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a b s t r a c t
The purpose of this work was to remove methylene blue (MB) from water using natural eggshell 
membrane (ESM) in fixed-bed column. The ESM was treated and characterized by Fourier transform 
infrared spectra (FTIR), scanning electron microscope (SEM) and X-ray diffraction (XRD). A series 
of experiments were carried out to investigate the effects of bed height on breakthrough curve, flow 
rate, MB concentration, solution pH (2–10), the ionic strength and temperature on the adsorption 
behavior. The experimental results show that the adsorption capacity increases with the increase in 
the bed depth and MB concentration. However, it decreases with increasing the flow rate and tem-
perature. The ESM adsorption capacity of MB is more pronounced in basic medium. The addition of 
NaCl salt ions decreases the fixation of MB on ESM. Five kinetic models, Bohart–Adams, Wolborska, 
Thomas, Yoon–Nelson and bed depth service time (BDST) models were applied to experimental data 
in order to predict the breakthrough curves using non-linear regression and to determine the char-
acteristic parameters of the column useful for process design. The results showed that Thomas and 
Yoon–Nelson models were found suitable for the normal description of breakthrough curve at the 
experimental condition, while Adams–Bohart and Wolborska models were only for an initial part of 
dynamic behavior of the ESM column. Desorption of MB from ESM bed was performed with distilled 
water as the desorbing agent, and reuse study was investigated.
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1. Introduction

Nowadays, the issue of water contamination has become 
a major issue worldwide, with the rapid development of 
modern industries [1]. Industrial effluents are one of the 
major causes of environmental pollution. Dyes are generally 
very toxic [2] and slightly biodegradable, which engender 
wastewaters with characteristic high color, high organic mat-
ter content, high chemical oxygen demand and low biochem-
ical oxygen demand. The cationic dyes are generally utilized 
for various purposes because of their applicability, durability 
and good fastness to the materials; however, their demerit 

effects are immense. Cationic dyes are known to have car-
cinogenic, mutagenic and high coloring effects for the whole 
ecosystem when released as waste in the environment [3].

Methylene blue (MB), a cationic dye, has wide applica-
tions which make it one of the common dye effluents. A few 
endeavors have been made by scientists to address MB health 
effect as a pollutant in wastewater through the development 
and application of various adsorbents for its uptake [4–7]. 
Recently, many works have been investigated for the devel-
opment of low-cost adsorbents for water treatment including 
natural biosorbents [8–10], industrial and agricultural waste 
materials [11–13].

Eggshell membrane material (ESM) as a low-cost absor-
bent, eco-friendly and abundant has been explored as a novel 
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absorbent for the removal of pollutant in the fixed-bed  column 
system from aqueous solution [14]. The eggshell membrane, 
which is the thin layer between the egg white and the shell, 
is composed of network of fibrous proteins that has a large 
surface area with special functional groups such as hydroxyl 
(–OH), sulfhydryl (–SH), carboxyl (–COOH), amino (–NH2), 
etc, which strongly interact with several pollutant species. 
Because of the presence of these functions in ESM structure, it 
could be a successful sorbent for water treatment [15]. On the 
other hand, it was estimated that one eggshell membrane con-
tains between 7,000 and 17,000 pores. Many studies [16] have 
been conducted to explore useful applications for eggshell 
membrane. Such research studies have shown that eggshell 
membrane is able to adsorb dyes [17] and heavy metal ions in 
waters and wastewaters [18]. Also, it is a biocompatible mate-
rial which is easily degraded, resulting in little secondary pol-
lution for environmental and biological safety [15].

On the other hand, recovery of MB from aqueous solution 
was widely studied using different techniques and materials. 
Several researchers have applied several low-cost materials 
such as jackfruit (Artocarpus heterophyllus) leaf powder [19], 
natural zeolite [20], carbon prepared from oil palm shell [3], 
guava (Psidium guajava) leaf powder [21] to remove MB from 
aqueous solution. However, to date, no study has ever per-
formed using ESM as an adsorbent to remove MB in fixed bed.

The aim of the present study is to explore the possibility 
of utilizing ESM for adsorptive removal of MB from water 
using fixed-bed adsorption column. The effects of different 
parameters such as: bed depth, flow rate, initial MB concen-
tration, pH, ionic strength and temperature were investigated 
on the adsorption capacity. Finally, five models were studied: 
Adams–Bohart, Wolborska, Thomas, Yoon–Nelson and BDST.

2. Materials and methods

The ESM material was obtained from the eggshell wastes 
collected from different local restaurants. Sodium hydrox-
ide (NaOH), hydrogen chloride (HCl), sodium chloride 
(NaCl) and MB (C.I. 52015 C16H18CIN3S) were purchased 
from Sigma-Aldrich-Fluka (Saint-Quentin, Fallavier, France). 
Solutions were prepared using distilled water. The syn-
thetic dye solution was prepared by dissolving an accurately 
weighed amount of dye (1 g L–1) in distilled water and subse-
quently diluted to the required concentration.

