6 10 6 0.72 8.33 0.87
30 6.6 10 4 1.29 7.88 0.89
30 6.6 10 8 2.18 5.97 0.84

Table 3
Thomas model parameters at different conditions using linear regression analysis

Inlet concentrations (mg/l) Flow rate (ml/min) Mass of adsorbent (g) pH

Thomas model

R2kTh (ml/min mg) × 103 q0 (mg/g)

30 6.6 6 6 1.317 1.51 0.94
30 6.6 8 6 0.920 1.46 0.75
30 6.6 10 6 0.770 1.71 0.90
30 4.6 10 6 0.433 1.57 0.88
30 5.6 10 6 0.510 1.57 0.89
40 6.6 10 6 0.688 1.82 0.82
50 6.6 10 6 0.454 1.73 0.85
30 6.6 10 4 0.707 2.15 0.81
30 6.6 10 8 0.897 1.70 0.78
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ln
Ct

C0 � Ct

� �
¼ kYNt� skYN (9)

where kYN (1/min) is the rate constant and τ (min) is
the time required for 50% of adsorbate breakthrough.
The values of kYN and τ can be calculated from the
intercept and the slope of the linear plot of ln[Ct/
(C0−Ct)] vs. t based on Eq. (9) (the figure is not
shown). The values of the model parameters kYN and τ
together with the correlation coefficient values are
given in Table 4.

From Table 4, it can be seen that with the increase
of bed depth, the values of kYN decreased, while the
values of τ increased. With the inlet CR concentration
increasing, the value of τ significantly decreased,
which is consistent with the fact that higher initial
concentration provided greater driving force and led
to faster saturation time. It can be concluded from
Tables 3 and 4 that both the Thomas and Yoon–
Nelson models provided an appropriate fit to experi-
mental data according to relatively high correlation
coefficient related to each model.

3.6.4. The bed depth service time model (BDST)

Hutchins developed the BDST model for predict-
ing the relationship between the service time (t) and
the bed depth (Z) in terms of the adsorption parame-
ters. The BDST model is based on the assumption that
the adsorbate is adsorbed onto the adsorbent surface
directly and the intraparticle mass transfer resistance
and the external film resistance are ignored in this
model. On the other hand, this model assumes the
surface reaction between the adsorbent and adsorbate
in the solution [24,34]. The BDST model is defined as:

ln
C0

Ct
� 1

� �
¼ ln exp

KaN0Z

u

� �
� 1

� �
� KaC0t (10)

where Ka (l/mg min) represents the rate constant of
BDST model and the other parameters are defined as
before. Eq. (10) may be rearranged for linearized data
plotting as:

tb ¼ N0

C0F
� 1

KaC0
ln

C0

Ct
� 1

� �
(11)

Plots of t vs. Z at different values of Ct/C0 0.1, 0.2,
0.3, and 0.4 are shown in Fig. 8. The values of the rate
constant (Ka) and the average adsorption capacity per
volume of bed (N0) can be evaluated according to the
slopes and the intercepts of the plots and the results
are presented in Table 5, as well as the correlation
coefficient of the BDST model. The equation of the
BDST curves can be expressed in the form y = ax+b,
where x and y imply the service time and the bed
depth, respectively, and a and b can be calculated as:

a ¼ N0

C0F
(12)

and

b ¼ 1

KaC0
ln

C0

Ct
� 1

� �
(13)

The BDST model constants can be helpful to scale up
the process for other flow rates and the concentration
without further experimental runs. In the case of other
flow rates and influent concentrations, the desired
BDST equation can simply be established by the new

Table 4
Yoon–Nelson model parameters at different conditions using linear regression analysis

Inlet concentrations (mg/l) Flow rate (ml/min) Mass of adsorbent (g) pH

Yoon–Nelson model

R2kYN (1/min) × 102 τ(min)

30 6.6 6 6 3.87 46.021 0.94
30 6.6 8 6 2.76 59.091 0.75
30 6.6 10 6 2.31 86.455 0.90
30 4.6 10 6 1.30 81.569 0.88
30 5.6 10 6 1.53 93.680 0.89
40 6.6 10 6 2.75 69.011 0.82
50 6.6 10 6 2.27 52.568 0.85
30 6.6 10 4 1.80 142.172 0.76
30 6.6 10 8 2.69 77.446 0.78
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slopes and intercepts based on the former calculated
ones [34,36].

From Table 5, with the increase of Ct/C0, both the
values of the adsorption capacity, N0, and the rate
constant, Ka, increased. It can be seen from Fig. 8 that
the BDST plots fitted the experimental data properly.
According to the Table 5, the correlation coefficient
values in the range from 0.86 to 0.99, confirmed the
validity of the BDST model for the adsorption of CR
onto TW in the fixed-bed column.

4. Conclusion

In this study, TW has been identified as a promising
adsorbent for the removal of CR from aqueous solution
using a fixed-bed column. It was found that higher
mass of the adsorbent, lower flow rate, and lower influ-
ent concentration would be in favor of the adsorption
process. Furthermore, the solution pH values signifi-
cantly affected the adsorption of CR, in which the

adsorption process performed better at lower pH
values. Both the Thomas and Yoon–Nelson models
sufficiently predicted the breakthrough curves at all the
experimental conditions. Moreover, the column data
were fitted to the BDST model with a correlation
coefficient of R2 ≥ 0.86 at different conditions.
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