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ABSTRACT

The dynamic adsorption of methylene blue (MB) by melon peel (MP) was studied in packed
bed columns. The values of column parameters were predicted as a function of flow rate
and initial dye concentration. On evaluating the breakthrough curves, the adsorption iso-
therms of MB by MP were experimentally determined in batch conditions. The Langmuir
model was found to fit the adsorption isotherm data well with a maximum adsorption
capacity of 333.33 mg/g at 25˚C. A series of column tests using MP as a low-cost adsorbent
were performed to determine the breakthrough curves with varying initial dye concentra-
tions and flow rates. High bed height, low flow rate and high initial dye concentration were
found to be the better conditions for maximum dye adsorption. To predict the breakthrough
curves and to determine the characteristic parameters of the column useful for process
design, four kinetic models namely Bohart and Adams, Clark, Wolborska, and Yoon and
Nelson were applied to experimental data. 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 initial dye concentration. The initial segment of the breakthrough curve was not
well fitted by the Wolborska model, while the whole breakthrough curve was well
predicted by the Bohart and Adams, Clark, and the Yoon and Nelson models. The
findings revealed that MP has a high adsorption potential, and it could be used to treat
dye-containing effluents.
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1. Introduction

Dyes usually have a synthetic origin and complex
aromatic molecular structures that possibly come from
coal-tar based hydrocarbons such as benzene, naphtha-
lene, anthracene, toluene, and xylene. Today, there are
more than 10,000 dyes available commercially [1].
Increased use of dyes in the textile, paper, rubber, plas-
tics, cosmetics, pharmaceutical, and food industries

often poses pollution problems in the form of colored
wastewater that is discharged into water bodies. Even
small quantities of dyes can color large water bodies,
which not only affects asthetic merit but also reduces
sunlight penetration and photosynthesis. In addition,
some dyes or their metabolites are toxic, mutagenic, or
carcinogenic [2,3]. Dyes are recalcitrant molecules that
are difficult to degrade biologically.

The removal of color from dye-bearing effluents is
a major problem due to the difficulty in treating such
wastewaters by conventional treatment methods.*Corresponding author.
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Furthermore, these processes are costly and cannot
effectively be used to treat the wide range of dye
wastewater. Among the various treatment processes,
adsorption is one of the effective and attractive pro-
cesses to remove dyes, and also to control chemical
and biochemical oxygen demands [4,5].

Several adsorbents are eligible for such a pur-
pose. Activated carbon (powdered or granular) is the
most widely used adsorbent, because it has excellent
adsorption efficiency for organic compounds. How-
ever, activated carbon is considered as an expensive
adsorbent, which makes the wastewater treatment as
a prohibitive and costly step. Several studies have
tried to replace the activated carbon with less
expensive materials. Therefore, there is growing
interest in using low-cost, easily-available materials,
for the adsorption of dye colors. Consequently, a
number of low cost, easily-available materials are
being studied for the removal of different dyes from
aqueous solutions at different operating conditions
[6–25].

Methylene blue (MB) is selected as a model com-
pound, in order to evaluate the capacity of adsor-
bents for the removal of dye from aqueous solutions.
MB dye has wider applications that include coloring
paper, temporary hair colorants, dyeing cottons and
wools, and coating for paper stock, etc. Melon peel
(MP) was selected for its abundance, availability,
and/or economical relevance. MP is capable of
removing MB and can be considered as an efficient
and low-cost adsorbent for dyes [26]. Our previous
study [26] has been conducted in batch mode, which
is usually limited to the treatment of small quantities
of wastewater. The adsorption capacity parameter
obtained from a batch experiment is useful in provid-
ing information about the effectiveness of adsorbate–
adsorbent system [27]. However, the data obtained
under batch conditions are generally not applicable
to most treatment systems (such as column opera-
tions) where contact time is not sufficiently long for
the attainment of equilibrium [27]. Hence, there is a
need to perform equilibrium studies using columns.
Additionally, no work has been regarded for the
adsorption of MB by MP in continuous mode using
fixed-bed columns. From the perspective of process
modeling, the dynamic behavior of a fixed-bed col-
umn is described in terms of the effluent concentra-
tion–time profile, i.e. the breakthrough curve. The
purpose of the present paper is to study and model
the removal of MB from aqueous solutions by
adsorption onto MP in fixed-bed columns.

