
* Corresponding author.

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2020.26359

205 (2020) 435–445
November

Design and application of two-stage batch mode on methylene blue removal 
from solution by activated carbon for optimization of adsorbent consumption

Ruize Zhang, Kang Wen, Runping Han*
College of Chemistry, Zhengzhou University, No. 100 of Kexue Road, Zhengzhou 450001, China, Tel. +86 371 67781757; 
emails: rphan67@zzu.edu.cn (R.P. Han), 690724768@qq.com (R. Zhang), 1039171416@qq.com (K. Wen)

Received 26 March 2020; Accepted 10 July 2020

a b s t r a c t
This study focuses on improving the effectiveness of activated carbon (AC) by two-stage batch 
adsorbing application and calculation of the multi-stage batch adsorption limitation which were 
compared with the data from experiments. Firstly, the isotherms of methylene blue (MB) adsorption 
onto AC were presented at 293, 303 and 313 K. Langmuir and Temkin models were performed to 
obtain the minimal error of fitting. The two-stage batch adsorption model was designed to promote 
the removal efficiency in fixed adsorbent consumption by a series of functional relation derivation 
from the isotherm function and mass conservation. For further discussing the situation of more than 
two adsorption stage, the multi-stage batch adsorption model was developed from two-stage by 
adsorbent mass approximating treatment and integrating all the single-stage adsorption processes. 
The results indicated that the increase of removal efficiency from the two-stage batch adsorption 
got to 5.2% higher, comparing the single-stage batch adsorption process in the initial conditions 
of 10 mL 500 mg/L MB solution and 10 mg adsorbent mass. Secondly, according to the two-stage 
batch mode, a series of verified experiments were operated under the same circumstance and the real 
experimental consequences revealed its validity and reliability. Meanwhile, for achieving the fixed 
removal efficiency, a series of adsorption simulations were calculated according to the two-stage 
batch adsorption which showed almost 30% amount of adsorbent was saved for 99% removal effi-
ciency arrival. In addition, the efficient comparison among single, two and multi-stage batch adsorp-
tion and economic, practical values of two-stage were further demonstrated.
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1. Introduction

Recently various kinds of contamination in the water 
had been witnessed more and more commonly [1]. As the 
class of main industrial pollution, dyes were often tracked 
into streams of factories such as paper, food, printing and 
textile industries [2]. With the demands of these chemical 
products increasing, these chemicals had caused serious 
damages to both environment and creatures. In recent years, 
there were many relative investigations about the removal 

of dyes from wastewater through low-cost adsorbents 
and cost-effective methods [3,4].

Activated carbon (AC) is a carbonaceous, highly porous 
adsorption medium that has a complex structure composed 
primarily of carbon atoms. It had been regarded as one of 
the most efficient solid adsorbents. The carbon materials 
are well known as their flourishing pore structure, high 
adsorbing capability, effectiveness and stability [5]. It is no 
doubt that there is a quite excellent property and various 
carbon materials have played a significant role in industrial 
processes. However, the costs of using activated carbon 



R. Zhang et al. / Desalination and Water Treatment 205 (2020) 435–445436

massively were unacceptable for some low-profit produc-
tion. Therefore, it is a flaw that gradually grows an obstacle 
to its further development. Thus, research about increas-
ing the effectiveness of AC has become a hot issue at the 
moment [6].

Theoretically, as an ideal countercurrent adsorption pro-
cess, packed-bed adsorption could obviously improve the 
adsorption capability of adsorbent [7]. But several disad-
vantages have resisted its further application such as exces-
sive head loss, air blinding, and fouling with particulate 
matter associated with the fixed-bed adsorption process. 
Furthermore, packed-bed adsorption is not suitable for the 
adsorption process of fine AC powder. Comparing with the 
packed-bed process, there almost no pressure drop caused 
by the fine size of adsorbent particles in batch adsorption. 
Additionally, the shaking process has a significant increase 
of adsorption by reducing mass transfer resistance at the 
phase interface [8].

As we all know, there have been several isotherms 
and kinetics models created for describing the process of 
adsorption. For instance, the common isotherm models 
include Langmuir, Freundlich and Temkin models which 
often applied for the description of the chemical or physi-
cal adsorbing process. By collecting the experimental data 
of isotherm and kinetics, the process design and operating 
conditions optimization was able to be precisely predicted 
[9]. Previous researches have developed a two-stage batch 
mode which has been widely applied for the optimiza-
tion of minimum contact time and a minimum amount 
of adsorbent, based on isotherm and kinetic models. 
As the resemble model of extraction, allocating the mass of 
adsorbent or contact time of adsorption form once to many 
stages quite benefits to the efficiency improvement of the 
adsorption process [10].

