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Abstract—The removal of dye from industrial wastewater is one of the most important subjects in water pollution
regulation. Successive adsorption/desorption cycles of a basic dye, methylene blue, on internal almond shell, olive stone
and rye straw were investigated by using fixed bed column experiments to study the adsorption capacity to remove the
MB and adsorbents regeneration efficiency. The adsorption breakthrough curves were predicted by the Thomas model,
Yoon Nelson model, and Wolborska model and modified dose-response model by using nonlinear regressive analysis.
The adsorption capacity values obtained by this model are compared with the experimental capacity, noting an error of
16%, 27.8% and 18.9% for IAS, OS and RS respectively, but these errors are minimized in the second cycle to 22.98%
and 6.06% for OS and RS respectively. The results show that the modified dose response model is more suitable for the
description of breakthrough curves for three adsorbents only in the first cycle. The IAS presents the highest adsorption
capacity and the best regeneration efficiency. Conversely, the RS presents lower adsorption capacity, whereas is not the
hardest to regenerate.
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INTRODUCTION

Water pollution has become a real threat due to rapid indus-
trial development. The discharged wastewater of the textile indus-
try, which contains persistent organic dyes, is one of the serious
causes of water contamination. During dying and printing in the
textile industry, a major fraction of dye disappears in the water,
which makes the discharge colored. The main environmental prob-
lem in the textile industry is the treatment of liquid waste and its
chemical loads. These dyes rejected by the industry represent a
threat to the environment because of their low biodegradation and
their high resistivity to classic purification treatment [1]. The pres-
ence of dyes in water is harmful for human health and the envi-
ronment due to their toxic and mutagenic influence on human
beings [2]. Several research studies have been devoted to the study
of toxicity and mutagenic and carcinogenic effects of different
types of dye on aquatic organisms (poison, algae, etc.). Among var-
ious commercial dyes, only basic dyes are toxic for algae [3]. These
textile effluents are dramatic sources of pollution of ecosystems
and aquatic life. They present a danger of bioaccumulation, which
can affect humans by transport through the food chain.

Methylene blue (MB) is one of the most popular dyes used in
textile industries and in the coloring of paper, wools, cotton, silk,
etc [4]. MB has also been useful in medical applications. It is anti-
septic against bacterial infection and is used as an antidote for cya-
nide poisoning [5]. Beyond its medical applications, the presence
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of MB in water threatens human health in various ways. Because
of their high water solubility, dyes can move through rivers and
affect the quality of water. MB as a cationic dye can readily interact
with negatively charged surface cells and penetrate into the cells [6].

To reduce the negative effect of dyes, many proper treatments
of wastewaters have recently attracted growing scientific attention.
Various techniques have been applied for dye removal from waste-
water such as adsorption [7-14], coagulation-flocculation, mem-
brane filtration, chemical precipitation, ion exchange. Hence, many
techniques for dye removal are proposed by incorporating physi-
cal, biological and chemical treatments. But because of the nonbio-
degradable nature of many dyes [15], accordingly, the adsorption
technique is the most suitable process and a more popular method
for dye removal from aqueous solutions because adsorption has
the advantages of high efficiency, flexibility, design simplicity; easy
handling and economic feasibility. Many adsorbents are used for
MB removal from aqueous solutions such as activated carbon [16],
Clay [17], zeolite [18], sludge [19], almond gum [20], cashew nut
shell [21], olive pomace [22], almond peel [23], and sawdust [24].

Olive stones, agricultural solid waste of the olive oil industry is
abundant in large quantities in olive oil producing countries such
as Tunisia, which has more than 60 million olive trees [25]. It was
observed in batch studies and at basic pH that the maximum bio-
sorption of MB dye in olive stone is equal to 13.2 mg/g [26].

Rye straw (RS) is an agricultural waste material which represents
an abundant forestry residue and a low cost adsorbent. It can be
used for removing pollutants from wastewater. In this work, rye
straw as low cost adsorbent is reported for the removal of MB dye
from aqueous solutions. There are only few researches focused on
utilization of rye straw, in the adsorption of Cr (VI) [27] and in
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removal of azodyes [28].

Many studies have revealed that almond shells could be effec-
tively used to remove dye from an aqueous solution [23,29]. Based
on the analysis of process mechanisms involved in the sorption
behavior of MB in almond shell confirms that the sorption pro-
cess is particle-diffusion controlled [23]. It was found while using
batch studies that the adsorption capacity of MB with initial con-
centration of 100 mgL ™" is equal experimentally and numerically
to 52.35mgg ' and 54 mgg ' respectively.