2.1. Preparation of ESM adsorbent

Firstly, the eggshell was washed with water and boiled 
in distilled water for 15 min to remove residual impurities. 
Then the ESM was manually stripped from eggshell and 
finally dried at ambient air for 24 h. The eggshell membrane 
was further ground to prepare powders particles. The pow-
der was filtered and only the particles of size between 360 
and 500 μm were used. The powder obtained was dried at 
50°C, and then stored in desiccators until usage. The adsorp-
tion tests were carried out in dynamic mode.

2.2. ESM characterization

Sample of ESM was characterized by Fourier transform 
infrared analysis (FTIR), scanning electron microscope (SEM) 

and X-ray diffraction (XRD) methods. FTIR was recorded to 
identify the functional groups of ESM material using the 
IR Affinity –1 in combination with a single reflection ATR. 
Scanning electron microscope (JEOL JSM 6390 LU) model 
was used for determination of the ESM morphological struc-
ture before and after adsorption of MB. XRD measurements 
were performed on a Shimadzu XRD-6000 diffractometer 
using copper Kα radiation (λ = 1.5060 Å), generator setting of 
40 kV, 40 mA, a scanning speed of 0.01° min–1 and a 2θ angle 
ranging from 3 to 70.

2.3. Column adsorption experiments

Column experiments were conducted at the laboratory 
scale in a glass column (diameter: 11 mm, length: 300 mm). 
Different quantities of ESM, 0.06, 0.11 and 0.165 g corre-
sponding to 10, 20 and 30 mm bed heights, respectively, were 
measured using the column. Different flow rates 1, 2 and 
3 mL min–1 were applied using a peristaltic pump (ISMATEC 
A39494) to adsorb MB at different initial concentrations 5, 
10 and 15 mg L–1.

MB solution with initial concentration flowed from the 
top of the column. The flow rate was controlled by a con-
stant flow pump. The flow to the column continued until 
the effluent dye concentration at time t (Ct) reached the 
influent dye concentration (C0): Ct/C0 ~ 0.98. The perfor-
mance of the packed bed is described in the present work 
using the concept of the breakthrough curve. Samples are 
collected at regular intervals (3 min) from the exit of the 
column. The residual concentration of MB was determined 
at a wavelength of λmax = 664 nm using UV–Vis spectropho-
tometer (JENWAL 7315). The biosorption study was per-
formed at room temperature 20°C ± 2°C and initial pH of 
7 ± 0.2. Adjustment of the pH solution was effected with 
HCl (0.1 M) and NaOH (0.1 M) and monitored by a pH 
meter (HANNA HI9812–5). Operation of the column was 
stopped when the ESM adsorbent becomes saturated. The 
desorption of MB molecules adsorbed in the ESM bed col-
umn was carried out by washing with distilled water. The 
regenerated ESM bed column was reused to adsorb MB at 
the following conditions: flow rate: 2 mL min–1, bed depth: 
20 mm and MB concentration: 10 mg L–1. The adsorption 
experiments were repeated at least twice and the average 
error was around 3%.

2.4. Analysis of experimental data

The MB adsorption breakthrough profiles were obtained 
from 

C
C
t

o
 vs. t (min) plot; where Ct is effluent concentration, C0 

influent concentration and t is the service time. The volume 
of effluent treated is determined as [22]:

V Fteeff =  (1)

where F (mL min–1) and te (min) are the influent flow rate 
and time of exhaustion.

The total quantity of MB adsorbed in the ESM bed 
column (qtotal) is calculated from the area below breakthrough 
curve multiplied with flow rate by using the following 
equation [23]:



R. Zerdoum et al. / Desalination and Water Treatment 81 (2017) 252–264254

q FA F C dt
t

t

total

total

ad= =
=

=

∫1000 1000 0

 (2)

where Cad equals to (C0 – Ct) and the breakthrough is obtained 
by plotting Cad vs. time t. A is the area under Cad vs. t curve, 
C0 is initial MB concentration and Ct is effluent MB concentra-
tion, respectively. The uptake qeq(exp) (mg g–1) is calculated by 
dividing qtotal to the biosorbent mass (m) [24]:

q
q
meq
total

( )exp =  (3)

From the adsorption capacity, Nexp (mg L–1) can be calcu-
lated by the following equation:

N q m
Vexp exp=  (4)

where V (mL) is the volume of the adsorbent.
Amounts of adsorbate passed into the column Wtotal (mg) 

is determined as follows:

W
C Qt

total
total= 0

1000
 (5)

The percentage adsorbate uptake is calculated as follows:

R
q
W

% = ×total

total

100  (6)

2.5. Kinetic models of ESM fixed-bed column adsorption

In this study, five theoretical models, Bohart–Adams, 
Wolborska, Thomas, Yoon–Nelson and BDST have been 
applied to predict the breakthrough curves.