2. Materials and methods

2.1. Adsorbate and adsorbent

The cationic dye, MB (C16H18N3SCl), was obtained
from Sigma–Aldrich with analytical grade, that was
used without further purification. Required amount of
dye was dissolved in distilled water to prepare
1,000 mg/L stock solution that was later diluted to
required concentrations.

MP was collected in summer from the region of
Annaba (Algeria). It was dried at ambient air hangs
for 2–3 days, and then it was ground and sieved using
a vibrating sieve (diameter between 0.5 and 1 mm).
The obtained material was washed several times with
distilled water until the color of the wash water disap-
peared. The MP was then dried at 50˚C in an oven for
12 h, and then cooled in a desiccator and packaged in
sealed bottles.

2.2. Scanning electron microscopy and Fourier transform

Scanning electron microscopy (SEM) analysis was
carried out on the MP to study its surface texture.
Fourier transform infrared (FTIR) analysis was applied
on the MP to determine the surface functional groups,
by using FTIR spectroscope (FTIR-2000, Perkin–Elmer),
where the spectra were recorded from 4,000 to
400 cm−1.

2.3. Adsorption isotherms

Adsorption equilibrium experiments were carried
out by adding a fixed amount of MP (0.4 g), into a num-
ber of sealed glass flasks containing a definite volume
(200 mL in each case), of different initial concentrations
(25–500 mg/L) of MB solution without changing their
pH. The flasks were then placed in a thermostatic water
bath in order to maintain a constant temperature
(25˚C), and stirring was provided at 300 rpm to ensure
equilibrium was reached. Samples of solutions were
analyzed for the remaining dye concentration.

The amount of MB uptake by the adsorbent, qe
(mg/g), was obtained as follows

qe ¼ ðC0 � CeÞ � V

W
(1)

where C0 and Ce (mg/L) are the liquid-phase concen-
trations of MB at initial time and equilibrium time,
respectively, V (L) is the volume of the solution, and
W (g) is the mass of used adsorbent.
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2.4. Adsorption in continuous flow column

In fixed-bed columns, the solute concentration in the
effluent is free of the target solute until breakthrough of
solute occurs. On that account, the behavior of MP in a
fixed-bed column operation at a constant temperature
(25˚C) was studied to determine the breakthrough point
that will lead to the column scale-up approach. A glass
column (1 cm in diameter) was packed with a fixed-bed
height (10 cm) of adsorbent on a glass–wool support
and was loaded with 50 or 25 mg/L of MB solution.
The working pH was that of the solution and was not
controlled. Fixed-bed up-flow adsorber, used in order
to avoid preferential paths and no-flow zones, was fed
by a peristaltic pump at a constant flow rate, ranging
from 0.6 to 1.3 L/h. Interconnecting tubing and fittings
are made of polytetrafluoroethylene (PTFE). Effluent
samples were analyzed to yield output concentration
breakthrough curves.

The breakthrough time (the time at which dye con-
centration in the effluent reached 3% of the initial con-
centration) and bed exhaustion time (the time at
which dye concentration in the effluent reached influ-
ent concentration) were used to evaluate the break-
through curves.

3. Results and discussion

3.1. SEM and FTIR of MP

Fig. 1(a) and (b) shows the SEM micrographs of
MP. It is clear that MP has a rough surface with heter-
ogeneous pores and cavities. This indicates that there
is a good possibility for MB dye to get trapped and
adsorbed.

The FTIR spectrum obtained (Fig. 2) for the MP
displayed the following bands: 3,411.07 cm−1: O–H
stretch; 2,919.01 cm−1: C–H stretch; 2,130.00 cm−1:
C=N stretch; 1,736.82: C=O stretch; 1,635.25
cm−1: C=O stretch; 1,605.00 cm−1: C=C stretch;
1,513.00 cm−1: NH stretch; 1,440.47 cm−1: in-plane –
OH bending and C–O stretch; 1,377.64 cm−1: CH3

deformation; 1,330.21 cm−1: –NO2 aromatic nitro com-
pounds; 1,252.66 cm−1: C–O stretch; 1,160.28 cm−1:
C–N stretch; 1,048.00 cm−1: P–O–C strongest band,
highest frequencies for aliphatic amines; 667.00: C–O–
H twist. It is clear from Fig. 2 that the adsorbent dis-
plays a number of absorption peaks, reflecting the
complex nature of the adsorbent.

