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Abstract—Activated carbon (AC), one of the most common adsorbents, and metal-organic framework (MOF), an
interesting class of materials, were used for synthesizing AC/MOF composite by the solvothermal method. The strat-
egy designed in this paper is to improve the removal and adsorption performance of AC for dye. MIL-53(Fe) was syn-
thesized on the commercial activated carbon (CAC) to prepare CAC/MIL-53(Fe) composite. Direct Red 23 (DR23)
anionic dye was used as a model contaminant. FT-IR, XRD, SEM, and EDX analyses were applied to study the struc-
ture and characteristics of CAC/MIL-53(Fe). The parameters (the solution pH, amount of adsorbent dosage, initial dye
concentration, and contact time) affecting the dye removal efficiency were investigated. The percentage of dye removal
(DR23) under optimal conditions by commercial activated carbon and CAC/MIL-53(Fe) was 50% and 99.9%, respec-
tively. The maximal capacity of adsorption was also raised from 50 to 100 mg/g. The adsorption isotherm and kinetics
followed the Langmuir and pseudo-second-order models, respectively.
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INTRODUCTION

The textile dyeing industry is a significant polluter of the envi-
ronment due to the massive discharge of wastewater containing
various dyes. According to statistics, around 1.6 million tons of dyes
are produced each year, with 10-15 percent discarded as wastewa-
ter. Water in which even small quantities of dye have been added is
noticeable and unwanted. The poor biodegradability of dyes causes
them to be more resistant to conventional water treatment meth-
ods. As a consequence, the removal of these kinds of dyes from
wastewater before their release is a critical study issue from an envi-
ronmental and safety standpoint. To remove dyes from contami-
nated wastewater, a variety of treatment procedures have been used,
including biological processes, adsorption, catalysis, ozonation, and
electrochemical. Among these techniques, adsorption is the best
known for its ease of operation, low cost, speed, high efficiency, and
environmental friendliness [1-8].

Commercial activated carbon (CAC) has long been regarded as
one of the most popular and extensively utilized adsorbents in water
and wastewater treatment [9]. The most promising option for tex-
tile wastewater treatment has been identified as CAC with a high
specific surface area and porosity [10].

One creative approach for optimizing the adsorption process is
to synthesize composite materials with novel adsorption character-
istics based on the collective behavior of the composites constitu-
ent sorbents [11].

Metal-organic frameworks (MOFs) are highly organized porous
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crystalline composite materials that include metal clusters and mul-
tifunctional organic linkers and are recognized as coordination poly-
mers. Yaghi and Li were the first in developing MOFs with persistent
porosity in 1995 [12]. MOFs are appealing to researchers working
on creating next-generation adsorbents because of their varied nature
and remarkable characteristics. They have emerged as valuable mate-
rials with exploitable properties, such as tunable ultrahigh poros-
ity, crystalline nature, changeable structure, versatile functionality,
huge surface area and pore volumes, uniform pore size, particular
interaction sites for a selected adsorbate, superior optoelectronic
properties, and excellent mechanical and thermal stability [13,14].
MOFs have been employed for a variety of industrial applications,
such as adsorption [15,16], sensing [17], separation [18,19], catalysis
[20], and proton conduction [21], also in some emerging technol-
ogies, such as light-harvesting [22], photocatalysis [23], drug delivery
[24], nanofluids [25], and biocatalysts [26], due to their prominent
structural properties. They are classified into many types, includ-
ing UiOs (University of Oslo), MILs (Material of Institute Lavois-
ier), and ZIFs (Zeolitic Imidazolate Frameworks). One of the most
significant types of MOF is MILs. Among the many kinds of MILs,
MIL-53(Fe) as an iron-based MOF is extensively utilized for dye
removal owing to multiple characteristics such as low cost, stabil-
ity in diverse reaction conditions, extremely low toxicity;, and even
non-toxicity. Furthermore, the Fe’* metal ion with a high valence
can be combined with carboxylate-type ligands to form a water-
stable MOF [27]. MIL-53(Fe) was suggested owing to its many
characteristics, such as inexpensive cost, stability in diverse reac-
tion conditions, extremely low toxicity, and even non-toxicity [28].

