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ABSTRACT
In this study, tea waste (TW) is employed for the removal of Congo red (CR) from aqueous solutions
in a fixed-bed column at 30 °C. The breakthrough curves of the adsorption process of CR on TW at
three different flow rates are determined. The results revealed that the breakthrough curves were
dependent on flow rates in a manner in which a lower flow rate was in favor of the CR adsorption in
the column-mode process. As the flow rate increased from 4.6 to 6.6 mL/min, the amount of dye
uptake capacity decreased from 1.78 to 1.53 mg/g. The effect of the presence of Fe2O3 on the
adsorption of CR on TW is also studied at 30 °C. The results showed that the presence of
nanoparticles increased the adsorption uptake of CR by about 32%. Moreover, four novel models
are developed for the prediction of the breakthrough curves resulted from the experimental data.
The results of the models were in good agreement with experimental data (R2>0.99). The statistical
parameters confirm the suitability of the models.
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Nanoparticles
degraded biologically. As a matter of fact, the
low biodegradability of dyes makes the
conventional treatment to be inefficient. Hence
physical and chemical treatments are required
[3,4]. Adsorption processes have proved to be
suitable for the removal of dye pollutants from
wastewaters [5,6]. Activated carbon has been
widely used as convenient adsorbent for the
removal of dyes from wastewaters [7]. However,
the expensive cost of activated carbon and its
regeneration process have made some difficult-

INTRODUCTION
Nowadays, large amounts of pollutants are
being used in modern industries. The
widespread use of dyes in various industries has
made them of great environmental concern due
to both toxicological and esthetical reasons
[1,2]. Dye wastewaters are too toxic and may
cause a serious hazard on aquatic organisms.
Most of the dyes are originally synthetic and
their structure contains complex aromatic rings
which make them stable and difficult to be
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ties for the adsorption to be an economic treatment process. In reality, the adsorption process
profitably depends on the price of the adsorbent
and the simplicity of its use. Several low cost
adsorbents, including peanut hull [8], maize
stalk [9], rice husk [10], chitosan composite [11],
broad bean peels [12], etc. have been
investigated to study the adsorption performance for the removal of dyes from aqueous
solutions. Congo red (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 numerous batch adsorption studies in
the literature, but there are not enough studies
on the fixed-bed column process. However,
industrial processes require the continuous
treatment systems. In fact, the fixed-bed
adsorption studies are more useful and practical
for industrial goals [13]. Tea plants are
commonly cultivated in the northern area of
Iran. Tea waste (TW) has been used for the
removal of several heavy metals and dyes from
aqueous solutions. Amarasinghe and Williams
applied tea waste for the adsorption of copper
and plumb from aqueous solutions with an
adsorption capacity of 48 and 65 mg/g respecttively [14]. Wasewar et al. used tea factory
waste for the removal of zinc from aqueous
solutions with a maximum adsorption capacity
of 8.9 mg/g [15]. Malkoc and Nuhoglu investigated the adsorption of nickel(II), in which the
adsorption capacity was found to be 18.42 mg/g
[16]. Hameed used spent tea leaves for the
removal of methylene blue from aqueous solution with an adsorption capacity of 300.052
mg/g [17].
Nanofluids are defined as fluids with dispersed
nanoparticles smaller than 100 nm in diameter,
in which the nanoparticles are stably suspended
in the base fluid [18]. Many researchers have
investigated the effect of different nanoparticles

on base fluid materials because of the great
features of nanoparticles which can be attributed to their small size and large specific surface
area [19]. The effects of nanoparticles on heat
thermal conductivity are investigated by investigators [20,21]. Furthermore, the effects of nanoparticles on the mass transfer in the liquid phase
have been investigated in several works.
Krishnamurthy et al. investigated the mass diffusion of fluoresin dye in nanofluids using timedependant images [22]. The results revealed
that the dye diffusion in nanofluids was faster
than in pure water. Wen et al. measured the
gas-liquid mass transfer in an airlift reactor in
the presence of nanoparticles [23]. It was
observed that nanoparticles had a strong effect
on mass transfer. In this study, the performance
of TW for the removal of CR in a fixed-bed
column is investigated. The effect of the presence of nanoparticles on the adsorption
performance of TW for the removal of CR is
studied. Finally, the modeling of the fixed-bed
adsorption dynamics is presented and the model
parameters are calculated.
EXPERIMENTAL
Chemicals
The CR [1-naphthalen sulfonic acid, 3, 30-(4,40biphenylenebis (azo)) bis(4-amino)disodium salt]
used in this study was supplied by Merck
company. Its C.I. No. is 22120 and FW=696; its
chemical formula is C32H22N6Na2O6S2, and
λmax=495 nm. The molecular structure of CR is
illustrated in Figure 1. Fe2O3 nanoparticles with a
BET surface area of 60 m2/g and an average
primary particle size of 40 nm were supplied by
Degussa Company. The tea leaves used in this
experiment were produced in tea plantations
from the northern area of Iran. The tea waste
(TW) was collected, and prior to the experiments, was repeatedly washed with boiled
water to remove its original dye particles and
other impurities until the washing water con-
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tained no color. TW was then washed with
distillated water and was oven dried for 48 hrs
at 70 °C. Subsequently, the dried sample was
crushed and sieved. The particle size was in the
range of 125-250 µm. The prepared sample was
stored in plastic bottles for further use.