3.2. Isotherm

The adsorption isotherm of MB by MP was deter-
mined. A detailed study on the adsorption equilibrium
isotherms can be found in a previous paper [26]. The

equilibrium adsorption data can be modeled by using
different simple models such as Langmuir, Freundlich,
and Temkin given, respectively, by the equations:

1

qe
¼ 1

qm
þ 1

bqm
� 1

Ce
(2)

ln qe ¼ lnKF þ 1

n
lnCe (3)

qe ¼
RgT

bt
ln at þ

RgT

bt
lnCe (4)

where qe is the amount of solute adsorbed per unit
weight of the adsorbent at equilibrium (mg/g), Ce is
the equilibrium concentration of the solute in the bulk
solution (mg/L), qm is the maximum adsorption
capacity (mg/g), b is the constant related to the free
energy of adsorption (L/mg), n is a constant indicative
of the intensity of the adsorption, KF is a constant
indicative of the relative adsorption capacity of the
adsorbent (mg1�

1
nL

1
ng�1), bt is the Temkin constant

related to the heat of adsorption (J/mol), at is the
Temkin isotherm constant (L/mg), Rg is the gas con-
stant (8.314 J/mol K), and T is the absolute tempera-
ture (K).

In order to compare the validity of isotherm equa-
tions an average percentage error (APE) is calculated
as follows:

APE ð%Þ ¼
PN
1

ðqeÞexp�ðqeÞcal
ðqeÞexp

��� ���
N

� 100 (5)

where the subscripts “exp” and “cal” show the experi-
mental and calculated values, respectively, and N is
the number of experimental data.

The values of Langmuir, Freundlich, and Temkin
parameters are presented in Table 1. The values of
APE and determination coefficients given in Table 1
attest that the adsorption isotherm data could be well
simulated by Langmuir isotherm model.

In order to predict the adsorption efficiency of the
adsorption process, the dimensionless equilibrium
parameter of Hall was determined by using the fol-
lowing equation [28]:

RL ¼ 1

1þ bC0
(6)

where C0 is the initial concentration. Values of RL < 1
represent favorable adsorption. The RL values for MP
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are between 0.15 and 0.89 for different temperatures.
The obtained RL values show that our system is
favorable.

In general, the values of isotherm constants which
were obtained in a batch system show the maximum
values of these constants and are considerably higher
than those obtained in a fixed bed as flow rate of solu-
tion is zero in batch system, that is, the contact time
between adsorbate solution and adsorbent approxi-
mates infinite. These experimental data are generally
used in further studies concerning the dynamic
adsorption of solute in column studies for the predic-
tion of breakthrough curves. However, it is important
to note that the adsorption isotherms and constants
determined in a fixed bed should be used for evaluat-
ing the breakthrough curves and kinetic constants to
model such a system mathematically.

3.3. Dynamic adsorption

Accumulation of dyes in fixed-bed columns is lar-
gely dependent on the initial dye concentration. On
the other hand, flow rate is one of the important char-
acteristics in evaluating adsorbents for continuous
treatment of dye-laden effluents on an industrial scale.
The adsorption breakthrough curves obtained by vary-
ing the flow rates (0.6, 0.9 and 1.3 L/h) for different
initial MB concentrations (25 and 50 mg L−1) for MP
are given in Fig. 3. The breakthrough curves were
obtained by plotting the variation of solute concentra-
tion in the aqueous solution (normalized with the ini-
tial concentration of the dye in the solution) with
time. The most efficient adsorption performance will
be obtained when the shape of the breakthrough curve
is as sharp as possible. Fig. 3 shows that for short
times MB in the feed is taken up completely by the
column. After a while, dye breakthrough occurs and

(a) 

(b) 

Fig. 1. SEM images for MP: (a) 500×, (b) 5,000×.