2.5.1. Bohart–Adams model

The Bohart–Adams model was used for the descrip-
tion of the initial part of the breakthrough curve. This 
model assumes that the adsorption rate is proportional to 
the residual capacity of the solid and the concentration of 
the adsorbed substance [25]. The model equation can be 
expressed as follows [26]:

C
C

K C t K N Z
U

t

0
0 0= −









exp BA BA  (7)

where C0 and Ct (mg L–1) are the initial and breakthrough con-
centrations, KBA (L mg–1 min–1) is the sorption rate coefficient, 
N0 (mg L–1) is the fixed-bed sorption capacity per unit vol-
ume, Z (mm) is the bed depth in the column, U (mm min–1) is 
the linear velocity and t (min) is the time.

2.5.2. Wolborska model

Wolborska [27] has proposed a model based on the gen-
eral equations of mass transfer for diffusion mechanism in 

the range of the low concentration breakthrough curve. The 
Wolborska sorption model was applied to experimental on 
data for the description of the initial part of the breakthrough 
curve which can be defined as:
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The parameters of the Wolborska equation are βa (min–1), 
representing the kinetic coefficient of the external mass trans-
fer, and N0 (mg L–1), representing the saturation concentration 
of the fixed-bed reactor.

2.5.3. Thomas model

This model has been applied for biosorption prog-
ress where the external and internal diffusion limitations 
are absent [28]. The Thomas model is used to calculate the 
adsorption rate constant and the solid phase concentration of 
the dye on the adsorbent from the continuous mode studies. 
The model has the following form:

C
C K q m

Q
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t

0
0

1
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=
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th

 (9)

The kinetic coefficient Kth and the adsorption capacity of 
the column qth can be determined from a plot of C

C
t

o

 against 
t for a given flow rate using non-linear regression analysis.

2.5.4. Yoon and Nelson model

Yoon and Nelson [29] developed a relatively simple 
model for the adsorption and breakthrough of adsorbate 
vapors or gases onto activated charcoal. The model is based 
on the assumption that the rate of decrease in the probability 
of adsorbate molecule is proportional to the probability of 
adsorbate breakthrough on the adsorbent.

The Yoon and Nelson model is not only less complicated 
than other models, but also requires no detailed data con-
cerning the characteristics of adsorbate, the type of adsor-
bent and the physical properties of adsorption bed. For a 
single-component system, it can be expressed as follows [29]:

C
C C

K t Kt

t0 −
= −exp( )YN YNτ  (10)

where KYN is the rate constant (min–1), τ is the time required 
for 50% sorbate breakthrough (min) and t is the time (min). 
The parameters of KYN and τ can be obtained using the 
non-linear regressive method.

2.5.5. Bed depth service time analysis model

The bed service time model was proposed by Bohart and 
Adams in 1920 in their study on the adsorption of chlorine 
in charcoal [26]. The model is based on the assumption that 
the rate of adsorption is controlled by the surface reaction 
between adsorbate and the unused capacity of the adsor-
bent [30]. The bed depth service time model can be used to 



255R. Zerdoum et al. / Desalination and Water Treatment 81 (2017) 252–264

estimate the required bed depth for a given service time. A 
linear relationship between and bed depth and service time 
is given by the following Eq. (11) [30]:

t
N
C U

Z
K C

C
Cb
b

= − −0

0 0

01 1
'

( )
BA

ln  (11)

where tb (min) is the service time and Cb (mg L–1) is the 
 specific breakthrough concentration. N mg L0

1'( . )−  is the 
 sorption capacity, C0 (mg L–1) is the initial concentration, 
U (mm min–1) is superficial fluid velocity and Z (mm) the 
height of the fixed bed.

2.6. Test of kinetic models

The parameters of different kinetic models were obtained 
using non-linear analysis according to the least normalized 
standard deviation, SD (%) and chi-square test x2. The con-
formity of model is better when the correlation coefficient is 
higher [31] and the error is lower [32]. The relative mathe-
matical formulas are:
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where (ct/c0)c is the ratio of effluent and influent MB 
 concentrations obtained from calculation according to 
dynamic models, and the (ct/c0)e is the ratio of effluent and 
influent MB concentrations obtained from experiment, 
respectively, and N is the number of experimental data.