A literature indicated that CAC/MIL-53(Fe) was used to remove
dye. Herein, CAC/MIL-53(Fe) was synthesized and utilized to
remove anionic dye (Direct Red 23: DR23) from water. In addi-
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tion, the parameters (the pH of the solution, amount of adsorbent
dosage, initial dye concentration, contact time) affecting the adsorp-
tion process and DR23 removal were investigated. Also, the iso-
therm and kinetics of adsorption and reusability were investigated.

MATERIALS AND METHODS

1. Materials

Commercial activated carbon, iron (III) chloride hexahydrate
(FeCl;-6H,0), 14-benzene dicarboxylic acid (Terephthalic acid,
CsH(O,), and N, N-dimethyl formamide (DME C,H,NO) were
applied to synthesize MIL-53(Fe) and composite. Methanol was
also used to wash the resulting precipitate in the synthesis proce-
dure of MIL-53(Fe), and CAC/MOF composites and ethanol were
also used in reusability. Direct Red 23 (DR23) was used as an organic
dye and pollutant model. In addition, sodium hydroxide (NaOH)
and hydrochloric acid (HCI) were utilized to adjust the pH of the
solution. The chemicals and solvents were obtained from Merck
(Germany).

2. Synthesis of MIL-53(Fe)

The solvothermal method was used to synthesize MIL-53(FE).
The molar ratio of FeCl;-6H,0, terephthalic acid (H,BDC), N, N
dimethylformamide (DMF) is 1:1:280 (0.674g, 0415g, 56 mL,
respectively) [29]. This mixture was stirred for 30 min at room tem-
perature (25 °C). Following the sonication, the resultant mixture
was left to sit in the bath for 15 min. The resultant solution was
placed in a Teflon-lined steel autoclave after it had been sonicated.
It was heated for 15h at 150°C and then allowed to cool before
cutting, To separate the DMF solution from the resultant combina-
tion, the mixture was centrifuged in the following step (at 6,000
rpm). A pale brown powder was created, and the final product was
washed with methanol [28]. Finally, the powder was heated for
15h at 150 °C in an oven.

3. Synthesis of CAC/MIL-53(Fe)

For synthesis of CAC/MIL-53(Fe), in the presence of AC, the
MIL-53(Fe) in situ was used. 1 g powdered CAC was added to the
20 mL of N, N-dimethylformamide (DMF). This mixture was soni-
cated for 15 min. After that, the mentioned values were used in
the synthesis of MIL-53(Fe) with the CAC solution and vigorously
stirred at room temperature (25 °C) for 30 min. The mixture was
sonicated (in a bath) for 30 min. Following the sonication process,
the mixture was put in an autoclave. It was heated for 15h at 150 °C.
The resulting product was washed and centrifuged, and drying steps
were performed similarly in the synthesis process of MIL-53(Fe).
For the synthesis of CAC/MIL-53(Fe) the ratio (1:0.3) of CAC to
MOF was used.

4. Materials Characterization

The crystallographic properties of the synthesized materials were
determined using X-ray diffraction (XRD) analysis. The PANalyti-
cal Crystal Netherlands X-ray diffractometer was used to evaluate
the samples. The produced adsorbent surface texture morphology
was investigated using LEO 1455VP scanning electron microscopy
(SEM). The TESCAN-MIRA III was used to evaluate the produced
adsorbent’s energy-dispersive X-ray (EDX). The Perkin Elmer ana-
lyzer was used to assess the sample using the various functional
groups of the obtained Fourier transform infrared (FT-IR) spectrum.