However, when it comes to practical applications, there 
was too much contents involved in the theoretical predic-
tion of this model rather than experimental results [11,12]. 
Therefore, this research focuses on adopting the method 
of two-stage adsorption model to promote the use ratio of 
adsorbents and comparison the data between the predicted 
results and experimental results which was guided to the 
proper conclusion about the reasonable application of 
two- stage models.

2. Materials and methods

2.1. Materials

Activated carbon (AR, 200 mesh, powder, Macklin, 
Shanghai, China), methylene blue (MB) (BS, powder, Kermel, 
Tianjin, China), deionized water (self-made).

The isoelectric point of AC was 7.09 and the Brunauer–
Emmett–Teller (BET) surface area of AC was 1.13 × 103 m2/g 
measured by the BET method (QuantaChrome NOVA 1000, 
USA). According to the results of Boehm titration, it showed 
that the total alkaline and acidic groups of AC surface were 
0.0528 and 0.388 mmol/g, respectively.

2.2. Preparation

First of all, some AC powder was transferred to a clean 
beaker which has added a proper amount of deionized 

water and stirred the mixture with a glass stick for 5 min. 
After 2 h soaking, the mixture was filtered to another ves-
sel and the wet materials were moved to vacuum oven. 
The drying and degassing process lasts for 4 h at 150°C.

The dye used in the batch experiment was MB. MB 
formula is C16H18ClN3S·3H2O and has a molecular weight 
of 373.9 g/mol. MB powder was dissolved into distilled 
water to prepare a series gradient of reserve solution from 
concentration 50 to 500 mg/L.

2.3. Characterization

The characteristic functional groups of AC before and 
after MB adsorption were determined by Fourier-transform 
infrared spectroscopy (FTIR spectrometer, Nicolet iS50, 
American). The specific surface area was evaluated based 
on the BET method (ASAP2420-4MP, American). The mor-
phology of AC was characterized by scanning electron 
microscopy (SEM, FEI Quanta 200F, Holland).

2.4. Single-stage batch adsorption experiment

The removal of MB from aqueous solution by AC was 
studied in batch mode. A certain amount of adsorbent (solid 
mass/solution volume, 1.00 g/L) was added to a 50 mL con-
ical flask, and then 10 mL of MB solution was added at an 
initial concentration of 500 mg/L (solution pH 7.0). Then the 
conical flasks were placed in a thermostatic shaker (Guohua 
Enterprise SHZ-82, China) at 120 rpm. After adsorption, 
AC was separated from the solution by centrifugation at 
3,000 r/min and MB concentration was measured. Referring 
to the standard curve of MB at the maximum wavelength 
(665 nm), the concentration of MB in the supernatant was 
measured and calculated by spectrophotometer [13]. (752, 
Shanghai Shunyu Hengping Scientific Instrument Co., Ltd., 
China). The amount of adsorbed dye, Qe mg/g and removal 
efficiency of dye, R were calculated by Eq. (1).

Q
V C C

me
e=

−( )0  (1)

R
C C
C

e=
−0

0

 (2)

where C0 and Ce are the initial and equilibrium concentra-
tions (mg/L), respectively, V is the volume of dye solution (L) 
and m is the weight of AC (g).

2.5. Adsorption isotherm fitting

The physical and chemical data at the point of adsorption 
equilibrium usually were used to evaluate the adsorption 
capacity of certain materials and applicability of the adsorp-
tion process [14–16]. According to the adsorbing amount 
of adsorbent (Qe, mg/g) at adsorption equilibrium and the 
residual concentrations (Ce, mg/L) in the solutions, both two 
series of data could generate a nonlinear curve to describe 
the changing tendency of Qe and Ce at the same temperature 
[17]. It usually has four common isotherm models applied 
for the isotherm fitting which were shown in Table 1 [18].
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2.6. Multi-stage batch adsorption model design

The process of multi-stage batch adsorption was 
demonstrated as Fig. 1 which also described the numeral 
principles and equivalent relation of adsorption equilib-
rium. In the first stage, the V mL solution owned C0 mg/L 
as its initial concentration was added into the reactor with 
M1 g adsorbent and start doing reaction until the adsorp-
tion equilibrium. After the first stage reaction, the mass 
loss of solute in the residual liquid equal to the increased 
mass of adsorbent theoretically in case of ignoring the loss 
of volatilization. Then, the residual liquid with concentra-
tion C1 mg/L was transferred to another reactor for the reac-
tion of the second stage. M2 g adsorbent was added into 
the reactor and shaking until the adsorption equilibrium. 
Following these steps, the adsorption can continue going 
on until the stage i which makes sure that the con centration 
of residual liquid got to the aimed removal rate.

