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ABSTRACT

A continuous adsorption study in fixed-bed columns was investigated using apricot shell
activated carbon as an adsorbent for the removal of anionic dyes (Acid Red and Acid
Orange II. The effects of the typical column parameters, such as the bed height, influent
flow rate, and initial dye concentration, on the breakthrough curves were studied. The
increase in bed height resulted in an extension of the breakthrough and exhaustion time,
while the increase of both the influent flow rate and initial dye concentration decreased the
breakthrough and exhaustion time. The bed depth service time, Bohart-Adams, Yoon-Nel-
son, and Thomas models were applied to simulate fixed-bed adsorption data and to gain
the characteristic parameters of the column. All models were found suitable for describing
the whole or a definite part of the dynamic behavior of the column with respect to flow rate
and bed height.

Keywords: Apricot shell activated carbon; Anionic dyes; Dynamic adsorption; Fixed-bed

column; Breakthrough curve

1. Introduction

Dyes are one of the major constituents of the efflu-
ents discharged by various industries including dying,
textile, leather, paint, and plastic industry [1]. It is esti-
mated that more than 100,000 commercially available
dyes with over 7 x 10° tonnes of dyestuff are produced
annually [2]. The presence of these dyes in water is
highly visible and affects water transparency, resulting
in reduction of light penetration and gas solubility in
water, which significantly affects the photosynthetic
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activity of aquatic plants [3]. As they are generally
stable to light, oxidizing agents and resistant to aero-
bic digestion, many dyes are difficult to degrade [4].
Moreover, investigations have been reported that sev-
eral of the commonly used dyes, such as Amido Black
10B [5], Bismark Brown R [6], and Congo Red [7],
were highly toxic and carcinogenic to human being
and aquatic organisms. So, it is essential that the
effluents should be treated before discharging dyes
into aquatic environments and it has attracted great
attention.

Various methods have been developed for dye
removal from wastewater, including flocculation [8],
ozonation [9], oxidation [10], ion exchange [11],
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irradiation [12], biological treatment [13], and adsorp-
tion [14]. Among these methods, adsorption technique
is quite popular due to its simplicity as well as the
availability of a wide range of adsorbents [15]. Acti-
vated carbon is the most popular and effective adsorp-
tive material due to its large adsorption capacity,
however, its use is limited because of its high cost.
Therefore, cheaper substitutes are in great demand. In
recent years, cheap and effective adsorbents developed
from various waste materials such as eggshell waste
[16-18], coconut husk [19], feathers [20,21], bottom ash
[22,23], and de-oiled soya [24,25] have been
investigated.

In the large number of previous researches, the
main focus was put on the adsorption capacities of
various adsorbents in batch experiments. However, the
data obtained under batch conditions are generally not
applicable to most treatment systems where contact
time is not sufficient to attain equilibrium [15]. Batch
adsorption experiments are usually used for the treat-
ment of small volume of effluents in the laboratory,
instead, the continuous adsorption in fixed-bed column
is often desired and preferred for industrial application
which is simple to operate and can be scaled-up from
a laboratory process [26], the experimental data
analyzed from the fixed-bed columns provide the most
practical application of the dye removal [27].

The objective of this paper was to study the
adsorptive removal of anionic dyes, Acid Red (AR),
and Acid Orange II (AO), by apricot shell activated
carbon (ASAC) in continuous fixed-bed operation. AR
and AO belong to hazardous azo dyes, abundantly
used in textile industries for dyeing, which could
cause serious health problems to humans and animals,
and they are carcinogenic in nature [28,29]. In the
packed bed experiments, the effects of important fac-
tors namely bed height (Z=100-300 mm), influent
flow rate (Q=10-20mL/min), and influent dye con-
centration (Cp=100-200mg/L) on the performance of
the column were studied; the results were presented
in terms of breakthrough curves. To simulate the
breakthrough curves and to determine the characteris-
tic parameters of the column that are useful for
process design, four mathematical models: bed depth
service time (BDST), Bohart-Adams, Yoon-Nelson,
and Thomas models were applied to the experimental
data.