% T

Wavelength (cm-1)

Fig. 2. FTIR spectrum of MP.
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the effluent concentration increases with time. The
breakthrough times were measured when the MB con-
centration (C) reached 0.03 C0 (initial concentration).
The saturation point is reached when the effluent con-
centration becomes equal to the feed concentration.

The variation of breakthrough and saturation times
with respect to operating variables, influent flow rate
and initial dye concentration, is shown in Fig. 4. Both
breakthrough and exhaustion times decrease with the

increase in the initial dye concentration, as constant
binding sites are available for adsorption. The mass of
the adsorbent forming the homogenous fixed bed is
proportional to the dye adsorbed quantity and as a
result, both breakthrough and exhaustion times
decrease with the increase in the initial dye concentra-
tion. As expected, for a given initial dye concentration,
the breakthrough and saturation times are strongly
influenced by the flow rate. Fig. 4 shows that by

Table 1
Langmuir, Freundlich, and Temkin isotherm models constants and determination coefficients for the adsorption of MB
by MP at four different temperatures

Model Parameters

Langmuir qm (mg/g) b (L/mg) × 103 R2 APE (%)
25˚C 333.33 11.3 0.999 5.08
Freundlich KF (mg 1−1/n L1/n g−1) n R2 APE (%)
25˚C 6.99 1.51 0.954 16.83
Temkin at (L/mg) bt (J/mol) R2 APE (%)
25˚C 0.29 55.08 0.978 20.67
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Fig. 3. Breakthrough curves for the adsorption of MB by
MP at different initial dye concentrations and flow rates.
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reducing the flow rate, the breakthrough and exhaus-
tion times increased for a fixed bed height. This flow
rate dependence can be accounted for by the fact that
for lower value of flow rate, the contact time is longer,
and hence the interaction between the dye and the
adsorbent is also greater. This leads to higher rate of
dye adsorption. On the other hand, for higher flow
rate, the contact time is shorter and the dye adsorption
is also lower due to lesser interaction.

3.4. Modeling of dynamic adsorption

Successful design of a column adsorption process
required prediction of the concentration–time profile
or breakthrough curve for the effluent. Various mathe-
matical models can be used to describe fixed-bed
adsorption. The dynamic behavior of the column was
predicted with the Bohart and Adams, Clark,
Wolborska, and Yoon and Nelson models. The break-
through curves showed the superposition of experi-
mental results (points) and the theoretical calculated
points (lines). Linear correlation coefficients (R)
showed the fit between experimental data and linear-
ized forms of Bohart and Adams, Clark, Wolborska,
and Yoon and Nelson equations.

3.4.1. Application of the Bohart and Adams model

Bohart and Adams [29] established the fundamental
equation, describing the relationship between C/C0 and
t for the adsorption of chlorine on charcoal in a fixed-
bed column. Although, the original work by Bohart and
Adams was done for the gas–charcoal adsorption sys-
tem, its overall approach can be applied successfully in
quantitative description of other systems. This model
assumes that the adsorption rate is proportional to both
the residual capacity of the activated carbon and the
concentration of the sorbing species. The mass transfer
rates obey the following equations:

ln
C0

C
� 1

� �
¼ KBAN0Z

U0
� KBAC0t (7)

where C is the effluent concentration (mg/L), C0 the
influent concentration (mg/L), KBA the adsorption rate
coefficient (L/mg h), N0 the adsorption capacity
(mg/L), Z the bed height (mm), U0 the linear velocity
(mm/h), and t is the time (h).

The model constants KBA and N0 can be deter-
mined from a plot of ln [(C/C0)−1] against t at a given
flow rate, bed height, and initial dye concentration
(Fig. 5). The model gave a good fit of the experimental
data at all flow rates and all initial dye concentrations

examined with correlation coefficients higher than
0.977. The parameters of Bohart and Adams model are
tabulated in Table 2. The value of kinetic constant was
influenced by flow rate and increased with increasing
flow rate.

3.4.2. Application of the Clark model

The model developed by Clark [30] was based on
the use of a mass transfer concept in combination with
the Freundlich isotherm:

ln
C0

C

� �n�1

� 1

" #
¼ lnA� rt (8)

where C is the effluent concentration (mg/L), C0 the
influent concentration (mg/L), n is the Freundlich
parameter, and A and r are the Clark constants.