5. Experimental Batch Adsorption

In this study, to appraise the efficiency of the synthesized adsor-
bent, the dye solution was prepared in a 100 mL container with a
concentration of 20 mg/L at pH=3, which HCl and NaOH was
adjusted. Then different quantities of adsorbent dosage (0.005, 0.01,
0.015, and 0.02 g) for dye adsorption were evaluated as the initial
dosage of adsorbent in 90 min at room temperature. The dye solu-
tion was sampled every 15 min by separating the adsorbent parti-
cles through centrifuging. Dye adsorption was measured using a
UV-Vis spectrophotometer at 4, of Direct Red 23 (503 nm). The
amount of adsorbent dosage, which had the highest dye removal
(%), was the optimal dosage considered. The factors affecting ad-
sorption (the pH, initial dye concentration, and contact time) were
investigated at room temperature. The reusability of the compos-
ite was also tested.

The percentage of dye removal (R% ) and the quantity of dye
adsorption at equilibrium (q,) were calculated using Eqs. (1) and
(2), respectively [30].

Cy-C
Roo= =, 100 6))
CO
_ (CO — Ce)V
qe_ M (2)

The dye concentrations at t=0 and t (mg/L) are C, and C, respec-
tively. V and M represent the volume of the dye solution (L) and
the weight of the adsorbent (g), respectively [31].

RESULTS AND DISCUSSION

1. Characterization
1-1. XRD Analysis

In Fig. 1, the crystallographic patterns of the synthesized sam-
ples were ascertained by XRD analysis. The diffraction pattern of
CAC in Fig. 1 is shown as amorphous material and does not indi-
cate the presence of crystalline phases. The XRD diffraction pat-
tern observed for MIL-53(Fe) synthesized in this investigation was
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Fig. 1. XRD pattern of the samples (a) CAC, (b) MIL-53(Fe), and
(c) CAC/MIL-53(Fe).
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Fig. 2. FTIR spectrum of the samples (a) CAC, (b) MIL-53(Fe), and (c) CAC/MIL-53(Fe).

in satisfactory agreement with the XRD diffraction pattern of this
MOF available in the published literature [32-34]. Thus, the MIL-
53(Fe) MOF was successfully synthesized [35]. The composite
depicts the main diffraction peaks in MIL-53(Fe) (20=9.42°, 12.6,
17.51°, and 25.39°). As shown, the crystal structure of MIL-53(Fe)
is preserved after combining MIL-53(Fe) with CAC.
1-2. FT-IR Analysis

FT-IR spectroscopy is based on the idea that molecules adsorb
certain wavelengths of infrared light preferentially, resulting in vibra-
tional and rotational state changes. FT-IR spectroscopy provides
valuable information on molecule structure [36]. Fig. 2(a) shows
the CAC spectrum. The functional group represents the bands be-
tween 3,200 and 3,450 cm™', which is related to the hydroxyl groups
O-H stretching vibration, and the peaks at a range of 2,800-3,000
cm™' were assigned to aliphatic C-H stretching [37]. The C=0 of
the carboxylic group comes at 1,540-1,750 cm™", and the aromatic
C=C group is at 1,600-1,450 cm™* [38]. The range 1,250-1,384 cm "
is assigned to phenolic O-H bending in CAC [39]. The bands at
1,000-1,200cm ™" correspond to C-O stretching in alcohols and
phenols [40], and the peak at 586 cm ™' represents aromatic C-H
bending vibrations. As shown in Fig. 2 (spectrum (b) and (c)), the
results of the FTIR spectrum of MIL-53(Fe) are quite identical to
those of the CAC/MIL-53(Fe). The characteristic peaks of MIL-
53(Fe) for MIL-53(Fe) and O-H (stretching vibration, 3430 cm™")
were detected in the range 1,400-1,700 cm ™. The adsorption band
observed at 1,550 cm™" in each group is related to carboxyl ligand
groups coordinated with metal centers [26]. The peak at 750 cm™
is related to the bending vibrations of C-H of benzene rings [27].
The presence of (Fe-O) at 537 cm™ indicates the creation of a metal-
oxo link between the carboxylic group of terephthalic acid and Fe
() for CAC/MIL-53(Fe) [28]. Hence, from the FI-IR spectra out-
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Fig. 3. SEM images of the samples: (a), (b) MIL-53(Fe), (c), (d) CAC,
and (e), (f) CAC/MIL-53(Fe).
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comes, it is evident that the structure of MIL-53(Fe) is in CAC/
MIL-53(Fe).
1-3. SEM