Several low-cost adsorbents are reported for the removal of heavy
metals, agricultural waste such as olive stones, peach stones, almonds
shell [29] and sheep manure waste [30]. In this work, almond shell
(AS), which is available in abundance in Tunisia, was chosen as
adsorbent for the removal of methylene blue.

In this research study, adsorption/desorption of MB on almond
shell, olive stone and rye straw in a fixed bed column was investi-
gated with the objective to (i) evaluate the adsorption capacity of
adsorbents, (ii) predict a breakthrough curve model, and (iii) eval-
uate the removal efficiency and the regenerability of three adsor-
bents.
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Fig. 1. Schematic of column setup.
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MATERIALS AND METHODS

1. Materials

As low adsorbents, three materials have been used in the removal
of MB from aqueous solutions: internal almond shell (IAS), olive
stone (OS) and rye straw (RS). These wastes were collected from the
region of Sousse in Tunisia. They were used directly for adsorp-
tion experiments without any treatment. The other adsorbents were
dried in the air and crushed to a fine powder. The water infiltra-
tion versus time for all adsorbents was measured using mini disk
infiltrometer (DECAGON Model S). The particle size distribution
of three adsorbents was measured by laser diffraction particle size
analyzer (Microtrac S3500).

The methylene blue used as adsorbate (basic blue 9, CI 52015)
is a cationic dye with a molecular formula C,¢H,;4CIN;S-3H,0 and
a molar mass of 373.9 gmol '. The wavelength of maximum ab-
sorbance for MB is 663 nm.

2. Fixed Bed Column Sorption Experiments

The adsorption experiments were conducted using a glass col-
umn with an internal diameter of 3.25 cm and a height of 25 cm.
The column was packed with the materials-bed length of 5cm. The
MB solution with inlet concentration of 100 mgL™" was pumped
at the top of the column using a peristaltic pump (ROTH CYCLO
I) at a constant volumetric flow rate of 4 ml/min. Samples were
collected and analyzed by spectrophotometer UV-visible (HACH
LANGE DR3900).

3. Column Desorption and Recycling

To evaluate the feasibility of adsorbents for practical use and its
reusability; the regeneration of these adsorbents was carried out
through adsorption-desorption cycle. After adsorption had taken
place, the adsorbed dye was eluted using water at a flow rate of
4ml min™". The samples of the effluent were analyzed and all exper-
iments were in duplicate. After the elution time, the adsorbent was
reused in a second cycle for adsorption at the same conditions than
the first cycle to study the reuse of the adsorbent.

RESULTS AND DISCUSSIONS

1. Breakthrough Curves and Analysis of Mass Transfer Zone
As shown in the obtained breakthrough curves (Fig. 3), the break-

through time increases in order RS<OS<IAS (Table 1). It was ob-

served that the breakthrough time of MB in OS and IAS was 108

Table 1. Adsorption capacity (q), Fraction capacity (FC) and Height of mass transfer zone (H,,;,) for different adsorbents

qex (mg/g) FC Hyny (em) t (min) Ve (ml) m (g)
IAS
Cyclel 505.4 0.89 2.98 904 6672 37.88
Cycle2 477.8 0.84 5 1695 6780 37.88
oS
Cyclel 101.67 0.855 4.85 613.8 2888 37.88
Cycle2 14325 0.852 5 954.6 3820 37.88
RS
Cyclel 180.04 0.72 424 252 1140 6.72
Cydle2 216.65 0.565 5 385.8 1544 6.72
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min and 764 min respectively. However, compared with that in
RS, the breakthrough time was 33 min. The breakthrough curve
of IAS is very steep. This result affirms that the adsorption capac-
ity of MB in IAS was significantly important and indicates that the
mass transfer coefficient decreased from RS to OS.