After a certain extent of data collection of isotherm exper-
iments, isotherm equations were able to set up through 
fitting tools precisely. Once rebuild the adsorption process 
with approximated conditions, the results of experiments 
were supposed to be predicted fairly precisely [19].

For the once batch process, the adsorbent of M1 g was 
added into a conical flask with V (L) volume dye solu-
tion of concentration C0 (mg/L). After a period of time, the 
adsorption process arrived at the equilibrium and measured 
the residual concentration of solution C1 (mg/L). There are 
two methods that could be applied to calculate the unit 
adsorption amount Q1 (mg/g) [20].

Therefore, as the once process, there are two equations 
existed [21]:

Q f C1 1= ( )iso  (3)

Q M V C C1 1 0 1= −( )  (4)

Combining Eqs. (3) and (4), obtain the following 
expression.

f C
V C C

Miso( )1
0 1

1

=
−( )

 (5)

As for the certain isotherm model fiso(C), the initial 
conditions C0, V and M1, the residual concentration C1 had 
been evaluated approximately through Eq. (5) [22].

Thus, it is assumed that allocated the total adsorbent 
mass M (mg/g) into the amount of flasks (n) and operated 
them. After the first stage came to the adsorption equilib-
rium, separated the solution and adsorbent and transfer 
the solution into the next stage which repeated the same 

Table 1
Nonlinear forms of common isotherm models

Isotherms Nonlinear equation (Qe = fiso(Ce))

Langmuir Q
Q K C
K Ce

m L e

L e

=
+1

Freundlich Q K Ce F e
n= 1/

Temkin Q A B Ce e= + ln

Koble–Corrigan Q
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e
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e
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Fig. 1.Multi-stage batch adsorption process for dye removal.
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adsorption operation. According to Eq. (5), the quantitative 
relation between the two contiguous stages was shown as 
following:

C C
f C M
Vi i
i i

− − =1
iso( )

 (6)

C C
V

f C Mn i i
i

n

0
1

1
− =

=
∑ iso( )  (7)

M Mi
i

n

=
=
∑

1
 (8)

Considering the fact that if the value of Mi increased, the 
Ci will descend obviously. When n approached +∞, Mi was 
supposed to be enough little. Causing the M was constant, 
only the Mi approached to 0, the Ci were almost equal to Ci–1 
which means Qi (fiso(Ci)) was calculated as high as possible. 
In that case, the left side of Eq. (7) will get to the maximal 
value. Hence, transfer the Eq. (6) as following:

∆
∆

C
f C M

V
i= iso( )

 (9)

When the max stage number n → +∞, Eq. (9) change to the 
differential form:

dC
f C dM
V

= iso( )  (10)

Consolidated and integrated both sides of Eq. (12):

C

C

n f C
dC M

V

0 1
∫ =

iso( )
 (11)

In conclusion, the limit value of Cn could be calculated 
by Eq. (11) and that value was also the maximal value of 
removal efficiency of the multi-stage adsorption process 
theoretically [23].

2.7. Two-stage batch adsorption experiment design

In order to alleviate the cost of adsorption, the two-stage 
batch adsorption experiment was designed for obtaining the 
highest removal efficiency of MB in the condition of fixed 
adsorbent consumption. Simply assuming the number of 
stages only was two (n = 2) in Eq. (7), and we ensure the M1 
which means M2 = M – M1. Besides, the C0, V, M and fiso had 
been confirmed as the known constants.

Firstly, the C1 could be calculated by Eq. (5):

C g M
C V1 1
0

= ( ) ,
 (12)

Then, the result of C2 will be expressed as:

C g M
f C M M

VC V2 1
2 1

0
= ( ) −

( ) −( )
,

iso  (13)

In Eq. (13), function g(M1) represented the relation estab-
lished by Eqs. (5) and (13). Assuming the initial experimental 

conditions were C0 = 500 mg/L, V = 10 mg and M = 10 mg, the 
M1 changed from 2 to 10 mg, and calculated theoretic C1 and 
C2 of the two-stage adsorption process with fitting functions.

