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Modeling of Batch Organic Dye Adsorption
Using Modified Metal-Organic Framework-5

Modeling and simulation of batch adsorption of the organic dye methylene blue
(MB) by modified metal-organic framework-5 (MOEF-5) were investigated. The
reported data on the adsorption of MB dye onto Wells-Dawson acids
(HgP,W130¢,)-immobilized MOF-5 were employed. The film-pore diffusion
model was developed based on external mass transfer coefficient and pore diffu-
sion coefficient that govern the mass transfer process in batch organic dye adsorp-
tion. Applying the estimated parameters, the MB adsorption by using modified
MOF-5 was examined to evaluate the effects of MOF-5 modification, initial dye
concentration, temperature, and the dosage of adsorbent. The adsorption capacity
of modified MOF-5 (HgP,W;306,/MOEF-5) was higher than pure MOEF-5. Besides,
a lower initial MB dye concentration, higher temperature, and lower adsorbent
dosage resulted in higher MB dye adsorption capacity.
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1 Introduction

Dyes, either natural dyes or synthetic dyes, have been exploited
as coloring agents in a variety of industries, including textiles,
cosmetics, paper, plastic, and leather [1,2]. Over the last
decade, the dye industry has grown at a tremendous pace, espe-
cially in China, India, and South Korea. China is the world’s
greatest producer and consumer of dyes, producing 70 % of
global output and utilizing 55 % of global consumption. How-
ever, due to environmental protection and the pandemic condi-
tion, dye production and consumption have decreased in the
last two years [3]. In term of market size, in 2020 the global
dyes were valued at USD 32.9 billion and are predicted to rise
at compound annual growth rate (CAGR) of 5.1 % from 2021
to 2028 [4].

According to a previously reported literature review by
Gupta and Suhas [5], it was predicted that 700000 to
1000 000 tons of dyes are produced every year worldwide with
more than 100000 types of commercial dyes existing. At the
same time, dye production and the textile dyeing processes use
approximately 80 million tons and 90 million tons of water,
respectively, each year. From these values and with the assump-
tions of 2 and 10 % of contaminated water generated from dye
production and textile application, respectively, it was esti-
mated that 11 million tons of water is being polluted every year
(6].

Generally, dye wastewater has the following properties: great
light and heat stability, oxidative agent resistance, and poor
biodegradability. These organic compounds of dye contribute
color to the aquatic environment after being released into water
bodies, blocking sunlight transmission, and interfering the
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essential photosynthetic activities required for the balance of
local ecosystem [7, 8]. Previously, the removal of diverse types
of organic dyes has been done by using different methods and
materials. For example, the removal of methylene blue (MB)
dye has been studied by using a ZF-LDO/Co;0, composite
photoelectrocatalyst [9], ZnO and Ag framed nanocomposites
(ZnO-Ag NPs) [10], and graphene oxide (GO)-containing
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hydrogels [11]. The removal of rhodamine B (RhB) dye has
been investigated by means of photo-Fenton heterogeneous
composite of FeNi@corncob-activated carbon [12], spindle-like
cobalt oxide (Co;04)-zinc oxide (ZnO) nanocomposites [13],
and CsPbBr;/CsPb,Br;@silica yolk-shell composite micro-
spheres [14].

Photocatalytic degradation of methyl orange dye has been
investigated by Rajput et al. [15] by using photocatalysis of
TiO, nanomaterials. Besides, Si et al. [16] reported the prepara-
tion of Janus phenol-formaldehyde resin (PF) and periodic
mesoporous organic silica (PMO) nanoparticles which have
been effectively used to remove methyl orange dye. In addition,
the B-cyclodextrin functionalized multilayer structured graph-
ene membrane has been synthesized by a wet-chemical method
and was successfully applied to remove methyl orange and
(RhB) dyes [17].

Methylene blue (MB), a typical cationic dye, is a heterocyclic
aromatic compound containing sulfur and is most commonly
used in various fields including textiles, rubbers, varnishes, and
medicals. This toxic organic dye may result in a variety of
health issues such as cancer, hemolytic anemia, hypertension,
skin staining, precordial pain, and injection site necrosis
[18-20]. For these reasons, MB dye-containing wastewater is
classified as hazardous waste and must be treated before being
discharged into the water supply.