Besides, the concentration gradients in batch systems are dis-
similar from that of a continuous flow system [31]; the experimen-
tal results obtained using the batch systems appear difficult to apply
to the processing of large volumes of water [32]. Continuous ad-
sorption experiments are mostly used in several applications in chem-
ical engineering, mainly in the adsorption of the components of a
fluid flowing through a bed of a porous adsorbent material. This
adsorption process on porous solids can be divided in four stages:
(a) Transport of the adsorbate from the bulk of the solution to the
exterior film encircling the adsorbent material (outer diffusion), (b)
Movement of the adsorbate through the external liquid film bound-
ary layer to external surface sites of adsorbents, (c) Migration of the
adsorbate particles within the pores of the porous adsorbent by
intraparticle diffusion (inter diffusion), and (d) Sorption of adsor-
bate at inner and outer surfaces of the adsorbent [33].

To provide more information about the adsorption process, we
determined the quantities of MB retained in the bed until the
exhaustion time (q,,), the height of the mass transfer zone (Hyr»),
the fractional capacity (FC) and the percentage of saturation of the
column (S).

The adsorption capacity at an exhaustion time (q,,) is calculated
according the Geankoplis model [34]:

QU G
Qex= m _([(l_co)dt (1)

where C, and G, are the MB effluent and inlet concentration (mgL™");
U is the flow rate (mLmin '), m is the mass of adsorbent (g) and
t, is the exhaustion time (min). The fractional capacity represents
the quantity of MB eliminated compared to the elimination capac-
ity f adsorbent n the mass transfer zone:

by
_[ (Co - Ct)dt
FC =Y 2
CO(tex - thk) ( )
Eq. (3) represents the mass transfer zone, which is the total height
of the adsorbent progressively being saturated:

H(tex_ tbk)

H = —— bk 3
M2t + FC(t e~ t) 2

where H,,, is the height of the mass transfer zone (cm); H is the
height of the fixed bed (cm), t,, is the exhaustion time (min); t, is
the breakthrough time (min) and FC s the fractional capacity.

The percentage of saturation of bed column is calculated accord-
ing to:

H+(FC-DHyz, o

S(%)= 5

@
The adsorption capacities at exhaustion time (q,,) follow the order
OS<RS<IAS, which proves the results concluded from the break-
through curves in Fig. 3. The difference in the shapes of the break-
through curves for three adsorbents can be explained by the
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Fig. 2. (a) Cumulative water infiltration versus square root of time
for IAS, OS and RS, (b) Particle size of three adsorbents.

internal diffusion of MB from the bulk liquid to the mesopores
and then the micro pores, which causes slower adsorption kinet-
ics [30]. However, the more the particle size decreases (Fig. 2(b)),
the more the influence of the external film external mass transfer
on the sorption becomes much more significant. The IAS is the
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Fig. 3. Breakthrough curves representing MB adsorption onto IAS
(circles), OS (squares) and RS (triangles).

Korean J. Chem. Eng.(Vol. 34, No. 4)



1040 S. Dardouri and J. Sghaier

Table 2. Predicted parameters for, Thomas, Yoon-Nelson, and Wolborska and Modified-dose response models for MB adsorption on IAS,

SMW and sawdust materials
IAS (O RS
Model
Cyclel Cycle2 Cyclel Cycle2 Cyclel Cycle2
Kth *10* (L/minmg) 0.305 0.067 0.358 0.391 0.742 0.698
Thomas qo (mg/g) 602.22 1125 140.5 186 2187 230.6
R? 0.958 0.777 0.944 0.922 0.879 0.939
Kyn*10* (min™") 0.3 0.06 0.215 0.23 0.445 0.419
Yoon Nelson ¢ (min) 1806 3375 780 1032 222.6 235.2
R’ 0.958 0.777 0.944 0.922 0.879 0.939
A 498 2.35 2.649 3.63 1.674 1.53
Wolborska B*10 0. 245 0.055 0. 25 0.283 0. 007 0.33
R? 0.955 0.773 0917 0.935 0.829 0.859
a 3.84 0.42 1.46 3.11 0.86 1.17
MDR b 126.2 2277 61.98 70.77 1541 13.89
R? 0.96 0.82 0.97 0.864 0.972 0.97

most micro porous material compared to RS and OS, which explains
the tailing in the breakthrough curve (Fig. 3). The particle size of
materials and its infiltration kinetics are related and have the same
effect on adsorption capacity of the material. Indeed, large pores
make greater contribution to transfer water in porous media than
small pores, which are filled. This small pore entraps water flow as
liquid is transported through weakly conductive pore medium,
and it is accessed in the form of films to solid particle. As the infil-
tration kinetics increases, the ability of a material to transfer water
and solute increases. The IAS has the lower infiltration rate (Fig. 2)
and inhibits the water to infiltrate in its porous space, which makes
more contact time between adsorbate and solid surface of IAS.
This high residence time can explain the length of breakthrough
time (t, =764 min).