2. Materials and methods
2.1. Preparation and characterization of the adsorbent

The untreated ASAC produced from an Active
Carbon Ltd. (Jiangsu, China) was used in the study;
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the carbon was boiled with deionized water for 30
min, then filtered, and dried at 80°C for 24 h. After
cooling to room temperature, the carbon was ground
and screened through a set of sieves to get different
geometrical sizes (40-60 mesh), then stored in a desic-
cator for further use. Textural characterization of the
ASAC was carried out by N, adsorption at 77°K using
Quantachrome Autosorb-1.

2.2. Dynamic adsorption studies

Column studies were carried out with glass col-
umns of 26 mm inner diameter and 1,000 mm height
in which the ASAC wafers were packed. Dye solution
of 100, 150, and 200mg/L was pumped upward
through the carbon bed at different flow rates of 10,
15, and 20 mL/min with a peristaltic pump (Master-
flex, Cole-Parmer Instrument Co.). Inlet solution pH
was kept constant at 4.0 using a JENCO model 6010.
Samples were withdrawn from different sampling
ports (100, 200, and 300 mm bed height) and measured
at regular time intervals. All the experiments were car-
ried out at a constant temperature (25°C).

2.3. Dyes and data analysis

The two anionic dyes were obtained from Nanjing
RuiTai chemical reagents Ltd., the structures of AR
and AO are shown in Fig. 1. The residual concentra-
tion in the effluent was determined using a Shimadzu
UV-1201 Spectrophotometer, measuring the absor-
bance at the maximum wavelength of each dye and
being calculated according to the calibration curves.
Stock solution (1,000mg/L) was prepared by
dissolving accurately weighed amount of the dye (1 g)
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Fig. 1. Chemical structures of the two anionic dyes.
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in distilled water. Experimental dye solution of differ-
ent concentrations was prepared by diluting the stock
solution with suitable volume of distilled water. In
this study, the breakthrough time was defined as the
time when the effluent concentration reached about
5% of the influent concentration, the point where the
effluent concentration reached 95% of the influent con-
centration was called the point of column exhaustion
[30].

2.4. Desorption experiment

The regeneration of the adsorbent was performed
by using 1M NaOH, 1M HNO;, and 10% ethanol,
respectively. The dye-loaded ASAC was separated
and stirred with 20mL of the desorption solutions at
30°C for 4h on a temperature controlled shaker. After
filtration, the adsorbent was washed with deionized
water and dried in order to reuse for the next experi-
ment, the dye concentration in the final solution was
determined to calculate the desorption efficiency.
Consecutive sorption—-desorption cycles were repeated
three times to establish the reusability of the
adsorbent.

All the continuous study experiments were
conducted in triplicate within the relative standard
deviations limit +5% and mean values of the results
were used in the data analysis [31].

3. Results and discussion
3.1. Characterization of the adsorbent

The density functional theory pore size distribu-
tion, BET surface area, and total pore volume were
determined from nitrogen adsorption/desorption iso-
therms measured at —194°C (boiling point of nitrogen
gas at atmospheric pressure) [32]. The BET surface
area, total pore volume, and average pore diameter of
ASAC were found to be 1886.8 m?/ g, 1.31 cm®/ g, and
7.9 x 10" m, respectively.

3.2. Effect of the bed height

Breakthrough experiments were carried out
with 200mg/L dye solution and at a flow rate of
20 mL/min at bed heights of 100, 200, and 300 mm at
three different runs to study the effect of bed height
on breakthrough behavior. From the breakthrough
curves obtained, shown in Fig. 2, both the break-
through and exhaustion time increased with the
increasing bed height in the fixed-bed column, the
slope of the breakthrough curves of a taller bed is
lower than that of a shorter bed. The breakthrough
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Fig. 2. Breakthrough curves of AR and AO at different bed
depths (Cp=200mg/L, Q=20 mL/min).

time of AR and AO increased from 3 to 8min and
from 9 to 176 min respectively, for the exhaustion
time, AR increased from 60 to 180min, and AO
increased from 354 to 540 min.