The surface texture features and morphological elements of the
prepared samples were investigated using SEM images. Fig. 3 shows
the SEM images of the produced samples. On the surface of MIL-
53(Fe), there are entirely crystalline spherical particles as well as a
tiny number of sheet-like particles (Fig. 3(a) and (b)). The diame-
ter of the spherical particles is approximately 300-600 nm [41]. On
the other hand, as mentioned in the XRD analysis, the surface
morphology of CAC also shows its amorphous structure (Fig. 3(c)
and (d)). As shown in Fig. 3((e) and (f)), due to the high content
of CAC in the composite sample, the MOF structures are not seen
in the surface texture of the sample, and the presence of large
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amounts of CAC is evident. This high loading amount of CAC is
also considered a substrate for the growth of MOF structures.
1-4. EDX

The EDX spectra and point mapping micrographs, also the weight
percentages of the various components present on the adsorbent
surface of the composite as mentioned above, are shown in Fig. 4.
These images demonstrate that the elements of carbon (65.92%),
oxygen (31.28%), and iron (2.7%) are present in various weight per-
centages on the surface of CAC/MIL-53(Fe) species. Moreover, the
point micrographs of this sample indicate that different compo-
nents are dispersed correctly on the surface of CAC/MIL-53(Fe).
2. Removal Studies
2-1. Effect of Adsorbent Dosage

The dosage of the adsorbent is crucial in influencing the amount

Fig. 4. EDX-dot mapping and surface chemical analysis of the CAC/MIL-53(Fe).
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Fig. 5. Effect of adsorbent dosage on dye removal (a) CAC, and (b) CAC/MIL-53(Fe) (T: 25 °C, pH=3, and dye: 20 mg/L).
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of dye adsorption on the adsorbent and the cost of pollution removal
processes [42]. Fig. 5 shows dye removal in 100 mL of dye solu-
tion (DR23) at a concentration of 20 mg/L with pH 3 for 90 min
at room temperature using various quantities of adsorbent (0.005,
0.01, 0.015, and 0.02 g). According to findings, dye removal in-
creased by CAC from 27% to 50% and from 48% to 99.9% by
CAC/MIL-53(Fe) when the adsorbent dosage was increased. This
increase in the removal of dye (%) is attributed to more active sites
being available, a larger surface area, and massive radical produc-
tion, which may be removed by impact with dye molecules at
higher adsorbent dosages [43]. On the other hand, the amount of
DR23 adsorbed at equilibrium (q,, mg/g) decreased with increas-
ing adsorbent dosage due to a gap in the flow of a solute concen-
tration gradient among the solution and the adsorbent surface [44].
According to the results, 0.02 g was considered the optimal adsor-
bent dosage for dye removal.
2-2. Effect of Initial Dye Concentration

The initial dye concentration has a significant effect on the ad-
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sorbent performance due to the direct relationship between the dye
concentration and the accessible sites on the adsorbent surface. In
general, with increased initial dye concentration, the percentage of
dye removal decreases, which might be due to saturation of adsorp-
tion sites on the adsorbent surface [45]. The influence of the ini-
tial dye concentration on adsorption performance is shown in Fig.
6. Various dye concentrations (20, 30, 40, and 50 mg/L) were exam-
ined by adjusting at pH=3 and the optimal adsorbent dosage (0.02 g)
at room temperature for 90 min. It is observed that with increas-
ing the amount of dye concentration, the dye removal decreases.
As shown in Fig. 5, the dye removal was reduced from 50% to 30%
and 99.9% and 70% using CAC and CAC/MIL-53(Fe), respectively.
Additionally, increasing the initial dye concentration enhanced the
adsorption capacity owing to the strong stimulant force for mass
transfer [45].
2-3. Effect of Solution pH

The value of pH is one of the important parameters due to the
influence on the surface charge and the degree of ionization of sol-

100% —m-20(mg/L)

90% - ——30(mg/L)

80% A —a—40(mg/L)