During the dynamic contact of solid and liquid in bed column,
the length and shape of the mass transfer zone (MTZ) provides
insight about the performance of fixed bed columns. The area
where the relative adsorbate concentration changes from 0.05 to
0.95 represents the region of MTZ where sorption practically takes
place in fixed beds [35]. The shape of the curve is used to deter-
mine the height of the mass transfer zone. If this height is small,
this indicates the existence of faster kinetics and lower diffusion resis-
tance in the sorption process. The height of MTZ value increases
as JAS<RS<OS (Table 1), thereby, the mass transfer efficiency has
the opposite order, where IAS has the highest value. The same note
goes for fractional capacity.

2. The Breakthrough Curves Modeling

To better describe the fixed bed column and to predict the MB
breakthrough, many models are used to fit the experimental data.
The breakthrough curves are analyzed using four of these modes:
Thomas model, Yoon Nelson model, Wolborska model and mod-
ified-dose response model.

2-1. Thomas Model

The Thomas model assumes that a Langmuir isotherm and sec-
ond-order kinetic fitted well the experimental data. It was assumed
also that adsorption is limited by mass transfer with no axial dis-
persion is derived with adsorption. It allows the calculation of the
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adsorption rate constant. The equation of the Thomas model can
be described as:

St 1 ©

1 Ky
+exp| (qom— COSt)E

where k;, is Thomas rate constant (mL min 'mg "), q, is equilib-
rium adsorption capacity (mgg "), m is the mass of the adsorbent,
C, and C, are the MB concentration in the influent and at time t
(mgL™") and v is the flow rate (mL min™").

The values of ky, and q, are determined using nonlinear fitting
and shown in Table 2. The correlation coefficient (R*) values ranged
from 0.77 to 0.97 and were higher for OS. The adsorption capac-
ity values obtained by this model were compared with the experi-
mental capacity, noting an error of 16%, 27.8% and 18.9% for IAS,
OS and RS, respectively, but these errors were minimized in the
second cycle to 22.98% and 6.06% for OS and RS, respectively.

2-2. Yoon Nelson Model

The Yoon-Nelson model assumes that the rate of decrease in the
probability of adsorption for each adsorbate molecule depends on
the probability of adsorbate adsorption and the probability of an
adsorbate breakthrough on the adsorbent [36]. The model can be
expressed by Eq. (6):

G__ 1
Co 14 D

©)

where kyy is the Yoon Nelson rate constant (min ") and s the time
required for reach 50% adsorbate breakthrough (min).

The Yoon Nelson model is mathematically similar to the Thomas
model as noted above. Therefore, the fitting results as shown in
Table 2 were also good enough. For RS, the theoretical and experi-
mental time required for 50% of adsorbate breakthrough corre-
spond accurately (average percentage errors <10%).

2-3. Wolborska Model

The Wolborska model [37] is based on the application of equa-
tions of mass transfer for diffusion mechanisms used for the low
concentration breakthrough curve. A simplified version is given by:
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where fis the kinetic coefficient of the external mass transfer (h™"),
N, is the exchange capacity (mgL '), B=Cy/Ny; A=SZ/U.

This model is applied in the description of the breakthrough
curve in the range of low concentration. The values of the Wol-
borska model parameters for three adsorbents are presented in
Table 2. For sawdust, compared to Thomas model and Yoon Nel-
son model, the Wolborska model is the poorest and does not fit
the breakthrough curve acceptably, especially in the first region of
BTC. For RS in both cycles compared to Thomas model, the Wol-
borska model is the poorest and does not fit the breakthrough
curve acceptably especially in the first region of BTC. The Wol-
borska model is valid only for OS in the second cycle.

2-4. Modified-dose Response Model

The modified-dose response model is also used to predict the
breakthrough behavior in column adsorption. Mainly at lower or
higher time periods of the breakthrough curve, the use of this model
reduces the error resulting from the use of the Thomas model. The
model equation is expressed as:

C, 1

= —_— 8
Co  1+(ut/b)" ®

where a and b are both the constant of the modified-dose response
model.
Modified dose-response model was also used to fit the experi-

mental data; the parameters of this model are also shown in Table
3. The values of R* from modified dose-response (0.96-0.97) were
larger than those from other models in the first cycle. Comparing
the fitted curves (Fig. 4) from the used models at the same condi-
tion, the fitted curve from modified dose-response model is closer
to experimental curves.