3. Results and discussion

3.1. Characterization of ESM

3.1.1. SEM analysis

The morphological structure of ESM before adsorption 
presented in Fig. 1(a) revealed by SEM analysis showed that 
ESM appears as rod-like fibrous fractures [33]. However, after 
the adsorption of MB (Fig. 1(b)), there is porosity loss of ESM 
surface resulting from the accumulation of MB molecules.

3.1.2. Fourier transform infrared spectroscopy analysis

FTIR spectra of ESM before and after MB adsorption 
are shown in Fig. 2. FTIR spectrum can be divided into two 
regions: the first one is between 3,725 and 2,300 cm–1, and the 
second one is below 1,700 cm–1. In the first region, the most 

(a) 

(b) 

Fig. 1. SEM photographs (X 2500) of (a) eggshell membrane 
before MB adsorption and (b) eggshell membrane after MB 
adsorption.

Fig. 2. FTIR spectra of ESM before and after adsorption of MB.
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intense peak is fixed at 3,274 cm–1, which corresponds to the 
stretching mode of O–H and N–H groups. Peaks at 3,060 and 
2,929 cm–1 correspond to the asymmetric stretching vibra-
tions of the C–H bonds present in =C–H and =CH2 groups 
[34]. However, in the second region, peaks correspond to 
the following groups: at 1,643 cm–1: amide C=O stretch-
ing, 1,536 cm–1: vibration amide N–H bending, 1,451 cm–1: 
CH2 scissoring, 1,109 cm–1: C–N stretching and 597 cm–1: 
C–S [35–37]. On the other hand, after MB adsorption, it is 
observed that the intensity of the following peaks: OH and 
N–H: 3,270 cm–1, C=O: 1,522 cm–1, amide N–H: 1,421 cm–1, 
amine C–N: 1,065 cm–1 decreased. These shifts indicate that 
the interaction was occurred between MB functional groups 
and ESM surface.

3.1.3. X-ray diffraction

X-ray diffractogram of ESM is presented in Fig. 3. XRD 
analysis is very important to distinguish which kind of the 
material structure is and to identify the crystal composition. 
From the XRD pattern, we notice that the material does not 
have any kind of crystal structure (there are no diffraction 
peaks) which confirms that this material has no crystal struc-
ture (amorphous).

3.2. Effect of flow rate on the breakthrough curve

To investigate the effect of flow rate on MB adsorption, 
different flow rates varies from 1.0 to 3.0 mL min–1 were tested 
at MB concentration of 10 mg L–1 and ESM bed depth equal 
to 20 mm. The breakthrough curves of MB adsorption at dif-
ferent flow rates are illustrated in Fig. 4. From these results, 
we can notice that the breakthrough generally occurred faster 
with a higher flow rate. The break point of the curve reach-
ing saturation was significantly increased with a decrease in 
flow rate. The results are summarized in Table 1. An incre-
ment in the flow rate from 1.0 to 3.0 mL min–1 leads to the 
MB adsorption speed. The increase of the flow rate affects the 
mass transfer (diffusion of MB molecules to the ESM porous). 
Therefore, a quick reaction between MB molecules and ESM 
functional groups takes place.

3.3. Effect of bed depth (amount of adsorbent) on the  
breakthrough curve

The breakthrough curves at different ESM bed depths 
(10, 20 and 30 mm) and at MB concentration of 10 mg L–1 
and flow rate equal to 2.0 mL min–1, were plotted. The results 
obtained are shown in Fig. 5 and summarized in Table 1. The 
MB adsorption was significantly enhanced with the incre-
ment of ESM bed depth. A higher bed depth contains more 
adsorption sites and higher surface area, resulting in a faster 
adsorption of MB molecules [3]. However, in the shorter bed, 
the exhaustion approached faster and performance declined. 
Similar results have been obtained in other studies [38, 39].

3.4. Effect of initial concentration on the breakthrough curve

To evaluate the effect of initial MB concentration on the 
breakthrough curve, a set of adsorption experiments was 
performed using 20 mm of sorbent bed depth, 2 mL min–1 

of feed flow rate and varying the MB inlet concentration 
(5–15 mg L–1). The results shown in Fig. 6 demonstrated that 
the increase of the initial MB concentration led to a decrease 
of the breakthrough time. At the first 66 min of the column 
operation, the value of ct/c0 reached 0.02, 0.015 and 0.01 when 
the inlet concentrations were 15, 10 and 5 mg L–1, respectively. 
The extension of breakthrough point in the lower influent 
concentration was due to lower mass transfer in the adsorp-
tion process which leads to the treatment of more volume 
of MB solution [40]. The results indicate that the adsorbent 
is capable of holding a maximum adsorption capacity of 
28.745 mg g–1 at 15 mg L–1 of influent concentration.

Total adsorbed MB quantity (qtotal), removal percentage 
and the experimental adsorption capacity increased with MB 
inlet concentration from 5 to 15 mg L–1.