70% - —%—50(mg/L)
60% -

50% A

%Removal

40% -
30% A
20% A
10% {/

0% T T T T T
0 15 30 45 60 75 90

Time(min)

Fig. 6. Effect of initial pollutant concentration on dye adsorption (a) CAC, and (b) CAC/MIL-53(Fe) (pH=3, adsorbent: 0.02 g, and T: 25 °C).
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Fig. 7. Effects of the solution pH on dye adsorption (a) CAC, and (b) CAC/MIL-53(Fe) (dye: 20 mg/L, adsorbent: 0.02 g, and T: 25 °C).
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ute components. Changes in the initial pH value are connected to
changes in the adsorbent surface and dye chemistry, which may
either increase or decrease the rate of dye adsorption [46]. To deter-
mine the influence of pH on the adsorbent, a dye solution (20 mg/L)
was tested at room temperature for 90 min with varying pH values
(3, 6, 8, and 10) using an ideal adsorbent dose (20 mg). According
to Fig. 7, the amount of dye removal decreases with increasing the
pH. Dye removal decreased from 50% to 19% when CAC was used,
and from 99.9% to 24% when CAC/MIL-53(Fe) was used. Indeed,
since DR23 is an anionic dye, the adsorption capacity decreases
with the increasing pH of the solution. At higher pH values, the
adsorbent surface becomes negatively charged as functional groups
such as hydroxyl and amino are jonized, resulting in strong elec-
trostatic repulsion between the negatively charged adsorbent sur-
face and the negatively charged anionic pollutant molecules. As the
pH of the solution decreases, the number of positively charged sites
rises on the adsorbent surface. The site has a positive charge on the
adsorbent due to electrostatic attraction tends to adsorb anionic
contaminants. As a result, acidic pH (pH=3) is optimal.
2-4. Effect of Contact Time

When contaminants are removed from water and wastewater
by adsorption at a certain temperature and pH, the contact time is
critical between the adsorbent and the adsorbate species. The ad-
sorbent effectiveness in wastewater treatment is measured by fast
adsorption of pollutant (dye) and the formation of equilibrium in
a short amount of time. Furthermore, one of the variables influ-
encing the formation of surface charges at the solid-liquid inter-
face is contact time [47]. Therefore, the effect of contact time was
investigated by keeping the adsorbent dosage (0.02 g), the dye con-
centration (20 mg/L), pH=3, at room temperature for 1 to 90 min.
It was observed that in the first 15 min of velocity, the adsorption
was high, and after 30 min the adsorption process slowed, stabi-
lized and saturated (Fig. 8). This decrease in adsorption over time
is due to the accumulation of adsorption sites by dye ions, reduc-
tion in the adsorbent overall surface area, as well as an increase in

100 A

80 A

60 A

qt(mg/g)

40 A

20 A

0 T T T T T
o] 15 30 45 60 75 90

Time(min)

Fig. 8. Effect of contact time on dye adsorption (a) CAC/MIL-53(Fe),
and (b) CAG, (pH=3, dye: 20 mg/L, adsorbent: 0.02 g, and T:
25°C).
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Fig. 9. The reusability of CAC/MIL-53(Fe) composite for removal
of DR23.

the diffusion path [48].
2-5. Reusability and Stability

The reusability and stability of the composite in the environment
to remove pollutants were studied with scientific assessment and
the use of adsorbents produced on a large scale. This was repeated
five times in a row under ideal conditions (pH=3, dosage=0.02 g,
and dye concentration=20 mg/L at room temperature) circum-
stances using a volume of 100 mL of dye solution. After 90 min,
the treated effluent was collected, and the adsorbent was separated
by centrifugation into 100 mL. For 60 min, the adsorbent was washed
with 10 mL of water/ethanol (0.5:0.5) solution. It was then dried
for 1 h in an oven at 80 °C. This procedure was repeated using the
acquired adsorbent. After five repetitions, the quantity of dye re-
moved was reduced by 15% (Fig. 9).