(a)

(b)

Preparation and Stability Analysis of the
Nanofluid
To prepare the nanofluids of Fe2O3 of 20 ppm,
proper amounts of Fe2O3 nanoparticles was
dispersed in distilled water by ultrasonication
for about 1 hr (Misonix sonicator 3000). The
inffluent CR solution of 30 mg/L was prepared
by adding proper amount of CR to the nanofluids. The scanning electron microscopy (SEM)
micrograph of the Fe2O3 nanoparticles is shown
in Figure 2a. It can be seen from Figure 2a that
Fe2O3 nanoparticles are spherical in physical
nature. In addition, the dynamic light scattering
(DLS) is illustrated in Figure 2b. The mean
diameter was found to be 62 nm for Fe2O3
nanoparticles.
The stability of the nanofluid is an important
parameter influencing the nanoparticle performance in the liquid phase; besides, the stability
of the nanofluids affects the sample analyses.
The stability of the present nanofluids was
examined using UV-vise spectrophotometer
(UNICAM, 8700 series, USA) at the nanoparticle
maximum absorbance wavelength of about 649
nm. The samples were analyzed at predetermined time intervals. The relative concentrations (C/C0) of the nanoparticles are shown in
Figure 3. It can be seen that the nanofluid has
perfect stability during the experiment period.
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Figure 2: (a) FESEM image of Fe2O3 nanoparticles;
(b) DLS image of Fe2O3 nanofluid
1.02
1
0.98
C/C0

Preparation of the Adsorbent

intensity (%)

Figure 1: Molecular structure of CR

0.96
0.94
0.92
0.9
0

100

200
Time (min)

300

400

Figure 3: The nanofluid relative concentration vs.
time

Experimental Set-up
A schematic diagram of the experimental setup
used in this study is depicted in Figure 4. The
column experiments were conducted in a glass
tube with an inside diameter of 1.4 cm and a
height of 20 cm. The adsorbent was supported
by glass wool on the top and also the bottom of
the bed to provide a uniform flow of the feed
solution in the column. The column was packed
with 10 g of TW (equivalent to 14.6 cm of the
bed depth). The column experiments were
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performed at different volumetric flow rates
(4.6, 5.6, and 6.6 mL/min).
m
The CR solution was
fed through the bottom of the column in upup
flow mode
de to avoid channeling of the solution
using a peristaltic pump. The temperature of the
feed was maintained at 30 °C by means of a
water circulation heater in which water was
continuously passed through a surrounding
jacket around the adsorption column (Figure 5).
Samples were collected periodically to deterdeter
mine the remaining CR concentration using a
UV-vis
vis spectrophotometer (UNICAM, 8700
series, USA) at λmax=495nm.

Figure 4: A schematic
chematic diagram of the packed bed
column apparatus; (1) feed tank; (2) peristaltic
pump; (3) shell
hell and tube heat exchanger;
exchanger (4) fixedbed adsorption column and shell and tube
exchanger; (5) product
roduct tank;
tank (6) liquid circulator
heater (7) pump.
heater;

Fixed-bed
bed Data Analysis
The breakthrough curve is usually expressed by
the ratio of effluent concentration (C
( t) to
influent concentration (C
( 0) (Ct/C0) as a function
of time (t).
). The effluent volume (V
( eff) can be
calculated by Equation 1 [24]:

V eff = Qttotal ,

(1)

where, ttotal and Q are the total flow time (min)
and volumetric flow rate (mL/min),
(m
respectively.
Total adsorbed CR quantity can be found from
integrating the adsorbed concentration (C
( ad)
versus t (min) plot,
plot i.e. the area under the
breakthrough curves. The value of total

adsorbed CR in the fixed-bed
bed column for a given
feed concentration and flow rate is calculated
from Equation 2 [24]:

QA
Q t =ttotal
=
C ad dt ,
(2)
1000 1000 t =0
Equilibrium uptake (qeq) or maximum column
capacity in the column is defined as the total
amount of adsorbed dye (qtotal) per gram of
adsorbent (W)) at the end of total flow time
(Equation 3) [24]:
q
qeq = total ,
(3)
W
qtotal =