For the removal of MB verified experiments in two-stage 
batch mode, it has to be divided into two processes. In the 
first step, weight 20 mg adsorbent mass in 50 mL conical 
flask with 20 mL volume of 500 mg/L MB solution. The next 
step was to set the well-prepared experimental vessels into 
the shaker and started the device for 150 min. When the 
shaking time was over, took out the experimental groups 
and extracted half volume of solutions which separated 
from the mixture by centrifuge later and measured the first 
stage measured concentration C1,m. In the second stage of the 
experiment, the solution obtained from previous vessels was 
added to another group of vessels with the second batch of 
adsorbents. After the repeating operations, the final mea-
sured concentration C2,m in the supernatant was measured 
and calculated by spectrophotometer.

2.8. Adsorbent mass optimization of two-stage batch adsorption

In many cases, under the condition of the arrival fixed 
removal efficiency, the amount of adsorbent could be saved 
obviously by the two-stage batch operation. When the final 
removal efficiency R of adsorption process had been set 
down, the second stage solution concentration C2 was able 
to be calculated:

C C R2 0 1= −( )  (14)

Causing the M1 was the known variable, the C1 could be 
calculated by Eq. (12), and when M1, V, C1 and C2 were all 
settled down, M2 was obtained by the transformed Eq. (5) 
as following:

M
V C C
f M2

1 2

1

=
−( )
( )iso

 (15)

The final adsorbent consumption of two-stage adsorp-
tion M was the sum of M1 and M2. Besides that, due to the 
final removal efficiency (Cn) known, the theoretic minimal 
adsorbent consumption was able to be calculated by the 
multi-stage batch adsorption model Eq. (11). Provided the 
results of M1 and M2, the total adsorbent mass (M) was 
plotted to the graph of M1 – M. The initial conditions were 
assumed as C0 = 500 mg/L, V = 10 mL and M1 increasing from 
2 mg and the graphs showed the relation between M1 and 
M in case of final R equaling to 90%, 95%, 99% at 293, 303 
and 313 K.

3. Results and discussion

3.1. Characterization of AC

Fig. 2 shows the FTIR spectra of AC and MB-loaded 
AC. The presence of broadband around 3,424 cm–1 was 
ascribed to –OH stretching vibrations due to phenolic or 
alcoholic functions, while peak around 2,918 cm–1 was 
assigned to the C–H symmetric and asymmetric vibra-
tion mode of methyl and methylene groups [24]. A middle 
strong bands at 1,618 cm–1 were ascribed to C=C aromatic 
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ring stretching vibration. For MB-loaded AC, it was clearly 
observed from Fig. 2 that there were four peaks with differ-
ent intensities located at 1,600; 1,580; 1,500 and 1,450 cm–1, 
which indicated that the aromatic hydrocarbon skeleton 
(from MB) increase, and N–CH3 stretching vibration peaks 
appear at 1,421 cm–1. After MB adsorption, there were small 
peaks between 1,279 and 1,421 cm–1 that the bands probably 
were caused by C–N from amide structure. In conclusion, the 
FTIR results inferred the combination form between AC and 
MB possibly was covalent bonds.

The adsorption–desorption isotherm of AC on nitrogen 
was shown in Fig. 3 for BET analysis. The specific surface 
area was 1,027 m/g and the average pore width of aperture 
adsorption at 4 V/A was 1.79 nm which indicated that AC 
had a large specific surface area and a large number of pores.

Fig. 4 shows the SEM photographs of AC before 
(a) and after (b) MB adsorption. The surface of the AC par-
ticle became more rough and furry after the adsorption. It 
was inferred that MB molecular be attracted to the AC sur-
face and occupied the activate sites, besides that too many 
molecular would also accumulate more than one layer. 

In that case, the mechanism of adsorption AC to MB may 
be described by Langmuir and the BET adsorption model.

There were more acidic groups (0.388 mmol/g) than 
basic groups (0.0528 mmol/g) on the surface of the AC [25].

3.2. Adsorption studies

3.2.1. Effect of adsorbent mass on adsorption

In order to study the appropriate adsorbent mass of batch 
experiments, a series of adsorption experiments were going 
under the same conditions except for adsorbent mass and 
the results are shown in Fig. 5. It was clearly noticed from 
Fig. 5 that the downtrend of unit adsorption amount of AC 
started slow and steady from the 10 mg adsorbent mass 
while the removal efficiency was more than 40% which was 
quite suitable for the subsequent operations at that point.