For the models used to describe the experimental data, modi-
fied dose-response model fitted the data from column experiments
significantly better than other model for the first cycle, while in
second cycle this model was the weakest model in the fitting of
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Fig. 5. Flution curve for MB desorption from the IAS (circles), SMW
(squares) and Sawdust (triangles) fixed-beds.
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experimental data of OS. Thus, the modified dose-response was
applied specially in the first part of the breakthrough curve.
3. Column Regeneration

A potential and an effective adsorbent for dye removal must
have a good adsorption capacity and have also a good desorption
of dye. That is why it is necessary to investigate the desorption of
MB from IAS, OS and RS.

The elution curve showed an asymmetric shape for three ad-
sorbents (Fig. 5), which has a strong decrease at first tracking by a
light decrease. The wide decrease is marked for RS with an efflu-
ent concentration of 0.51 C/C, at the initial time; therefore, the
first part of adsorption curve represents the majority of MB amount
desorbed from the bed. Unlike, IAS and OS have the maximum
equal to 0.48 C, and 0.37 C,, respectively, and only OS reached a

(a) o

0000b 00 0 oo 0o
0 250 500 750 1000 1250 1500 1750 2000
t(min)

045 (b)

cic,

o 100 200 300 400 500 600 700 800 900 1000 1100
t(min)

0,74 (c)

0.6 A M
La

0,5 A A A

0,44 'y

031 Ard

0,2

cic,

0,04

1l_| 5’0 160 1 ISD 260 2.“50 3EIPD 3%0 41‘30
t(min)
Fig. 6. Breakthrough curves for MB column adsorption before and
after regeneration on (a) IAS, (b) Sawdust and (c) SMW. First

adsorption cycle (empty symbol), second cycle after regener-
ation (full symbol).
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negligible effluent concentration. As shown in Fig. 5, the elution
curve demonstrates that RS, IAS and OS need longer desorption
time to reach low concentration and achieve null values. The de-
sorption efficiency of three materials follows the order SMW<OS<
RS. After desorption studies, two cycles of adsorption were carried
out, and the breakthrough curves obtained for the adsorption
desorption cycles are shown in Fig. 6. The breakthrough curves
for the first and second cycle have practically the same shape. A
significant decrease of the breakthrough time (t,;) is observed from
the first to the second cycle with reduction of the amount of MB
sorbed per unit mass of adsorbent in the column. The decrease of
breakthrough time can be caused by the losses of dye particles during
the elution step. The reduction of saturation of the bed column
was from the first to the second cycle (Table 1), and the decrease
of residence time was caused by the increase of the external film
mass resistance at the surface of the adsorbents, resulting in a lower
removal efficiency (Fig. 7(a)) [38].

Contrary to desorption efficiency, the regeneration efficiency
increased as OS<RS<IAS (Fig. 7(b)). The worst regeneration effi-
ciency was obtained with OS despite its high adsorption capacity
compared to RS, due to the difficulty of desorbing from the micro-
pores.

CONCLUSION

Adsorption of MB in three different adsorbents, IAS, OS and

'- 1% cycle '

1004 (a) I 2 ™ cycle

Adsorption capacity(%)

Regeneration efficiency (%)

IAS 0s RS

Fig. 7. Comparison column capacity before and after regeneration
process and regeneration efficiency for IAS, OS and RS.
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RS, was studied in this work in a continuous fixed bed column,
and the breakthrough curves and the adsorption parameters were
determined. The adsorption capacity follows the order RS<OS<
IAS. Also, the RS has the largest mass transfer efficiency due to its
high permeability and faster infiltration kinetic. Modified dose-
response, Wolborska, Thomas and Yoon Nelson models were used
to predict the breakthrough curves obtained from the experimen-
tal data. The four used models can be applied in the first part of the
breakthrough curves, but the modified dose-response is the better
model in the first cycle. Successive adsorption desorption cycle
carried out to evaluate the regenerability of the three adsorbents.
Adsorption capacity decreases after regeneration of all the adsor-
bents. IAS and RS represent the higher regenerability of 92% and
83% respectively.
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