The removal of MB dye from wastewater poses a primary
challenge. Many methods have been reviewed in the literature
for the treatment of water and wastewater contaminated by or-
ganic dyes, especially MB dye, including adsorption [21], floc-
culation [22], advanced oxidation [23], plasma treatment [24],
photocatalysis [25-28], and many others. From various treat-
ment technologies existing, the adsorption technique using
several types of adsorbents is still the most favorable method in
the removal of these contaminants due to its efficiency, high
adsorption capacity, and low operational cost [29]. Activated
carbon (AC), from a variety of raw materials, is currently a hot
topic among adsorbents. However, AC adsorption is still a
costly technique and requires laborious regeneration proce-
dures [21,29].

Recently, metal-organic frameworks (MOFs) have attracted
extensive research interest due to their novel properties. MOFs
have shown great potentials in numerous applications [30, 31].
Due to their unique structures and properties, MOFs are highly
suitable for high-performance supercapacitor electrode materi-
als [32-34] and can improve the photochemical characteristics
for degradation of RhB dye [35]. In addition, MOFs are a class
of porous crystals that hold potential for many adsorption-
based applications [36]. Because of their adsorptive characteris-
tics and large surface area, MOFs could be used to remove
organic dyes from industrial effluents.

MOFs are crystalline materials made up of nodes (metal ions
or clusters) and linkers (organic ligands). The pore size, shape,
and composition of MOFs can be controlled [19]. One of the
most representative MOFs is MOF-5 [Zn,O(BDC);]. It is a
structure which is formed by groups of (Zn,O)s" clusters in
octahedral subunits joined by 1,4-benzenedicarboxylic acid
(BDC) linkers, to give an extended porous 3D framework [37].
Nonetheless, MOFs have been limited in their practical uses
due to their poor processability and the fact that they are less
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thermodynamically stable than most inorganic microporous
materials due to the presence of organic linkers.

Liu et al. [38] have modified MOF-5 by introducing Wells-
Dawson acids (HsP,W;504,) for enhancing their reasonable
properties towards selective adsorption capacity of MB dye.
The results showed that the modified MOF-5 considerably in-
creased the adsorption efficiency towards MB dye in aqueous
solution. From previous studies, in comparison to their pristine
MOF counterparts, several active species have been successfully
introduced into MOFs to improve their specific properties, to
add new functionalities and even synergetic features.

Apart from that, the important information related to
equilibrium and kinetics of dye removal can be acquired from
batch adsorption studies, which then can be used to advance
research on continuing fixed-bed adsorption and to predict the
adsorbent performance at industrial scale. Thus, the prediction
of the rate of dye adsorption by the adsorbent particle is
important for evaluating the adsorbent performance in the
dye removal process. Besides, the process of adsorption by
porous adsorbents also involves the external mass transfer, sur-
face diffusion, intraparticle diffusion, and pore volume diffu-
sion.

To gain further understanding of the features of dye and
adsorbent for their surface contact, computational analysis is
intended to be a complimentary tool. Recently, many theoreti-
cal and simulation approaches have been carried out to study
adsorption mechanisms as well as the behavior of dyes with
respect to the adsorbent surface [39-43]. In addition, many
factors influence the rate of dye adsorption [44-46]. Con-
sequently, the development of a mathematical model which
takes into account mass transfer resistances within the adsor-
bent particles is necessary to predict the adsorption capacity of
dye.

The objective of this study was to develop a mathematical
model and simulate the organic dye of MB adsorption on
modified MOF-5 (HgP,W;30¢,/MOEF-5) [38]. A mathematical
model was assessed based on a two-resistance model which in-
cluded external mass transfer coefficient and pore diffusion co-
efficient that controls the mass transfer process in batch MB
dye adsorption. The developed mathematical model was then
used to calculate the mass transfer parameters, i.e., mass trans-
fer coefficient and pore diffusion coefficient. Simulations with
MATLAB software were then carried out to investigate the ef-
fect of various factors affecting the MB dye adsorption, namely,
modification of MOEF-5, temperature, initial dye concentration,
and adsorbent dosage.