The result indicated that the bed depth of 300 mm
offered an optimum breakthrough curve for higher
uptake. The reason is probably due to that a higher
bed height increases the specific surface area of the
activated carbon which provided more binding sites
for the dye to adsorb [27,33], hence, more liquid could
be treated and the breakthrough and exhaustion time
are longer [34]. These results were in agreement with
those reported in previous studies [35].

3.3. Effect of the influent flow rate

The effect of the influent flow rate was conducted
with 200 mg/L dye solution and 300 mm bed height at
flow rates of 10, 15, and 20 mL/min. Fig. 3 displays
the breakthrough curves at various flow rates of dye
solution. As the influent flow rate increased, the
breakthrough point in the breakthrough curves moved
to the left, the curves became steeper with a shorter
mass transfer zone, which meant the bed utilization as
well as the bed adsorption capacity reduced. The time
required for reaching saturation decreased signifi-
cantly with an increase in the value of the flow rate.

The breakthrough and exhaustion time decreased
as a consequence of the liquid residence time decrease
at a higher flow rate [36]. It can be also found that the
adsorption capacity was lower at a higher flow rate,
due to the insufficient residence time of the solute in
the column and the diffusion of the solute into the
pores of the adsorbent [37,38]. The reason is that at a
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Fig. 3. Breakthrough curves of AR and AO at different
influent flow rates (Co=200mg/L, Z =300 mm).

higher flow rate, the rate of mass transfer increases,
the amount of dye adsorbed onto unit bed height
(mass transfer zone) increases with increasing flow
rate leading to faster saturation [36,39]. Similar
tendency has been found by other researches [40].

3.4. Effect of the initial dye concentration

The experiments were conducted at initial dye con-
centrations of 100, 150, and 200 mg/L with a flow rate
of 20mL/min and bed height of 300 mm. The shape
and the gradient of the breakthrough curves changed
significantly, as shown in Fig. 4, which is evident from
the breakthrough and exhaustion time decrease with
an increase in the initial dye concentration. This may
be a consequence of the binding sites becoming more
quickly saturated with increasing inlet dye concentra-
tion. A lower concentration gradient caused a slower
transport due to a decreased diffusion coefficient or
decreased mass transfer coefficient [37]. Higher initial
concentrations led to higher driving force for mass
transfer, hence the adsorbent achieved saturation more
fast, which resulted in a decrease of the exhaust time
and adsorption zone length [27,41].

3.5. Kinetic models

In order to predict the breakthrough curves of the
adsorption process in the fixed bed and estimate the
parameters necessary for the design of a large-scale
fixed-bed adsorber, the BDST, Bohart-Adams, Yoon—
Nelson, and Thomas models have been used.

The BDST model can be used to estimate the
required bed depth for a given service-time which is
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Fig. 4. Breakthrough curves of AR and AO at different
initial dye concentrations (Q =20 mL/min, Z =300 mm).

an important parameter in designing an adsorption
column [34], the BDST model can be expressed as
below [42]:

~ Coly

ty (Z - 2Zy) ¢))

Parameters of the BDST model are shown in Table 1,
which could be concluded that the model gave a good
fit of the experimental data with the high correlation
coefficients (R*>0.985 [AR], R*>0.997 [AO)). Both the
parameters Ny and Z, increased with an increasing in
the flow rate shown in Table 1. The thickness of mass
transfer zone increases with the flow rate showing the
widening of the sorption zone and appearance of a
faster breakthrough [42]. The minimum bed depth
was obtained at the lowest flow rate as 83.334 mm for
AR and 66.063mm for AO, which was necessary to
prevent the effluent concentration from exceeding the
breakthrough concentration at zero time.

The Bohart-Adams model is based on the surface
reaction theory to describe the relationship between
Ci/Cp and t in a continuous system, which is applied

Table 1
BDST parameters for dye adsorption by ASAC in
fixed-bed column at different flow rates (Co =200 mg/L)

Dye Q (mL/min) Zp (mm) Ny (mg/L) R?