4. Modeling

4.1. Bohart and Adams model

The model’s experimental sorption capacity N0 was found 
to increase with the increase in MB concentration. It decreases 
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Fig. 3. XRD analysis results for the ESM before adsorption.
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models for methylene blue adsorption by ESM (pH = 7 ± 0.2, 
C0 = 10 mg L–1 and Z = 20 mm).
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with the increment in solution flow rate for adsorption of MB 
on ESM (Table 2). Also, it is observed that the mass transfer 
coeffecient, KBA, decreases with a rise in the initial MB con-
centration. This is attributed to dominance of external mass 

transfer activities during adsorption in the column at the ini-
tial stages [41]. The model well predicted the breakthrough 
time, especially at higher bed height.

4.2. Wolborska model

N0 and βa were calculated from Ct/Co vs. t (min) plot for 
all concentrations, flow rate and bed height are presented in 
Table 2. According to the values, it was observed that KBA is 
equal to βa/No which indicated that the expression of Wolborska 
solution is equivalent to the Adams–Bohart relation. The val-
ues of βa are decreased while N0 increased. It was concluded 
that overall system kinitics is dominated by the external mass 
transfer in the initial part of dynamic biosorption.

4.3. Thomas model

From Table 2 it is seen that the Thomas rate constant 
decreases with an increase in influent dye concentration. 
The reason is that the driving force for adsorption is the 
concentration difference between the dye on the adsor-
bent and the dye in the solution [42]. However, as the bed 
heights increased the value of qth increased, but the value 
of Kth decreased. With flow rate increasing, the values of qth 
decreased and the value of Kth increased. It is noticed that val-
ues of determined coefficients are higher (R2 > 0.98). It is also 
interestingly observed from the data summarized in Table 2 
that the qth values calculated from the Thomas model are very 
close to the amount value obtained experimentally, termed 
as qexp. It can be argued that the Thomas model is the most 
suitable one to describe MB adsorption in the ESM fixed bed.

4.4. Yoon and Nelson model

The fitting results are tabulated in Table 2, and they 
show that the rate constant KYN increased and τ decreased 
with increasing flow rate. This was due to the fact that higher 
flow rate would result in the insufficiancy of the adsorption 
and achieving the adsorption equilibrium early. However, 
the same trend was also observed when the bed heights 
increased the rate constant KYN decreased. The data in Table 2 
also indicate that values of τ are similar to the experimental 
results, the R2 are superior to 0.98 and x2 less than 0.00150, 
which indicates that the data fits into the model perfectly 
[43]. Han et al. [44] reported that the values of KYN and τ cor-
respond well to experimental data. The same conclusion was 
found by Aksu and Gonen [42].

Table 1
The conditions and the results for the fixed-column experiments (T = 20 ± 2°C, pH = 7 ± 0.2)

C0 (mg L–1) Z (mm) F (mL min–1) tb (min) ttotal (min) Veff (mL) Wtotal (mg) qtotal (mg) qexp (mg g–1) R (%)

10 10 2 15 160 320 3.2 1.6 26.611 50.00
10 20 2 39 280 560 5.2 2.9 27.910 55.77
10 30 2 70 500 1,000 9.2 4.7 29.260 51.11
5 20 2 66 360 720 3.6 1.83 16.636 50.83

15 20 2 21 180 360 5.1 3.16 28.745 61.96

10 20 1 66 600 600 5.6 3.248 30.937 58.00
10 20 3 10 145 435 4.35 2.12 19.272 48.73
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Fig. 5. Comparison of the experimental and predict breakthrough 
curves obtained at different ESM bed heights according to 
the studied models for methylene blue adsorption by ESM 
(pH = 7 ± 0.2, C0 = 10 mg L–1 and D = 2 mL min–1).
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Fig. 6. Comparison of the experimental and predict breakthrough 
curves obtained at different MB concentrations according to 
the studied models for methylene blue adsorption by ESM 
(pH = 7 ± 0.2, Z = 20 mm, F = 2 mL min–1).
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4.5. Bed depth service time

Fig. 7 shows that the plots of the service time (tb) at 10%, 
30%, 60% and 90% breakthrough points, that is, tb at Ct/C0 
equal to 0.1, 0.3, 0.6 and 0.9, respectively, vs. the bed height 
and the BDST constants listed in Table 3. All the coefficients 
of determination R2 exceeded 0.98, indicating that the BDST 
model might be applicable to represent the MB adsorption in 
ESM fixed-bed column. At Cb/C0 around 0.6 and 0.9, the simu-
lated KBA were abnormal and showed negative values, which 
might be due to the limitation of BDST model. The results 
found are in agreement with other studies [45].