2 Model Development

The film-pore diffusion model proposed by Spahn and Schliin-
der [47] was used to model the batch MB dye adsorption on
modified MOF-5 (HgP,W 306,/ MOF-5) [38]. This model was
developed using the following several assumptions: (a) the ad-
sorbent particle has a spherical shape, (b) the mass transport of
solute molecules within the pores of an adsorbent particle is
only by molecular diffusion, (c) the driving force in both film
and particle mass transfer is linear, and (d) pore diffusivity is
independent of concentration. The amount of dye absorbed at
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equilibrium (g.)", was determined by the Langmuir equation
[48], as defined below:

Ge = quLCe (1)
1+ K.C.

where C, is the equilibrium concentration of the adsorbate, g,
is the maximum adsorption capacity, and K is the Langmuir
constant. Egs. (2) and (3) are used in the current model to
represent the kinetics of the adsorption process for spherical
adsorbent particles [49]. The mass transfer at the external sur-
face of the adsorbent particles is represented by:

N(t) = 4nR%*k¢(C, — C.) (2

where kg is the external mass transfer coefficient and C; is the
liquid phase concentration at time f. The mass transfer of
solute through the pores is given by:

dc
N = 47r’D,— 3
r Dy, (3
Integrating Eq. (3) for the boundary conditions C=0 to C=C,
at r=r to r=R, and rearrange it to yield:

47D, C,
N=7 Pl

(? - E)
where Dy, 1, and R are the pore diffusion coefficient, radius of
concentration front (radius of dye concentration that pene-
trates the adsorbent particle), and adsorbent particle radius,
respectively. The adsorption rate N(t) is related to the differen-
tial mass balance over the system by equating the decrease in
dye concentration in the solution with the accumulation of the
adsorbate in the MOEF-5 particle and the mass balance on a
spherical element of adsorbate particle as given by Eq. (5) [49]:
dr
dt

4)

N(t) = —4nr’qep (5)
where p is the adsorbent density. Equating Egs. (2) and (5) and
rearranging gives the following equation:

r’q.p dr
qep ar )

Ce=CF Rk ar

Equating Eqs. (4) and (5) and rearranging yields:

D,C.
—rﬂ —__pP (7)

")

Substitution of Eq. (6) into Eq. (7) and rearranging the equa-
tion leads to:

dr D D,C
——|r+ 2 = P (8)

e Re(1-5)] an(1-7)

1)  List of symbols at the end of the paper.
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The average dye concentration in the adsorbent particle
(adsorption capacity) is defined by Eq. (9) [49]:

4= 4 [1 - (%)3} ©)

Rearranging Eq. (9) gives:

1

r:R[l—iT (10)
de

The following equation is obtained by differentiation of
Eq.(10):

dr— -1 [1 —i} dq (11)

Substitution of Egs. (10) and (11) into Eq. (8) and rearrang-
ing the equation yields the following form:

L P | L
o 1= -]

9e

(12)

To characterize the model behavior, the Biot number (Bi)
expression was used and is given by Inglezakis et al. [50]:

kR

Dy

Bi (13)

Substitution of Eq.(13) into Eq.(12) and rearranging the
equation gives:

_al
W o

"0

The mass balance between the liquid phase concentration
and the amount of adsorbate in the adsorbent is defined by
Choy et al. [51]:

(14)

V(Cy — C) = qW (15)

Rearranging Eq. (15) leads to:

w

where Cy, W, and V are the initial liquid phase concentration,
mass of adsorbent, and volume of liquid phase, respectively.
Substituting Eq. (16) into Eq. (14) gives:
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w 3Dp[c0—%] {1_ﬂ§

)

Eq.(17) is solved by the programming language written in
MATLAB R2020b software. The two unknown parameters,
namely, external mass transfer coefficient (k;) and pore diffu-
sion coefficient (D,,), which present the best fit between experi-
mental data and model data, were predicted by minimizing the
difference between experimental and simulated the data via
fminsearch in MATLAB. The error of experimental and simu-
lated data was calculated by root mean squared error (RMSE)
[52], given by the following form:

17)

1 n
RMSE = [~ 3 (dexp — decal); o
i=1

where 7 is the number of data per experimental data set, ge exp
and g, are the adsorbed amounts obtained from the experi-
ment and the adsorption isotherm model, respectively.