AR 10 83.334 1.393 0.986
15 88.875 1.856 0.989
20 93.912 2.095 0.985

AO 10 66.063 4.163 0.998
15 71.054 5.142 0.999
20 92.222 6.291 0.997
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to describe the initial part of the breakthrough curve.
The Bohart-Adams equation is as follows [43]:

Co KgaNoZ
I ——1)=——-K t 2
n (Ct ) Uo BaCo 2

The parameters Kg4 and Ny can be calculated from the
linear plot of In(Cy/C; — 1) against t. Different parame-
ters of the Bohart-Adams model were calculated and
given in Table 2, the values of Kp4 increased with an
increase of both influent flow rate and bed depth, the
values of N, increased with increase of the influent
flow rate whereas decreased with increasing bed
depth. The increase in N, can be attributed to the lar-
ger mass transfer driving force at high flow rates [44].
With the relatively high coefficients (R*>0.976 [AR],
R*>>0.967 [AQ]) displayed in Table 2, indicating that
the Bohart-Adams model was valid for the experi-
mental data. Comparison of the experimental and pre-
dicted breakthrough curves obtained at different flow
rates and bed heights are given in Fig. 5, which dem-
onstrated that the Bohart-Adams mode is best fitted
to low effluent concentrations (C; < 0.15Cy) with a
great precision [45].

The Yoon-Nelson model is based on the assump-
tion that the rate of decrease in the probability of
adsorption for each adsorbate molecule is proportional
to the probability of adsorbate adsorption and the
probability of adsorbate breakthrough on the

Table 2

Bohart-Adams parameters for dye adsorption by ASAC in
fixed-bed column at different bed depths and flow rates
(Cp=200mg/L)

4 Q Kpa Ny
Dye (mm) (mL/min) (L/(mg min)) (mg/L) R?
AR 100 10 0.000140 1.57 0.986
15 0.000205 1.93 0.978
20 0.000475 2.01 0.993
200 10 0.000100 1.47 0.978
15 0.000140 1.64 0.987
20 0.000210 1.75 0.976
300 10 0.000090 1.50 0.988
15 0.000110 1.69 0.995
20 0.000135 1.76 0.987
AO 100 10 0.000050 13.39 0.972
15 0.000055 14.65 0.973
20 0.000060 15.30 0.984
200 10 0.000060 8.18 0.967
15 0.000065 10.34 0.971
20 0.000070 10.94 0.969
300 10 0.000075 6.07 0.989
15 0.000080 7.93 0.985
20 0.000085 8.99 0.978

J. Cao et al. | Desalination and Water Treatment 53 (2015) 2990-2998

adsorbent [46]. The Yoon-Nelson model for a single
component system can be described by the following
expression,

Ce

I
=G

= Kynt — tKyn 3)

The values of Kyy and 7z will be obtained from the plot
of In[C/(Cy — Cp)] against t. As seen in Table 3, the
Kyn increased and the 7 decreased with increasing
flow rate, while both the Kyy and 7 increased with
increasing bed depth. This was due to the fact that
higher flow rate would result in the insufficiency of
the adsorption and achieving the adsorption equilib-
rium early [47]. The data in Table 3 also indicated that
the values of 7 from the calculation were close to the
experimental results. Predicted and experimental
breakthrough curves with respect to flow rate and bed
height are displayed in Fig. 5, it is clear that there is a
good agreement between the experimental and pre-
dicted values. Consequently, the Yoon-Nelson model
was suitable to describe the adsorption behaviors of
ASAC in the column.