5. Effect of initial solution pH on the breakthrough curve

The pH factor is very important in the adsorption pro-
cess, especially, for dye adsorption. The results of the pH 
effect on the breakthrough curves are shown in Fig. 8. The 
calculated results are listed in Table 4 and the experimen-
tal data were fitted by Thomas model. At pH 8–10, ESM 
reached the highest MB adsorption capacity of 38.460 and 
70.214 mg g–1, respectively. However, at pH 6–2 the adsorp-
tion capacity decreases from 18.612 to 0.818 mg g–1. ESM 
contains positively charged functional groups as –NH3

+ and 
–CO–NH2

+ which are dependent on the pH of the aqueous 
solution [46], that is, when the initial pH was lower than 
6.0, the ESM acquires the positive charge, the predominant 
species of MB will compete with the high concentration of 
H+ to bind to the active sites of adsorbent, the adsorption 
equilibrium was achieved rapidly and a few MB could be 
adsorbed onto ESM. However, at the initial pH higher than 

6.0, few carboxyl groups were protonized, the electrostatic 
interaction between the ESM and cationic MB become sig-
nificantly attractive, and hence resulted in the increase of 
MB uptake.

6. Desorption and column regeneration

Regeneration of spent adsorbent is one of the important 
economic factors in assessing the feasibility of an adsorp-
tion system. Fig. 9 shows the desorbed curves. Fig. 10 
shows the recycles of biosorbed MB by ESM. After column 
adsorption, the regeneration of ESM fixed bed was carried 
for three cycles. The simulated results by Thomas model 
were summarized in Table 5. The values of elution effi-
ciency were 49.79%, 33.97% and 19% for the three respective 
biosorption elusion cycles. Similar percentages have been 
reported for desorption of MB using distilled water [47]. It 
is important to note that the third regeneration cycle took 
125 min, after which further MB desorption was negligible.

7. Effect of ionic strength

In this study, the effect of the ionic strength on the adsorp-
tion of MB on ESM fixed bed was investigated at two NaCl 
concentrations (0.1 and 0.01 N). The breakthrough curves are 
showed in Fig. 11. It is observed that with an increase of ionic 
strength from 0.01 to 0.1 mg L–1, the MB adsorption capacity 
decreases from 17.090 to 5.954 mg g–1. This is due the Na+ ions 
which are positioned adjacent to the surface of ESM. The asso-
ciation of positive ions around the adsorbent causes a decrease 
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Fig. 7. Linear regression of the BDST model at different 
breakthrough points (C0 = 10 mg L–1 and Q = 2 mL min–1).

Table 3
Calculated constants of the BDST model for adsorption of MB (C0 = 10 mg L–1and Q = 2 mL L–1)

Cb/C0 a (min mm–1) b (min) KAB × 103 (L mg–1 min–1) N0
′ (mg L–1) R2

0.1 6.35 ± 0.14 29.666 ± 3.11 7.405 1,336.9925 0.9989
0.3 7.25 ± 0.72 21.666 ± 15.59 3.910 1,526.4857 0.9804
0.6 6.70 ± 0.11 24.666 ± 2.49 –1.643 1,410.6850 0.9994
0.9 9.75 ± 0.14 46.666 ± 3.11 –4.710 2,052.8625 0.9904
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Fig. 8. Effect of pH solution on the breakthrough curves 
(Z = 20 mm, C0 = 10 mg L–1 and Q = 2 mL min–1).
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in the contact between the MB and the active sites on ESM 
which leads to decrease in the adsorption process. On the 
other hand, Na+ at high concentration can compete with MB 
molecules for the adsorption sites resulting surface saturation. 
Similar observation was found by other researchers [48].

8. Effect of temperature on breakthrough curves

The temperature effects have been investigated. The 
breakthrough curves at various temperatures and dif-
ferent bed heights were shown in Fig. 12. The simulated 
results of Thomas model were tabulated in Table 6. It has 
been observed that with the increase of temperature, the 
adsorption capacity of MB decreased, and the rate constant 
increased. At the same bed height, the capacity of adsorp-
tion shows clear changeable. The decrease in capacity of 
adsorption with rise in temperature is due to desorption 
caused by an increase in the available thermal energy. This 
phenomenon suggests that the surface is exothermic in 
nature and so low temperatures favor the adsorption pro-
cess [49]. This result was also in accordance with that in 
studies batch. On the other hand, the effect of temperature 
was studied by Baláz [16]. It was seen that the thermal sta-
bility of ESM is not very high, because it contains protein-
aceous fibers. Also, around 55°C, the thermal decomposi-
tion of ESM starts very early and the thermal denaturation 
of collagen takes place [50].