3. Adsorption Modeling
3-1. Adsorption Isotherms

The efficient use of the adsorption process demands study based
on several adsorption isotherm models [49]. The adsorption iso-
therms describe how the adsorbent interacts with the adsorbate.
As a result, the utilization of adsorbents is critical in optimization.
The connection between equilibrium data and theoretical equa-
tions is essential for developing and operating adsorption systems.
The adsorbent interacts with the adsorbate, yielding an adsorp-
tion capacity value. The surface phase can be monolayer or multi-
layer. Equilibrium adsorption isotherms may represent adsorption
capacity with particular constants, indicating surface characteris-
tics and adsorbent affinity. The adsorption isotherm is significant
in both theoretical and practical terms. The features derived from
various models offer critical information about adsorption, sur-
face qualities, and adsorbent affinity. The most frequently used
adsorption models for single-solution systems, the Langmuir, and
Freundlich models, are among the isotherm equations accessible
to study equilibrium isotherm data. The adsorption isotherm dis-
plays the relation among the amount of dye adsorbed, the size of
the particles, and the temperature [50,51].

The Langmuir isotherm implies that the adsorbent surface is
entirely uniform. Each active site of the adsorbent can only adsorb
one pollutant molecule, resulting in one-molecule thick adsorbed
layers [52]. The Langmuir non-linear and linear models are as fol-
lows, Eq. (3) and (4) [53]:

Korean J. Chem. Eng.(Vol. 39, No. 9)
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where C, represents the dye concentration at equilibrium (mg/L).
The quantity of dye adsorbed at equilibrium time (mg/g) is repre-
sented by q,. The Langmuir isotherm constant (L/mg) is repre-
sented by K;, and the maximum adsorption capacity (mg/g) is
represented by Q,,,,. [54].

Furthermore, the Freundlich equation assumes that contami-
nants are adsorbed in heterogeneous surfaces. The non-linear and
linear forms of this model are described by Egs. (5) and (6) [55]:

q.=kC," ®)

logq,=logK,+ %logCe 6)

log q.

S. Soroush et al.

The adsorption intensity and capacity at unit concentration are
represented by 1/n and kg respectively. Furthermore, isotherms are
represented by 1/n values; if (1/n=0), the isotherm is irreversible;
(0<1/n<1) is favorable; and (1/n>1) is unfavorable [56-58]:

Fig. 10(a) shows the Langmuir isotherm applicability to dye ad-
sorption on CAC/MIL-53(Fe) using a linear plot of C,/q, vs. C,
and Fig. 10(b) depicts a graph of logq, vs. logC, for the Freundlich
linear model. Fig. 10(c) shows the non-linear isotherm models in
the plot of C, vs. q.. Also, the constants of linear and non-linear
models are presented in Tables 1 and 2.

According to Tables 1 and 2, the Langmuir model provides the
highest R’ values of 0.9855 calculated by a linear model and 0.9294
by non-linear model, which is better than the Freundlich model. Also,
the maximum adsorption capacity (Q, =196 and Q... roninear=
172 mg/g) calculated from the Langmuir equation is close to the
maximum experimental adsorption capacity (q,y)=192mg/g).
So, according to the results obtained from the linear and nonlin-
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Fig. 10. Isotherm models of DR23 adsorption onto CAC/MIL-53 (a) the Langmuir linear model, (b) the Freundlich linear model, and (c) the

Langmuir and Freundlich non-linear models.
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Table 1. Constants of linear isotherm models for dye adsorption
onto CAC/MIL-53(Fe) at different adsorbent dosages (100
mL solution, T: 25 °C, pH=3, and 20 mg/L)

Adsorbents

Isotherm Parameter
CAC/MIL-53(Fe)

Langmuir (Linear form) Qax 196
C__1 G K, 0.6078
qe - kL : Qmax Qmux Rz 0.9855
Freundlich (Linear form) 1/n 0.099
_ 1 Ky 134.896
logqe—logKF-ﬁ-nlogCe R 0.7837

Table 2. Constants of non-linear isotherm models for dye adsorp-
tion onto CAC/MIL-53(Fe) at different adsorbent dosages
(100 mL solution, T: 25 °C, pH=3, and dye: 20 mg/L)