Eq. (8) was applied to the effluent data for
the fixed-bed adsorber using linear regression. The
Freundlich constant n was used to calculate the
parameters in the Clark model. From a plot of ln
[(C0/C)

n−1 −1] vs. time, the values of r (1/h) and A
can be thus determined from its slope, and intercept,
respectively (Fig. 6).
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Fig. 5. Bohart and Adams model for dynamic adsorption
of MB at various initial dye concentrations and flow rates.
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The parameters of the Clark equation and the cor-
relation coefficients (R) for all flow rates and initial
dye concentrations are given in Table 3. It seems that
the Clark parameter r decreases with the decrease in
flow rate. The correlation coefficients for the linear
regression are acceptable showing good agreement of
Clark model with the experimental data.

3.4.3. Application of the Wolborska model

Analysis of adsorption-column performance has
been attempted by means of the Wolborska model

Table 2
Bohart and Adams model parameters for MB adsorption by MP at different initial dye concentrations and flow rates

C0 (mg/L) Q (L/h) U0 (mm/h) KBA × 103 (L/mg h) N0 (mg/L) R

25 0.6 7,639.44 5.88 34,910 0.991
0.9 11,459.16 7.04 39,928 0.977
1.3 16,552.11 12.52 33,144 0.980

50 0.6 7,639.44 5.44 40,121 0.993
0.9 11,459.16 7.46 38,709 0.979
1.3 16,552.11 12.28 35,989 0.982
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Fig. 6. Clark model for dynamic adsorption of MB at vari-
ous initial dye concentrations and flow rates.

Table 3
Clark model parameters for MB adsorption by MP at dif-
ferent initial dye concentrations and flow rates

C0 (mg/L) Q (L/h) r (1/h) lnA R

25 0.6 0.118 1.250 0.987
0.9 0.139 1.032 0.981
1.3 0.249 1.062 0.981

50 0.6 0.218 1.355 0.991
0.9 0.300 1.090 0.989
1.3 0.488 1.186 0.989
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Fig. 7. Wolborska model for dynamic adsorption of MB at
various initial dye concentrations and flow rates.
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[31] that is used for the description of breakthrough
curve in the range of the low concentration. The mass
transfer in the fixed-bed adsorption was described by
the following equation:

ln
C

C0
¼ baC0

N0
t� baZ

U0
(9)

where C is the effluent concentration (mg/L), C0 the
influent concentration (mg/L), βa is the kinetic coeffi-
cient of the external mass transfer (1/h), N0 is the
exchange capacity (mg/L), U0 is the superficial fluid

velocity (mm/h), and Z is the height of the fixed bed
(mm).

According to the Wolborska model, the break-
through curves were linearized by plotting ln C/C0

vs. t. A nonlinear relationship between ln C/C0 and t
is obtained for ln C/C0 < −2, for all breakthrough
curves as shown in Fig. 7. It is clear that the Wol-
borska model is not valid for the relative concentra-
tion region.

3.4.4. Application of the Yoon and Nelson model

Yoon and Nelson [32] developed a relatively simple
model addressing the adsorption and breakthrough of
adsorbate vapors or gases with respect to activated
charcoal. This model was based on the assumption that
the rate of decrease in the probability of adsorption for
each adsorbate molecule was proportional to the proba-
bility of adsorbate adsorption and the probability of
adsorbate breakthrough on the adsorbent. The Yoon
and Nelson model not only is less complicated than the
other models, but also requires no detailed data con-
cerning the characteristics of adsorbate, the type of
adsorbent, and the physical properties of adsorption
bed.

The Yoon and Nelson equation regarding a single-
component system was expressed as:

ln
C

C0 � C
¼ KYN t� t1=2KYN (10)

where KYN is the rate constant (1/h), t1/2 the time
required for 50% adsorbate breakthrough (h), and t is
the time (h).

The model developed by Yoon and Nelson was
applied to investigate the breakthrough behavior of
MB onto a MP. The values of KYN (the rate constant),
and t1/2 (the time required for 50% adsorbate break-
through) were determined from ln [C/(C0 −C)] against
t plots at different flow rates and initial dye concentra-
tions (Fig. 8). These values were used to calculate the
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Fig. 8. Yoon and Nelson model for dynamic adsorption of
MB at various initial dye concentrations and flow rates.