9. Thermodynamic analysis

The values of thermodynamic parameters, that is, free 
energy (ΔG°), enthalpy (ΔH°) and entropy changes (ΔS°) of 
the adsorption process were investigated in batch mode by 
agitation of 0.2 g the adsorbent in 200 mL solution (60 mg/L 
of MB) and shaken at 50 rpm at different temperatures 20°C, 
30°C and 40°C. The parameters of the process can be deter-
mined from the following equations:

∆ ° = −G RT KLln  (14)

lnK S
R

H
RTL =

∆
−
∆° °

 (15)

K
q
CL
e

e

=  (16)

where KL (L mol–1) is the apparent equilibrium constant,  
R (J mol–1 K–1) is the ideal gas constant and T is the absolute 
temperature (K).

The linear plot of lnKL against 1/T gives the enthalpy 
change as the slope and change in entropy as the intercept 
as presented in Fig. 13. The thermodynamic parameters are 
regrouped in Table 7.

Table 4
Thomas parameters for MB adsorption by ESM in fixed-bed systems at various pH

pH Z (mm) C0 (mg L–1) Q (mL min–1) Kth × 103 (mL mg–1 min) qth (mg g–1) qexp (mg g–1) R2 x2 × 103 SD (%)

2 20 10 2 113.70 ±16.67 0.880 ± 0.03 0.818 0.99123 1.80 4.24
4 20 10 2 8.50 ± 0.40 6.960 ± 0.11 6.520 0.99282 1.08 3.29
5 20 10 2 4.53 ± 0.20 13.351 ± 0.20 12.950 0.99287 1.01 3.17
6 20 10 2 6.05 ± 0.18 18.715 ± 0.11 18.719 0.99649 0.50 2.25
8 20 10 2 2.77 ± 0.10 39.274 ± 0.30 38.460 0.99375 0.48 2.20
10 20 10 2 1.19 ± 0.05 71.350 ± 0.81 70.214 0.98920 1.45 3.8
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Fig. 9. Desorption of MB from ESM column using distilled water 
(F = 2 mL min–1, Z = 20 mm, C0 = 10 mg L–1 and T = 20 ± 2°C).

0 50 100 150 200 250 300
0,0

0,2

0,4

0,6

0,8

1,0

 Original 
 1 st adsorption 
 Second adsorption 
 Third adsorption 
 Thomas model 

C
t/C

0

Time (min)
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From the results, it can be deduced that ΔG° values are 
negative for all the temperatures, which indicate the spon-
taneous nature of the adsorption process. The ΔG° values in 
the range from –20 to 0 kJ moL–1 are typically to those of the 
physisorption process [51]. The negative values of ΔH indi-
cated the exothermic nature of adsorption, which explain 
the decrease of MB efficiency as the temperature increased. 
Finally, the negative value of ΔS° suggests that the system 
exhibits random behavior. Similar results of adsorption of 
dyes onto different adsorbents with a negative change in 
entropy and enthalpy have been reported [52–55].

10. Evaluation of ESM as adsorbent

The adsorption capacity of ESM was compared with var-
ious natural adsorbents and also with a ESM/batch system 

for the removal of methylene blue. The comparison demon-
strates that this material has an acceptable/high adsorption 
potential. On the other hand, from Table 8, we can notice that 
the adsorption capacity of ESM/fixed-bed system (our study) 
is more important that ESM/batch system.
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Fig. 11. The effect of the ionic strength on the adsorption capacity 
(C0 = 10 mg L–1, H = 20 mm, F = 2 mL min–1 and pH = 7 ± 0.2).

Table 5
Parameters of Thomas model for the biosorption of MB by ESM

Kth × 103 (mL mg–1 min–1) N0 (mg g–1) R2 x2 × 103 SD (%)

Original 2.84 ± 0.76 29.66 ± 0.20 0.99539 0.60 2.45
1st biosorption 3.62 ± 0.17 16.11 ± 0.25 0.99242 0.95 3.09
2nd biosorption 8.65 ± 0.27 4.71 ± 0.06 0.99515 0.45 2.12
3rd biosorption 9.74 ± 1.10 0.93 ± 0.20 0.98451 1.29 3.59
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Fig. 12. Effect of bed height on the breakthrough curves at 
different temperatures 303 K (a) and 313 (b) (C0 = 10 mg L–1, 
Z = 20 mm, F = 2 mL min–1 and pH = 7 ± 0.2).