3.2.2. Effect of contact time on adsorption

Moreover, in order to explore the suitable adsorption 
time of MB onto AC, a series of different time experimental 
groups were arranged to study the effect of contact time on 
adsorption quantity (500 mg/L MB at 303 K). Considering 
the results of kinetic experiments from Fig. 6, the unit 
amount of adsorption MB onto AC transferred a dramatic 
ascending tendency to the steady plateau at a period of 
30–150 min. It is evident that the equilibrium of adsorption 
MB onto AC had already been reached after 150 min.

Through the comprehensive consideration, the rela-
tive superior conditions were 10 mg adsorbent mass and 
150 min contact time of equilibrium arrival.

3.2.3. Adsorption isotherms

The adsorption isotherms of MB on AC are shown in 
Fig. 7 at various temperatures. It is noteworthy observed in 
Fig. 7 that the values of Qe increased obviously at the range 
of low concentration with ascending of the concentration, 
and soon the Qe gradually approached the maximum unit 
adsorption amount of AC. The curves started to get a plat 
and paralleled to x-axis which means the maximal amount 
of unit adsorption arrived basically. Three curves were fitted 
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by four isotherm models using nonlinear regressive analysis 
with at least a sum of different square. The fitted param-
eters are in Table 2 and the fitted curves are presented in 
Fig. 8. Moreover, the details of the fitted coefficient listed 
in Table 2.

It was clearly seen from Table 2 that Langmuir and 
Koble–Corrigan (K–C) isotherm at 293 and 313 K owned 
quite high R2. Considering the K–C isotherm has three 
parameters, the costs of calculation higher than Langmuir 
[19]. Besides Temkin isotherm at a low range of adsorption 
process had a more precise tendency than K–C from Fig. 8 
(303 K). By comprehensive consideration, choose Langmuir 
at 293 and 313 K while Temkin model at 303 K as the fitting 
functions (Qe = fiso(Ce)).

As there is more number of the acidic functional group 
and the solution pH of zero charge point is near 4.5, it is 
favor of MB adsorption at solution pH 7. So it is implied 
that electrostatic attraction between MB and AC is a major 
mechanism, also including π–π dispersion interaction.

     

(a) (b)

Fig. 4. SEM photograph of AC (a) and AC-MB (b).
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3.3. Multi-stage process design analysis

3.3.1. Two-stage process batch adsorption design and 
calculation

Adsorption isotherms can be applied to evaluate 
the required adsorbent mass under known sets of initial 

conditions [26]. The calculation results are shown in Fig. 9. 
Following the change of M1, the C2 totally presented a non-
linear changing tendency which had emerged a minimal 
value. Through the comparison between data of Fig. 9, it indi-
cated that the two-stage batch mode could increase the final 
removal efficiency of MB adsorption on AC theoretically. 
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Fig. 8. Fitted curves of MB adsorption onto AC at (a) 293, (b) 303 and (c) 313 K.

Table 2
Parameters of adsorption isotherm models for MB onto AC at different temperatures

T/K 293 303 313

Langmuir
qm 422 ± 9.85 387 ± 8.87 420 ± 12.1
KL 0.357 ± 0.0401 2.31 ± 0.379 0.584 ± 0.0884
R2 0.980 0.971 0.967

Freundlich
KF 188 ± 22 230 ± 12 204 ± 20
1/n 0.190 ± 0.035 0.146 ± 0.016 0.184 ± 0.030
R2 0.883 0.958 0.902

Temkin
A 150 ± 24 232 ± 7 182 ± 19
B 64.7 ± 8.0 44.4 ± 2.4 61.3 ± 6.8
R2 0.925 0.984 0.936

Koble–Corrigan

A 90.5 ± 15.7 550 ± 63 239 ± 44
B 0.227 ± 0.0386 1.27 ± 0.196 0.575 ± 0.104
n 1.50 ± 0.15 0.551 ± 0.078 1.06 ± 0.23
R2 0.981 0.987 0.964
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Because the fitting function (Qe = fiso(Ce)) at 303 K differed 
from the functions at 293 and 313 K, the C2 of 293 K calcu-
lation was lower than others. But generally speaking, three 
groups of calculations kept a similar tendency under the M1 
changing.