The input parameter data were taken from Liu et al. [38]
and is indicated in Tab. 1. This data was used to calculate the
two unknown parameters (k¢ and D). Then, simulation with
MATLAB was performed to study the effect of MOF-5 modifi-
cation, temperature, initial dye concentration, and adsorbent
dosage towards MB dye adsorption.

Table 1. Input parameters.

Parameters Value
Volume of liquid phase V [L] 0.02

Mass of adsorbent W [g] 0.015
Particle density of adsorbent p [kgm™] 33497
Radius of adsorbent particle size R [m] 1.023x107
Maximum adsorption capacity g, [mgg™'] 51.81"
Langmuir constant Ky, [L g’l] 1.75"

3 Calculated; ® value for a temperature of 313K.

3  Results and Discussion
3.1 Parameter Estimation

In this current work, the film-pore diffusion model is devel-
oped based on external mass transfer coefficient (k) and pore
diffusion coefficient (D,) of adsorbate molecules of MB dye on
modified MOF-5 by using the experimental data obtained from
Liu et al. [38]. The external mass transfer coefficient is related
to the external liquid film resistance whereas the internal pore
diffusion coefficient represents the intraparticle diffusion resis-
tance in the pores of adsorbents, and these two parameters are
required to be estimated by using fminsearch via MATLAB pro-
gram. These parameters were calculated by minimizing errors
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between model and experimental data (RMSE). The values of
k¢ and D, that provide the best fit of model with experimental
data from the adsorption of MB dye on modified MOF-5 were
found to be 66.8 ms™ and 2.15x107" m’s™", respectively.

Different results were obtained in comparison to a previous
study conducted by Choy et al. [51] on acid blue dye adsorp-
tion by using activated carbon. They found that the values for
k¢ and D, were 1.56x 10°ms™ and 1.56x107 m%7}, respec-
tively. This is probably due to the different type of adsorbent
and adsorbate used. Since k¢ represents the external mass trans-
fer coefficient, the higher value of kf may indicate that the effect
of external film diffusion is stronger in the adsorption of MB
dye on modified MOF-5.

To analyze the error (RMSE) of the developed film-pore dif-
fusion model, the estimated k¢ and Dj, values were applied to
simulate batch MB dye adsorption on modified MOF-5 at ini-
tial dye concentrations of 20, 25, and 30mgL™". Fig.1 shows
the experimental data and the simulated concentration profiles
at different initial dye concentrations. It was shown that the
film-pore diffusion model fits well with the experimental data
for initial concentration of 20 and 25mgL™", but for 30 mgL™"
the model slightly diverges with experimental data.

1
0.9 A Exp (20 mg/L) Model (20 mg/L)
0.8 O Exp (25 mg/L) Model (25 mg/L)
0.7 e Exp (30 mg/L) Model (30 mg/L)
o 0.6
Q05
“ 04
0.3
0.2
0.1
0 2 —
0 2000 4000 6000 8000

Time (s)

Figure 1. Concentration profile at various initial MB dye concen-
trations.

Tab.2 presents the RMSE resulting from the simulation of
batch MB dye adsorption on modified MOF-5 at different ini-
tial dye concentrations. It shows that the RMSE rises when the
initial dye concentration increases. The initial dye concentra-
tion of 30mgL™" gives the highest value of RMSE followed by
25 and 20 mg L™, The higher value of RMSE indicates the poor
correlation between experimental data and simulated data
(model). However, the simulation results demonstrate that the
film-pore diffusion model is able to fit the experimental data

Table 2. Calculated coefficient parameters, Biot numbers, and
RMSE at different initial dye concentrations.

Initial conc. ke D, Biot number RMSE
Co [mgL™] [ms™] [m*s™] Bi[-] [-]

20 66.8 2.15x1077 317670 0.0089
25 66.8 2.15x1077 317670 0.0210
30 66.8 2.15x1077 317670 0.0387
Average RMSE 0.0229
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using a wide range of initial dye concentrations and the result
for 30 mg L™ is still acceptable.