Adsorbents
Isotherm Parameter
CAC/MIL-53(Fe)
Langmuir (Non-linear form) — Q,,, 172

CoK Q. K, 4.368
4=TTK,C, R 0.9294
Freundlich (Non-linear form) 1/n 0.18098
Ke 142.37

-K 1/n F
9=KeCe R 0.9149

ear models, the Langmuir model shows a better agreement with
the experimental data. This means that in the composite, the adsorp-
tion of dyes occurs in some homogeneous regions, and the ad-
sorption of a single layer of dyes takes place on the composite sur-
face. Besides, due to the K; value, the R; value (0<R;<1) indicates
that the adsorption process is favorable.
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3-2. Adsorption Kinetics

Adsorption kinetics offers information regarding the adsorption
mechanism. Understanding the adsorption process speed is essen-
tial for optimizing the parameter design. Adsorption processes are
often described using pseudo-first-order, pseudo-second-order, and
intraparticle diffusion kinetic models [59]:

The non-linear and linear form of the pseudo-first-order model
is generally expressed as Eq. (8) and (9) [60,61]:

q=q.(1-¢7") @)

K-t
log(q,~q)=log(q) - 55 ®)

The adsorption capacity at time t and equilibrium (mg/g) is repre-
sented by q, and q,, respectively. The pseudo-first-order model
adsorption rate constant (1/min) is denoted by k;, and the contact
time by t (min). Fig. 11(a) shows linear graphs of log(q,—q,) vs.
time (t) and Fig. 11(b) shows non-linear graphs of g, vs. time (t).
Table 3 also includes the values q,(,,, R, and k;.

Adsorption kinetics can be explained by the pseudo-second-
order model. The non-linear and linear equations of this model
are shown by the Eqs. (9) and (10) [62,63]:

kz'qi't
%= 1+k,-q,-t ©)
LR (10)
4 ke 9

k, (g/mg min) is the rate constant for the pseudo-second-order
adsorption model. Fig. 12(a) shows linear graphs of t/q, vs. time (t)
and Fig. 12(b) shows non-linear graphs of g, vs. time (t). Table 4
lists the values for g, R?, and k,.

Intraparticle diffusion kinetics shows the rate of velocity and trans-
fer of solute molecules from the aqueous phase to the surface of
solid particles (adsorbents) and then the diffusion of solute mole-
cules into the pores in the adsorption process, which is predicted

200_‘ (b)
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Fig. 11. Pseudo-first-order kinetics (a) linear model, and (b) non-linear model.
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Table 3. Pseudo-first-order kinetic constants for dye adsorption onto CAC/MIL-53(Fe) at different adsorbent dosages (pH=3, dye: 20 mg/L,

and T: 25 °C)
Dosage Pseudo-first-order (linear form) Pseudo-first-order (non-linear form)
Adsorbent e(exp) 2 2 2 2
(g) qe(cul) kZ R /1/ qe(cal) kZ R Z
0.005 192 165 0.0382298 0.9672 4.42 181 0.06 0.97865 0.67
0.0075 171 127 0.0336238 0.95831 15.24 160 0.071 0.97084 0.76
CAC/MOF 0.01 162 125 0.0409934 0.97405 10.95 155 0.068 0.98391 0.32
0.015 120 79 0.0474418 0.94814 21.28 116 0.088 0.9887 0.14
0.0175 111 67 0.0338541 0.87056 28.90 104 0.8554 0.98345 0.47
0.02 100 62 0.0504357 0.91919 23.29 95 0.9311 0.9879 0.26
1.0 q
(a) ool (b)
] [
, B
0.8 P 175 I .
g 1 o QK
150 - e 3
) ] gt ,
0.6 - i
’ ’ 5 125 s P
¢ ’ 2 ot A
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Fig. 12. Pseudo-second-order kinetics (a) linear model, and (b) non-linear model.