Comparing the calculation results of single-stage, results 
of two-stage and infinite multi-stage adsorption processes 
are listed in Table 3, the Temkin model of 303 K had a higher 
prediction on final results than the Langmuir model at 293 
and 313 K evidently. It indicated that choosing the ideal 
fitting isotherm was quite significant to obtain the pre-
cise subsequent data. In addition, generally, the two-stage 
processes were fairly convenient and effective comparing 
the multi-stage adsorption process [27].

3.3.2. Two-stage batch adsorption process experiment and 
data contrast

The results are presented in Fig. 10. It can be seen from 
Fig. 10 that the developing trend of measured C2 obeyed 
to the prediction of model calculation. In other words, 
taking into account the experimental error, the experimen-
tal results basically met the prediction of calculations. On 
account of fitting function distinction, the results at 293 and 
313 K showed that the measured value totally was a little 
lower than predicted value while the measured value was 
fair close to predicted value at 303 K. More significantly, 
the real minimal value of C2 was approximately predicted 
by the calculation. By arranging the amount of adsorbent 

in each stage reasonably, it will be existed a point own-
ing the maximal value of removal efficiency under the 
condition of a fixed adsorbent mass. For example, when the 
M1 = 7.5 mg and M2 = 2.5 mg at 293 K, the final concen-
tration C2 arrived at the lowest point 77 mg/L which was 
the approximate lowest point predicted by calculation. 
The absolute difference value of the lowest point was con-
trolled within the range of 10 mg/L. Meanwhile, when the 
M1 = 10 mg and M2 = 0 at 293 K, that means this was the sin-
gle batch adsorption process, and the final concentration C2 
was close to 90 mg/L. It indicated that the two-stage batch 
adsorption process performed higher effectiveness than the 
single batch adsorption process and the calculation value 
of designing models had a remarkable predicted effect 
towards measure the value of the real practical operation.

3.3.3. Adsorbent amount optimization for one certain removal 
efficiency in a two-stage process

The results of adsorbent amount optimization are shown 
in Fig. 11 at a given value of R. It was noticed that the higher 
removal efficiency was required, the more obvious did the 
advantage of two-stage batch adsorption models. For pur-
suing high removal in the adsorption, the consumption of 
adsorbent was usually quite large in the single-stage batch 
adsorption process. However, multi-stage batch adsorption 
was fairly helpful in reducing the cost of the adsorbent. 
Taking a group data in Table 4 as the example, in order to 
get the requirement of 99% MB removal efficiency onto AC 
at 293 K, the two-stage batch process was competent to save 
30% amount of AC than single-stage batch process approx-
imately. Even if the multi-stage process could approach 
approximately save 34%, the complex operation would cost 
a lot. Therefore, the preferable strategy was the two-stage 
adsorption from many aspects of considerations [28].

4. Conclusion

The equilibrium research showed that the Langmuir 
isotherm model was fitted well at 293 and 313 K while 
the Temkin isotherm model has better fitness at 303 K for 
the adsorption experiment of MB onto AC. The two-stage 
adsorption model and multi-stage adsorption model were 
established and applied for the result predictions of adsorp-
tion processes at 293, 303 and 313 K. The predictions showed 
the two-stage adsorption model performed efficiently and 
promoted the utilization of adsorbent at different tem-
peratures. Besides that, the practical results of two-stage 
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Fig. 9. Calculation results of the two-stage adsorption process 
at three temperatures.

Table 3
Calculation results of single-stage, two-stage and infinite multi-stage adsorption process in the initial experimental conditions 
(C0 = 500 mg/L; V = 10 mL and M = 10 mg)

Batch mode Removal efficiency 293 K 303 K 313 K

Single-stage R 0.819 0.848 0.825

Two-stage
R1 0.583 0.606 0.542
R2 0.245 0.286 0.288
Rtotal 0.829 0.892 0.831

Infinite multi-stage RMax 0.835 0.939 0.835
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Fig. 10. Comparison of results between calculation and experiments in a two-stage process (a) 293, (b) 303 and (c) 313 K.
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adsorption operation were quite close to the prediction of 
models which proved the reliability of the two-stage adsorp-
tion models. In the end, from the view of reducing the 
adsorbent consumption aimed at a fixed removal efficiency 
of MB, the two-stage adsorption model had an impressive 
effect on the adsorbent saving. It was particularly appli-
cable for optimizing the use of adsorbent to save capital 
investment costs and especially when the requirement for 
dye removal efficiency was very high.
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