Furthermore, the Biot number (Bi) measures the ratio of
internal to external mass transfer resistances. A higher value of
Bi would indicate an increase of intraparticle diffusion resis-
tance [53]. The external mass transfer across the liquid layer
occurs in mass transport process for Biot numbers less than 1,
whereas for Biot numbers of more than 100, the pore diffusion
dominates the mass transport mechanism in an adsorption
process. If the Biot number is between 1 and 100, both mass
transfer processes are important in the diffusion mechanism
[51]. From the simulation result, the value of Bi obtained is
317 670 indicating that the internal pore diffusion is the rate-
controlling step.

3.2 Effect of MOF-5 Modification

As reported by Liu et al. [38] the characteristics of pure MOF-5
and modified MOF-5 were different. The BET surface area and
total pore volume of the modified MOF-5 (HgP,W;506,/
MOF-5) were higher (395m’g™" and 0.2986 cm’g™", respective-
ly) than the pure MOF-5 (92 m’g™" and 0.0729 cm’g ™", respec-
tively). The difference in BET surface area and pore volume will
change the value of density and radius of adsorbent as observed
in Tab. 3. The density of the modified MOF-5 is smaller than
that of pure MOF-5. The radius of modified MOF-5 is slightly
bigger than of pure MOF-5. The relation between density, radi-
us, and surface area may indicate that the modified MOF-5 has
a greater accessibility to pores.

Table 3. Values of density and radius of pure MOF-5 and modi-
fied MOF-5 adsorbent.

Sample p kg m3) R [m]
Modified MOF-5 3349 1.023x107°
MOF-5 13717 0.639x107

Fig. 2 presents the result of the simulation to study the effect
of modification of MOF-5 in comparison to pure MOF-5. It
can be seen that within 10 min the adsorption capacities of
both MOF-5 and modified MOF-5 had clearly reached equilib-

50

g 40

8D

g

2

5 30

<

g

= 20

g

g ot == MOF-5

2 Modified MOF-5
0

0 200 400 600 800 1000 1200 1400
Time (s)

Figure 2. Comparison of MB dye adsorption capacity between
pure MOF-5 and modified MOF-5 (HgP,W;506,/MOF-5). Condi-
tions: W=0.015g, T=313K, V=0.02L, Co=30mgL™.
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rium condition. However, the time taken to reach the equilibri-
um for modified MOF-5 is shorter (approximately 5 min) than
pure MOF-5. The higher adsorption capacity by particles ad-
sorbent is attributed to greater accessibility to pores and larger
surface area for bulk adsorption per unit weight [54]. Thus, it
has been proven that the modification of MOF-5 by the addi-
tion of Wells-Dawson acids (HsP,W;50s,) had a significant
effect on the structure of MOF-5, greatly increasing the surface
area and pore volume, which were all favorable factors for
improving the adsorption capacity towards MB dye [38].

3.3 Effect of Initial Dye Concentration

The simulation results on the effect of initial MB dye concen-
tration on the amount of dye adsorbed per unit mass of adsor-
bent (mg g’l) are depicted in Fig.3. From the simulation
results, it can be concluded that the adsorption capacity of the
modified MOF-5 increased with higher initial MB dye concen-
tration. Liu et al. [38] reported that the adsorption capacity for
the modified MOF-5 increased gradually from 26.75 to
52.65mgg " with rising initial MB dye concentration. Further-
more, due to the available vacant surface area in the modified
MOE-5 during the initial stage, the adsorption process could
reach an equilibrium state rapidly within the first 300 s (5 min)
for all the adsorbents tested at various initial MB dye concen-
trations. This finding indicates that the rapid removal of MB
dye from aqueous solutions might be due to the complexes of
particle and active species present in the modified MOEF-5
adsorbent.

70

W
oS O

IS
=

w
(=}

53
(=1

—+—20mg/l —#—25mg/l 30 mg/l
—>=35mg/l —A—40mg/l 45 mg/l
—&— 50 mg/

Adsorption capacity (mg/g)

(=}

(=1

0 200 400 600 800 1000 1200 1400
Time (s)

Figure 3. Effect of initial MB dye concentration on the adsorp-
tion capacity of modified MOF-5. Conditions: W = 0.015g,
T=313K,V=0.02L.