Figure 5: The laboratory fixed-bed
fixed
column

RESULTS AND DISCUSSION
Fixed-bed
ed Breakthrough
Different Flow Rates

Curves

at

Figure 6 shows the breakthrough curves resultresult
ed from the adsorption of CR on TW at different
feed rates of 4.6,, 5.6, and 6.6 mL/min,
m
with the
initial dye concentration of 30 mg/L,
mg/ and at a
constant mass of the adsorbent of 10 g. The
results are presented in Table 1. It is obvious
from Figure 6 that lower flow rates give a later
breakthrough curve and greater treated volume
is obtained, which can be attributed to the fact
that at lower flow rates the contact time
between the adsorbent and the adsorbate
increases in column and as a result higher
removal efficiency is achieved. It can be seen
from Figure 6 that the breakthrough point
increases from 17.5 to 27.8 min.
min by reducing the
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flow rate from 6.6 to 4.6 mL/min. According to
Table 1, the dye uptake capacity decreases from
1.78 to 1.53 mg/g by increasing flow rate from
4.6 to 6.6 mL/min, which is due to the fact that
the intraparticle diffusion is the dominant
mechanism in the process of the adsorption of
CR on TW. The results are entirely in consistence
with the results of other studies given elsewhere
[25-28].

breakthrough curve occurs later and the saturation breakthrough time is increased in the
presence of nanoparticles. According to Figure
7, by adding Fe2O3 nanoparticles to the influent
CR solution, the related slope for the breakthrough curve significantly decreases, which
results in a broadened mass transfer zone. The
aforementioned results can be attributed to the
effects of nanoparticles on the mass transfer of
CR molecules. Several investigators have stated
that the presence of nanoparticles increases the
mass transfer in the liquid phase [22,23]. The
velocity disturbance field in the fluid, created by
the motion of the nanoparticles, may be
responsible for the adsorption enhancement.
From another point of view, the Brownian
motion of nanoparticles makes the nanoscale
stirring of the liquid increase [22]. Besides, Fe2O3
nanoparticles decrease the boundary layer
resistance over the adsorbent particle and as a
result the diffusion rate of CR through the
adsorbent may be enhanced.

Figure 6: The effect of volumetric flow rates on the
CR adsorption on TW (C0= 30 mg/L, mass of the
adsorbent= 10g, and T = 30 °C)
Table 1: The parameters of the fixed-bed column for
the adsorption of CR onto TW under different
conditions
Flow rate (mL/min)
qtot (mg)
qe (mg/g)
4.6

17.78

1.78

5.6

16.41

1.64

6.6

15.29

1.53

Effect of the Presence of Fe2O3 Nanoparticles on Dye Adsorption
The effect of nanoparticles on the fixed-bed
adsorption of CR onto TW is illustrated in Figure
7. The experiments are conducted at a constant
flow rate of 6.6 mL/min, the mass of the
adsorbent of 10 g, and the inlet concentration of
30 mg/L in the absence of nanoparticles and in
the presence of a nanoparticle concentration of
20 ppm. The temperature of the fixed-bed
column was adjusted at 30 °C. The results of the
influence of the presence of nanoparticles are
given in Table 2. As shown in Figure 7,

It can be seen from Table 2 that the adsorption
capacity increases from 1.53 to 2.03 mg/g by
applying the nanoparticles to the adsorption
process; this means that the existence of
nanoparticles increases the dye uptake capacity
by about 32%.
Dynamic Modeling
Breakthrough curves manifest the concentration
profiles in fixed-bed systems. As it can be seen
from breakthrough curves, the concentrations
of the adsorbate vary in time as well as the
space of the column. Hence multivariable
models have been considered for the design of
such processes. Modeling the experimental data
of the column studies, provide valuable information for the scale-up of the system and describing the dynamic behavior of the adsorption
process [29, 30]. Several mathematical models
have been developed describing the column
experiments.
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Table 2: The parameters of the fixed-bed column for
the adsorption of CR onto TW under different
conditions
Flow rate (ml/min)
qtot (mg)
qe (mg/g)
Adsorption in the absence 20.32
2.03
of nanoparticles
Adsorption in the absence 15.29
1.53
of nanoparticles
0.9

0.7
0.6
0.5
0.4
0.3

Nanoparticle
presence
nanoparticle
absence

0.2
0.1
0
0

500

1000

1500

Volume (mL)

Figure 7: The effect of the presence of nanoparticles
on the adsorption breakthrough curves; each point
represents the mean value of three replicates.