The Thomas model is one of the most general and
widely used to describe the performance theory of the
sorption process in fixed-bed column, which can be
commonly used to predict the maximum solute
uptake by the adsorbent. This model is suitable for
adsorption processes where the external and the inter-
nal diffusions will not be the limiting step [48]. The
linearized form of this model is given as follows [49]:

Co > Ky
In(=——-1) =—-gom — KryCot €
(Ct 0 qo THCO 4

The constants, Kry and gy were calculated from the
slope and intercept of the plot between In[(Co/C) — 1]
vs. t at different flow rates and bed heights. The relative
constants and coefficients presented in Table 4 indi-
cated that the Thomas model provided a good fitting at
various conditions, as the theoretic uptakes g, matched
very well with the corresponding experimental data
and the determination coefficients were high. It was
observed from Table 4 that the values of Kyy and gy
increased with the influent flow rate increasing at con-
stant bed depth. The Yoon—-Nelson model was mathe-
matically analogous to the Thomas model, so the fitting
results were also quite good (not shown in Fig. 5).

3.6. Desorption and regeneration studies

The regeneration of the adsorbent was studied
in order to make the adsorption process more



J. Cao et al. | Desalination and Water Treatment 53 (2015) 2990-2998

al 1.0

0.8 4

0.6 4 Bed height 100mm
. -]
Ny = 10mL/min
0.4 4 ® 15mL/min
4 20mL/min
2 Yoon-Nelson
uig - - - Bohart-Adams
ﬂ.u T T T T T 1
0 50 100 150 200 250
t(min)
a2 1.0
0.8 4
I
- 0.6 4 Bed height 200mm
Q
[§) = |0mL/min
04 4 ® |5mL/min
4 20mL/min
0.2 4 —— Yoon-Nelson
; - - - Bohart-Adams
v
0.0 T T T T T b T v T v 1
0 50 100 150 200 250 300 350
t(min)
a3 1.0 q
0.8 4 I
I
I
I
0.6 4 Bed height 300mm
Q=
U = 10mL/min
0.4 4 ¢ 15mL/min
A 20mL/min
02 4 —— Yoon-Nelson
’ - - - Bohart-Adams
*
0.0 T v T T T v T T T 1
0 50 100 150 200 250 300 350 400

t(min)

2995
bl 1.0 9 Bed height 100mm
0.8 - o
)
I
0.6 - '
>
Q H
o ' = |0mL/min
0.4 4 ® 15mL/min
4  20mL/min
02 —— Yoon-Nelson
’ - - - Bohart-Adams
0,0 T T T T T T 1
0 100 200 300 400 500 600 700
t(min)
b2 1.0 9 Bed height 200mm
0.8 4
;
]
0.6 o :
o &
&7 10mL/min
&4 ® [5SmL/min
4  20mL/min
0.2 4 ——— Yoon-Nelson
- - - Bohart-Adams
0.0 = T T T T T T 1
0 100 200 300 400 500 600 700
t(min)
b3 1.0 7 Bed height 300mm
0.8
0.6 1
%
o 0.4 - =  10mL/min
® |5mL/min
4  20mL/min
0.2 4 Yoon-Nelson
- - - Bohart-Adams
0.0 4 - T T T T v 1
0 100 200 300 400 500 600 700
t(min)

Fig. 5. Comparison of the experimental and predicted breakthrough curves of AR (a) and AO (b) at different flow rates

and bed heights.

economical and feasible. It was observed from Fig. 6
that the highest desorption values for AR (69.1%) and
AO (53.2%) were obtained using 1M NaOH solution,
while for HNO;, the desorption efficiencies were 6.35
and 5.72%. The ethanol had a similar low desorption

effect on the two dyes. Because the adsorption
efficiency was highly dependent on the solution pH,
changing the solution pH could easily affect the
electrostatic interaction between the adsorbent and
dye molecules. After three cycles of regeneration, the



2996

Table 3

Yoon—-Nelson parameters for dye adsorption by ASAC in
fixed-bed column at different bed depths and flow rates
(Cp=200mg/L)