3.4 Effect of Temperature

Temperature has a significant impact on dye removal. To deter-
mine the effect of temperature on MB dye adsorption on modi-
fied MOF-5, the simulation was run at temperatures of 293,
303, and 313 K by taking into account the values of maximum
adsorption capacity (gq,) and Langmuir constant (Ky) [38].
These values are listed in Tab.4, and it is clear that the values
of g, and K increased with temperature. Using these values in
the developed model, the simulation results at various tempera-
tures are illustrated in Fig. 4.
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Table 4. Langmuir parameters for the adsorption of MB dye 45
onto modified MOF-5 at various temperatures [38]. 40
Temp. [K] Gm (Mg g’l] K [L g’l] %ﬁ 35
£ 30
293 51.81 1.75
g 25
303 52.83 2.78 £ 20
=}
313 54.79 5.27 -2
&
é’ —B—-W=0015g —A—W=0.025g
3 W=0.035 g —0—W=0.045 g
0
0 500 1000 1500
Time (s)

15 B —8—-T=313K

Adsorption capacity (mg/g)

10 —&—T=303 K
5 T=293 K
0 i
0 300 600 900 1200 1500
Time (s)

Figure 4. Effect of temperature on the adsorption capacity
of modified MOF-5. Conditions: W = 0.015g, V = 0.02L,
Co=30mgL™".

The results showed that the highest adsorption capacity was
at 313 K, while at 293 K the adsorption capacity was the lowest.
The increment of adsorption capacity of MB dye with tempera-
ture was due to the enhanced mobility of dye molecules at
higher temperature. Furthermore, this phenomenon occurs be-
cause the viscosity of the solution decreases at high tempera-
tures, resulting in an increased rate of diffusion of adsorbate
molecules between the outer boundary layer and the inner
pores on the adsorbent [55]. In addition, this data implies that
MB dye adsorption onto modified MOF-5 was an endothermic
process that was favored at high temperatures [56].

3.5 Effect of Adsorbent Dosage

The dosage of the adsorbent used has a significant impact on
adsorption performance. The effect of adsorbent dosage on the
adsorption of MB dye was evaluated at different amounts of
modified MOF-5 from 0.015g to 0.045g, and the simulation
results are presented in Fig.5. It was demonstrated that the
adsorption capacity decreases with increasing the amount of
modified MOEF-5, possibly due to the smaller surface area and
the lack of binding sites at higher dosages. According to
Khodaie et al. [57], this phenomenon can also be explained by
the increase in mass of adsorbent at constant MB dye con-
centration and volume which will lead to a large excess of
active sites through the adsorption process. Another reason
could be due to the agglomeration of smaller particles during
the interaction/adsorption process at high adsorbent dosage
[58,59].
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Figure 5. Effect of adsorbent dosage on the adsorption capaci-
ty of modified MOF-5. Conditions: T = 313K, V = 0.02L,
Co=30mgL™".

4  Conclusions

A mathematical model based on a film-pore diffusion model
has been developed to simulate the adsorption of the organic
dye methylene blue on a modified MOF-5 (HgP,W;306,/
MOE-5) adsorbent. The two parameters, namely, external mass
transfer coefficient (k¢) and pore diffusion coefficient (D,), have
been estimated by using MATLAB software through minimiz-
ing RMSE values. The values of k¢ and D, that provided the
best fit of the model with experimental data from the adsorp-
tion of MB dye on modified MOF-5 were estimated to be
66.8msand 2.15x107 m?s ™}, respectively.

By using the programming language written in MATLAB
software, the model has been effectively applied to simulate the
influence of MOF-5 modification, initial dye concentration,
temperature, and adsorbent dosage. Based on the model’s sim-
ulation, it was concluded that the adsorption of MB dye was
higher for modified MOEF-5, lower initial MB dye concentra-
tion, higher temperature, and lower adsorbent dosage.
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Ky L gfl] Langmuir constant [8] P.S. Thue, A. C. Sophia, E. C. Lima, A. G. N. Wamba, W. S.
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