Table 6
Thomas parameters for MB adsorption by ESM in fixed bed

T (K) Z (mm) Kth × 103 (mL mg–1 min–1) qth (mg g–1) qexp (mg g–1) R2 x2
 × 103 SD (%)

293 10 4.16 ± 0.16 27.17 ± 0.32 26.61 0.99327 0.92 3.08
20 2.84 ± 0.76 29.66 ± 0.29 27.91 0.99539 0.60 2.45
30 2.81 ± 0.13 32.62 ± 0.20 29.26 0.98711 1.45 3.80

303 10 2.66 ± 0.14 21.376 ± 0.64 22.13 0.97577 2.27 4.76
20 2.53 ± 0.14 16.876 ± 0.41 17.55 0.97828 2.47 4.96
30 2.32 ± 0.09 16.358 ± 0.52 16.16 0.98927 1.44 3.79

313 10 3.89 ± 0.23 13.314 ± 0.45 14.76 0.98380 1.66 4.06
20 2.94 ± 0.23 13.129 ± 0.55 13.85 0.97218 3.37 5.80
30 2.53 ± 0.18 12.525 ± 0.45 12.91 0.97254 3.75 6.12
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11. Conclusions

This study was carried out to investigate the use of fixed-
bed adsorption column for the removal MB from aqueous 
solution using a low-cost adsorbent based on natural bioma-
terial eggshell membrane. The sorption of MB was dependent 
on the flow rate, pH, bed height and initial dye concentration. 
The results of this work show that the increase of bed height 
(adsorbent mass) led to improve the sorption performance. 
The ESM bed capacity was found to decrease with the increase 
in flow rate and temperature. The thermodynamic parameters 
revealed that the adsorption was spontaneous and exother-
mic. The increase in initial dye concentration resulted in higher 
uptake. A maximum uptake of 70.214 mg g–1 for MB adsorp-
tion by ESM, was found at 2 mL min–1 flow rate, 10 mg L–1 
initial dye concentration, 20 mm bed height and pH 10. The 
adsorption capacity in column increases with initial solution 
pH reaches 10. The MB removal efficiency decreases as ionic 
strength increases from 0.01 to 0.1 N. Several models were 

applied to experimental data obtained from dynamic stud-
ies performed on fixed columns to predict the breakthrough 
curves and to determine the column kinetic parameters. The 
dynamic behavior of the column was predicted by Bohart–
Adams, Wolborska, Thomas, Yoon–Nelson and BDST. All 
models were found suitable for describing the whole or a defi-
nite part of the dynamic behavior of the column.
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Symbols

C0 — Initial MB concentration, mg L–1

Ct — Effluent MB concentration, mg L–1

Veff — Effluent volume, mL
F — Influent flow rate, mL min–1

qtotal —  Total weight of MB adsorbed by adsorbent in  
column, mg

Cad — Adsorbed MB concentration, mg L–1

m — Adsorbent mass, g
R — Percentage of removal, %
te — Time of exhaustion, min
t — Service time of the column, min
Q — Flow rate, mL min–1

qexp —  Weight of MB adsorbed per gram of adsorbent 
from experiment, mg g–1

Nexp —  Experimental maximum sorption capacity, mg L–1

V — Volume of solution, mL
Wtotal — Total amount of MB sent to column, mg
KBA —  Kinetic constant of Bohart–Adams model,  

L mg–1 min–1

Z — Height of the bed, mm
N0 — Maximum sorption capacity, mg L–1

U — Linear velocity, mm min–1

Kth —  Kinetic constant of Thomas model, L mg–1 min–1

KYN —  Kinetic constant of Yoon–Nelson model, min–1

tb — Time at breakthrough, min
N′0 —  Adsorption capacity in BDST model, mg L–1

Cb — Breakthrough concentration, mg L–1

Ce —  Concentration of MB solution at equilibrium, mg 
L–1

qe —  Amount of MB adsorbed at equilibrium, mg L–1

KL — Apparent equilibrium constant, L mol–1

ΔG° — Standard free energy, kJ mol–1

ΔS° — Standard entropy change, J mol–1 K–1

ΔH° — Standard enthalpy change, kJ mol–1

T — Temperature, °C, K

Greeks

βa —  Kinetic coefficient of the external mass transfer in 
the Wolborska model, min–1

τ —  Time required for 50% adsorbate breakthrough 
from Yoon–Nelson model, min
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Fig. 13. Graphical determination of ΔH° and ΔS°.

Table 7
Thermodynamic parameters for the adsorption of MB onto ESM

T (K) ΔH° (kJ mol–1) ΔG° (kJ mol–1) ΔS° (J mol–1 K–1)

293 –25.412 –1.837 –80.461
303 –1.041
313 –0.230

Table 8
Comparison of adsorption capacity of various adsorbents for MB

Materials qm (mg g–1) Reference

Granulated slag 0.29 [43] 
Natural zeolite 4.47 [20]
Phoenix tree leaf 152 [44]
Guava leaf powder (Psidium guajava) 133.62 [21]
Olive pomace, charcoal 42.3, 62.7 [56]
ESM (batch) 4.66 [57]
ESM 70.214 This study
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