Table 4. Pseudo-second-order kinetic constants for dye adsorption onto CAC/MIL-53(Fe) at different adsorbent dosages (pH=3, dye: 20 mg/

L, and T: 25°C)
Dosage Pseudo-second-order (linear form) Pseudo-second-order (non-linear form)
Adsorbent Qe(esp) 5 5 > 5
(g) qe(cal) kZ R I qe(cul) kZ R I
0.005 192 222 0.00029 0.9936 4.05 212 3.56 0.99268 1.89
0.0075 171 189 0.00041 0.9945 1.71 182 5.15 0.99420 0.66
.01 162 182 .00021 . 2.20 17 21 0.99901 .97
CAC/MOF 0 6 8 0.000. 0.9990 5 5 999 0.9
0.015 120 128 0.00117 0.9995 0.50 129 0.00111 0.9987 0.63
0.0175 111 118 0.00105 0.9963 0.42 116 0.00115 0.9975 0.22
0.02 100 105 0.00167 0.9997 0.24 104 0.00167 0.99908 0.15

to be slow. Eq. (11) is used to investigate the concept of intraparti-
cle diffusion [64,65]:

q=k, t"*+1 (11)
where k, is the rate constant of intraparticle diffusion. To demon-
strate the model applicability; linear graphs of q, vs. t' for dye
adsorption on CAC/MIL-53(Fe) are shown in Fig. 13. The k,, I,

and (R) for these plots were computed and listed in Table 5.
Furthermore, Chi-square (y°) was utilized as a fitness test by

September, 2022

comparing experimental and model-calculated equilibrium adsorp-
tion data. The value of (y°) is calculated by the Eq. (12) [66].

e(ex] e(ca
Z
qe(cul)

(12)

where qy.,) and qy) (mg/g), are the adsorption capacity at equi-
librium experimental condition and model-calculated adsorption
capacity, respectively. A low value of (y”) shows that the model
results are consistent with the experimental value.
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Table 5. Intraparticle diffusion kinetics model constants for dye adsorption onto CAC/MIL-53(Fe) at different adsorbent dosages (pH=3,

dye: 20 mg/L, and T: 25°C)

Adsorbent Dosage

Intraparticle diffusion

(g) qE(exP) qe(cul)

K, I R’ Va

0.0050 192 179
0.0075 171 156
0.0100 162 151
0.0150 120 109
0.0175 111 96
0.0200 100 87

CAC/MOF

11.872 66.333 0.9863 0.94
9.114 69.174 0.9852 1.44
8.6833 68.629 0.9288 0.80
4.348 67.385 0.8521 1.11
4.1883 56.724 0.8794 2.34
3.0327 58.47 0.8368 1.94
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(12 (min"?)

Fig. 13. Intraparticle diffusion kinetics model.

For the best fit kinetic model, three parameters were investi-
gated: (i) The maximum correlation coefficient values (RY), (ii) the
minimum value of 7% and (c) the Qe(exp) Values that should reason-
ably match with the q,, values.

According to the results obtained from the three kinetics, the
adsorption kinetic follows pseudo-second-order because the lin-
ear and non-linear pseudo-second-order model shows the highest
R’ (linear=0.9997, non-linear=0.99908), the lowest z° linear=0.24,
non-linear=0.15, and the correlation between ., and qy(c.

CONCLUSION

CAC/MIL-53(Fe) composite was successtully synthesized with
a mass ratio of 1:0.3 via the solvothermal method. Crystal struc-
tures grew immediately on the CAC surface after the MOF was
synthesized in the presence of CAC. The manufacturer of the MOF
component considerably expanded the dye that the CAC could
adsorb, making it acceptable for dye wastewater cleanup opera-
tions. The adsorption process parameters (the different adsorbent
dosages, initial dye concentration, the pH of the solution and con-
tact time) and reusability were investigated. Under optimal condi-
tions (pH=3, 20 mg/L, 0.02 g, 90 min, and 25 °C), the dye removal

and the maximum adsorption capacity of the CAC/MIL-53(Fe)
composite were 99.9% and 100 mg/g, respectively. Dye removal
followed the Langmuir isotherm and the pseudo-second-order
kinetic. Ultimately, the reusability of the CAC/MIL-53(Fe) com-
posite in removing the DR23 after five cycles was satisfactory.
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