Thomas, Asams-Bohart, Yoon-Nelson, and BDST
models are the commonest ones presented in
the literature [31-34]. It should be noted that
the aforesaid models are suitable mostly with
the assumption of local equilibrium and no axial
dispersion. On the other hand, they are hardly
suitable for the adsorption processes with high
axial dispersion, in which their breakthrough
curves are broadened.
Four different models have been proposed to
predict the breakthrough curves. The mentioned
models include the multiple of a multivariable
function and an exponential function in order to
enable the models predicting the breakthrough
curves of the axially-dispersed plug flow adsorption processes. The suggested models are presented as follows:
Model (1):

(4)

Model (2) [35]:
C
X = b = 1 + (b1 + b 2 t b3 ) exp( −b4t )
Cf

(5)

Model (3):
C
X = b = 1 + ( d1 + d 2 t d3 ) exp( − d 4t 2 )
Cf

(6)

(7)

where, a1 to a3 are the constants of model (1)
(Equation 4); b1 to b4 stand for the constants of
model (2) (Equation 5); d1 to d4 represent the
constants of model (3) (Equation 6), and e1 to e4
denote the constants of model (4) (Equation 7).
It is important to point out that this type of
modeling of the breakthrough curves is novel
and has not previously been reported in the
literature. The best model well fits the experimental data acquired from the column studies.
The correlation and modeling constants have
been determined with respect to O.L.S. method
by Eviews software. The modeling constants as
well as the correlation coefficient (R2), adjustedR2, and the residual sum of squares (RSS) are
summarized in Table 3.
The experimental and predicted breakthrough
curves of the models are shown in Figures 8-11.
Equations 4-7 were applied to estimate the
breakthrough curves in Figures 8-11. It can be
seen from Figures 8-11 that model (4) provided
the best fit for the experimental data. However,
model (1) and model (2) showed good agreement with the experimental data. It can be seen
from Table 3 that all the models except for
model (3) have high values of R2, adjusted-R2,
and RSS. Compared to R2, adjusted-R2, and RSS
listed in Table 3, the values of R2 and adjusted-R2
from model (4) were the largest, while the
values of RSS were the least (the values of
R2>0.99 and adjusted-R2>0.99). Therefore, it can
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be concluded that model (4) is the best model
describing the adsorption behavior and can

properly predict the dynamic data of the adsorption of CR onto TW in a fixed-bed column.

Table 3: The parameters of the adsorption dynamic models
Flow rate
(ml/min)

Model

Model (1)

Model (2)

Model (3)

Model (4)

2

Model constants

2

R

Adjusted R

RSS

4.6

a1 = -1.072, a2 = -1.57×10-7, a3 = 0.008

0.9924

0.9921

0.213

5.6

a1 = -1.075, a2 = -1.25×10-7, a3 = 0.009

0.9919

0.9915

0.247

6.6

a1 = -1.098, a2 = -1.14×10 , a3 = 0.011

0.9900

0.9895

0.0247

4.6

b1 = -1.089, b2 = 0.963, b3 = -1.839, b4 = 0.008

0.9938

0.9934

0.0172

5.6

b1 = -1.086, b2 = 9029.03, b3 = -8.549, b4= 0.009

0.9929

0.9916

0.0190

6.6

b1 = -1.134, b2 = 10.037, b3 = -2.205, b4 = 0.011

0.9922

0.9916

0.0190

4.6

d1 = 33.87, d2 = -35.18, d3 = -0.004, d4 = 2.47×10-5

0.9709

0.9690

0.0818

5.6

d1 =-0.844, d2 = 9029.3, d3 = -27.23, d4= 6.00×10

-5

0.9067

0.9004

0.2844

6.6

d1 = -1.489, d2 = 0.237, d3 = 0.318, d4 = 2.00×10-5

0.9800

0.9784

0.0491

4.6

e1 = -1.065, e2 = 0.0074, e3 = -2×10-5, e4 = 1.32×10-5

0.9971

0.9969

0.0081

5.6

e1 = -1.065, e2 = 0.0083, e3 = -3×10-5, e4 = 3.81×10-5

0.9951

0.9948

0.147

6.6

e1 = -1.077, e2 = 0.0097, e3 = -3×10 , e4 = 2.57×10

0.9957

0.9954

0.0105

-6

-5

-5
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Figure 8: Experimental and predicted breakthrough curves of Model (1) (
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Figure 9: Experimental and predicted breakthrough curves of Model (2) (
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CONCLUSIONS
On the basis of the experimental results, TW
was a great and novel sorbent for the removal
of CR from aqueous solutions in a fixed-bed
adsorption column. The adsorption process was
found to perform better at a lower flow rate.
The adsorption capacity increased from 1.53 to
1.78 mg/g by decreasing the flow rate from 6.6
to 4.6 mg/g. It was found that the presence of
Fe2O3 nanoparticles significantly influenced the
adsorption process, and thus the adsorption
capacity increased by about 32% from 1.53 to
2.03 mg/g. The fixed-bed experimental data
were analyzed using four different models. The
results indicated that the models could properly
predict the adsorption breakthrough curves.
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