Z Q KYN Teal Texp
Dye (mm) (mL/min) (min™" (min) (min) R?
AR 100 10 0.028 47.04 39.85 0.982
15 0.041 34.05 31.76 0.976
20 0.095 21.22  20.48 0.993
200 10 0.021 93.11 86.47 0.975
15 0.028 54.08 50.25 0.988
20 0.042 39.10 37.58 0.974
300 10 0.018 119.11 115.63 0.986
15 0.022 89.55 85.38 0.991
20 0.027 66.11  60.21 0.977
AO 100 10 0.011 320.64 295.85 0.978
15 0.012 248.75 238.63 0.981
20 0.013 175.08 167.74 0.976
200 10 0.012 43425 43248 0.978
15 0.013 365.85 373.86 0.986
20 0.014 290.51 316.27 0.975
300 10 0.015 483.00 487.24 0.990
15 0.016 421.13 424.75 0.985
20 0.017 358.12 376.55 0.979
Table 4

Thomas parameters for dye adsorption by ASAC in
fixed-bed column at different bed depths and flow rates
(Cp=200mg/L)

Q KTH qo qexp
V4 (mL/ (mL/ (mg/ (mg/
Dye (mm) min) (min-mg)) g) g) R?
AR 100 10 0.140 2.087 1991 0.986
15 0.205 2506 2598 0.978
20 0.475 2,782 2903 0.993
200 10 0.100 2,152 2.039 0.978
15 0.140 2.284 2.324 0.987
20 0.210 2531 2457 0.968
300 10 0.090 1.948 2385 0.988
15 0.110 1.885 2299 0.995
20 0.135 2284 2378 0.987
AO 100 10 0.050 17.443 16.689 0.967
15 0.055 19.082 19.853 0.973
20 0.060 19.927 20.294 0.984
200 10 0.060 10.653 10962 0.963
15 0.065 13.465 13.165 0.966
20 0.070 14.286 13.987 0.967
300 10 0.075 11.717 11.977 0.989
15 0.080 10.331 10.187 0.985
20 0.085 11.908 12.178 0.978

adsorption capacity of ASAC decreased by 4.1% for
AR and 6.4% for AO. These results indicated the
suitability of NaOH as the regenerant for ASAC.
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Fig. 6. Desorption efficiencies of dyes from ASAC by
various desorbing agents.

4. Conclusions

In the present study, ASAC packed bed has been
used to analyze the column dynamics in the adsorption
process of removal anionic dyes from aqueous solution.
Data confirmed that the breakthrough curves were
dependent on the bed depth, influent flow rate, and
initial dye concentration. The obtained results showed
that both the breakthrough and exhaustion time
increased with the increase in the height of the bed,
while decreased with the increasing in both the influent
flow rate and initial dye concentration. The dynamic
behavior of the column was predicted by the BDST,
Bohart-Adams, Yoon-Nelson, and Thomas models. All
models were found suitable for describing the whole or
a definite part of the dynamic behavior of the column
with respect to flow rate and bed height. For all studied
flow rates and bed heights, the Bohart-Adams model
was only used to predict the initial part of the
breakthrough curve, while the whole breakthrough
curve was well predicted by the Yoon-Nelson and
Thomas models. For desorption and regeneration stud-
ies, NaOH had been identified as the most effective
desorption reagent for the regeneration of ASAC.
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Nomenclature

Co — influent liquid concentration of dye (mg/L)
C: — effluent liquid concentration of dye (mg/L)
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Kga — the adsorption rate coefficient of Bohart-Adams
model (L/(mg-min))

Kyy — the rate constant of Yoon-Nelson model (min™")

Kyy — the Thomas model constant (mL/(min-mg))

m  — the amount of adsorbent in the column (g)

Ny — the sorption capacity of the bed per unit bed
volume (mg/L)

Q — influent flow rate (mL/min)

qo — the adsorption capacity of per unit mass of the
adsorbent form Thomas model (mg/g)

R*> — correlation coefficient

t — the time (min)

t, ~ — the breakthrough time (min)

Uy — the fluid velocity (mm/min)

Z — the height of the fixed bed (mm)

Zy — the length of the dynamic bed mass transfer
zone (mm)

T — the time required for 50% adsorbate
breakthrough from Yoon—Nelson model (min)
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