Table 4
Yoon and Nelson model parameters for MB adsorption by MP at different initial dye concentrations and flow rates

C0 (mg/L) Q (L/h) KYN (1/h) t1/2 (h) (theoretical) t1/2 (h) (exp.) R

25 0.6 0.147 18.28 18.5 0.991
0.9 0.176 13.94 14.68 0.977
1.3 0.313 8.01 9.09 0.980

50 0.6 0.272 10.50 11.08 0.993
0.9 0.373 6.76 6 0.979
1.3 0.614 4.35 4.43 0.982

C. Djelloul and O. Hamdaoui / Desalination and Water Treatment 56 (2015) 2966–2975 2973



breakthrough curve. The values of KYN and t1/2 are
also listed in Table 4. Table 4 indicates that the rate
constant KYN increased and the 50% breakthrough
time t1/2 decreased with increase in both flow rate
and initial dye concentration. The data in Table 4 also
indicated that t1/2 values are in agreement with the
experimental results. Similar trend was reported for
the adsorption of MB by cedar sawdust and crushed
brick [33]. It seems that adsorption breakthrough
could be well described by the Yoon and Nelson
model.

4. Conclusions

The aim of the present work was to study and
model the dynamic removal of MB from aqueous
solutions by adsorption onto MP in packed bed col-
umns. The breakthrough curves have been determined
at various flow rates and initial dye concentrations at
25˚C. The obtained results showed that both break-
through and exhaustion times decreased with the
increase in the initial dye concentration, as constant
binding sites are available for adsorption. The mass of
the adsorbent forming the homogenous fixed bed is
proportional to the dye-sorbed quantity and as a
result both breakthrough and exhaustion times
decreased with the increase in the initial dye concen-
tration. For a given initial dye concentration, the lower
the flow rate is, the higher are the breakthrough and
exhaustion times. This flow rate dependence can be
accounted for by the fact that for lower value of flow
rate, the contact time is longer and hence the interac-
tion between the dye and the adsorbent is also
greater.

The equilibrium distribution of dye between solid
and liquid phases was modeled by the Langmuir,
Freundlich, and the Temkin isotherm equations. It
was found that the equilibrium data were very well
described by the Langmuir model.

Several models were applied to experimental data
obtained from dynamic studies performed on fixed
columns to predict the breakthrough curves and to
determine the column kinetic parameters. These mod-
els gave good approximations of experimental behav-
ior, with the exception of that of Wolborska, for all
flow rates and initial dye concentrations. The initial
segment of the breakthrough curve was not well
defined by the Wolborska model, while the whole
breakthrough curve was well predicted by the Bohart
and Adams, Clark, and the Yoon and Nelson models.

This work revealed that MP can be successfully
employed as an adsorbent for dye removal from
wastewaters.
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Nomenclature

A — constant in the Clark model
b — Langmuir adsorption constant, L/mg
C — effluent MB concentration, mg/L
Ce — non-adsorbed MB concentration at equilibrium,

mg/L
C0 — inlet (feed) or initial MB concentration, mg/L
KBA — kinetic constant in the Bohart and Adams

model, L/mg h
KF — Freundlich adsorption constant, mg1−1/n L1/n g−1

KYN — kinetic constant in the Yoon and Nelson model,
L/h

n — Freundlich adsorption constant
N0 — maximum adsorption capacity, mg/L
q — MB concentration in the solid phase in the

column at any time, mg/L
qe — equilibrium MB uptake per g of adsorbent, mg/g
qm — maximum adsorption capacity in the Langmuir

model, mg/g
Q — flow rate, mL/h
r — constant in the Clark model, 1/h
t — time, h
tb — time at breakthrough, h
t1/2 — time required for 50% adsorbate breakthrough, h
U0 — superficial velocity, mm/h
V — volume of solution, L
W — weight of adsorbent, g
Z — height of the bed, mm

Greek letter
βa — kinetic coefficient of the external mass transfer

in the Wolborska model, 1/h
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