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ABSTRACT

In this study, a perfect UiO-66 was synthesized by adding benzoic acid in the precursor solution and
activating it with chloroform after synthesis. The crystal morphology and material properties of the
synthesized materials were investigated by X-ray powder diffraction, Fourier-transform infrared
spectroscopy, scanning electron microscopy, N, adsorption—-desorption analysis, zeta potential, and
thermogravimetric analyses. A typical anionic organic dye, Congo red (CR), was used as the target
contaminant to examine the adsorption properties of a series of UiO-66. The acid-promoted and acti-
vated UiO-66 had a more regular octahedral structure, high-surface area of 905-1,230 m?/g, and more
positive zeta potential (hydrogen ion), which might explained the greatly enhanced adsorption of CR
dye. The effect of several influential parameters such as adsorbent dosage, solution pH, initial dye con-
centration, temperature, and contact time was well studied and optimized by using batch adsorption
study. Moreover, mechanisms with kinetic, isotherm, and thermodynamics were researched in detail.
The acid-promoted and activated UiO-66 could be regenerated by a simple N, N-dimethylformamide
-washing method and exhibited stable and high reusability over five cycles. Overall, the acid-promoted
and activated UiO-66 was an excellent candidate for wastewater treatment due to a simple synthesis

procedure, high efficiency, reusability, and stability in the aqueous phase.
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1. Introduction

In recent years, organic dyes manufactured by industry
for use in products such as textiles, leather, paper, and plas-
tics have been discharged into freshwaters without sufficient
wastewater treatment [1-3]. These organic dyes pose a seri-
ous threat to human and ecological health, as well as societal
values by altering the aesthetics of waterways (e.g., turbid-
ity and color) [4,5]. Due to their complex chemical structure,
high stability, and slow biodegradation, organic dye is one
of the most difficult chemicals to remove using conventional
wastewater treatment processes. Therefore, it is required that
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innovative, efficient, and scalable methods to remove organic
dye pollutants from wastewater.

Compared with the many existing technologies for
removing dyes from industrial wastewater, adsorption has
long been considered one of the most competitive meth-
ods because of simple synthesis, low energy consumption,
easy operation, high removal, small amounts of harmful
byproducts, and renewable performance. In the adsorp-
tion method, it is pivotal to select the appropriate adsor-
bent. To date, various traditional adsorbents, including
silicon nanomaterials [6], clay minerals [7], and activated
carbon [8], have many limitations such as low adsorption
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capacity, difficulty in recycling, and high cost in the sewage
treatment. Consequently, there is need for developing new
adsorbents with low cost, high adsorption capacity, and
good recyclability.

Metal-organic frameworks (MOFs) represent a new fam-
ily of microporous materials formed by a network of tran-
sition metal ions linked by organic ligands [9]. Due to their
characteristic properties of high surface area, high porosity
and tunability, MOFs are considered as potential candidates
for gas storage, absorption, microelectronics, and catalysis
[10-13]. In MOFs family, Zr,O,(OH), and 1,4-benzenedi-
carboxylate (H,BDC) linker forms a 12-coordinate highly
packed face-centered cubic structure(the highest reported
coordination for an MOF), making the Zr-based MOFs
(UiO-66) have unique properties [14], such as a rare water
stability, excellent thermal and chemical stability, even in
the strong acid and alkali environment to maintain a high
stability [15-18]. Because of the water-stable properties and
excellent chemical stability in strong acid and alkali envi-
ronments, UiO-66 has been successfully used in aqueous
adsorption. Nevertheless, conventional synthetic UiO-66
has some drawbacks, such as low surface area, small pore
size, which affect the adsorption of macromolecular dyes,
and the structural defects of UiO-66 affect its hydrophobic-
ity [19]. It is understood that the proper selection of syn-
thesis conditions and activation processes can control and
tune the morphologies and textural structures of UiO-66
and result in defect-free UiO-66 in terms of the absence of
unreacted benzene dicarboxylic acid linkers into its struc-
ture. Li et al. [18] obtained UiO-66 via microwave-assisted
synthesis with the addition of acetic acid and demonstrated
that the UiO-66 could adsorb charged dyes. Qiu et al. [20]
synthesized acid-promoted UiO-66 by using acetic acid
or HCI at various reaction conditions and carried out the
selective adsorption to anionic dyes (Methyl orange and
Congo red [CR]) and cationic dyes (Methylene blue and
Rhodamine B). Azhar et al. [21] found that the crystal struc-
ture of UiO-66 activated by chloroform was more perfect,
and its adsorption performance of sulfonamide antibiotics
was greatly improved. In summary, it can be seen that the
acid-promoted synthesis and activation processes can effec-
tively improve the crystal structure so as to achieve a better
adsorption effect.

In this study, four kinds of materials were successfully
synthesized by different combinations of benzoic acid and
chloroform. These synthesized materials were character-
ized by X-ray powder diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), scanning electron micros-
copy (SEM), zeta potential, N, adsorption—-desorption anal-
ysis and thermogravimetric analyses (TGA). Through the
adsorption of the target contaminant (CR), a detailed com-
parison of the adsorption properties of the four materials
was performed. The effect of several influential parameters
such as adsorbent dosage, solution pH, initial dye concen-
tration, and temperature was well studied and optimized
by using batch adsorption study. Moreover, the kinetics,
thermodynamics, adsorption properties, and the regenera-
tion performance of the material were researched in detail.
The study of the adsorption mechanism aims to expand the
application range of MOF materials and seek new effective
adsorption materials.

2. Experimental procedure
2.1. Materials

All reagents were purchased from Aladdin Industrial
Company (China) and Sigma-Aldrich (US), including zirco-
nium tetrachloride (ZrCl, 98%), terephthalic acid (H,BDC,
99%), benzoic acid, chloroform, N, N-dimethylformamide
(DME, 99%), methanol, CR, sodium hydroxide (NaOH, 97%),
and hydrochloric acid (HCl, 36.5%). All water used in the
synthesis and treatment processes was deionized water.

2.2. Preparation

The acid-promoted and activated UiO-66 (referred to as
UiO-66-BA) was prepared by solvating under conventional
heating and modified using the reported method [22,23].

2.2.1. Synthesis

Atotal of 0.386 g (1.67 mmol) of ZrCl,, 0.276 g (1.67 mmol)
of HBDC, and 6.118 g (50.1 mmol) of benzoic acid were
dissolved in DMF (50 mL), and the solution was heated in
a Teflon-lined stainless steel autoclave at 393 K for 24 h.
Then the autoclave was cooled to room temperature and
centrifuged.

2.2.2. Purification

After washed with DMF and methanol three times, the
sample obtained by centrifugation was immersed in 100 mL
of methanol solution and treated at 373 K for 12 h in the auto-
clave in order to replace the mother liquor solvent molecules
and residual ligands in the pores.

2.2.3. Activation

The synthesized crystals were immersed in chloroform
for 5 d so that the synthesized MOF was activated. Then the
sample was centrifuged with methanol and finally dried in a
vacuum oven at 353 K for 12 h. For comparison, the synthesis
of the acid-promoted UiO-66 (referred to as UiO-66-B) did
not require an activation step; the activated UiO-66 (referred
to as UiO-66-A) was prepared without adding benzoic acid;
UiO-66 was ready without the addition of benzoic acid and
activation.

2.3. Characterization

XRD pattern was recorded on a Rigaku D/MAX-2500PC
diffractometer (Rigaku Co., Japan) using Cu Ka, radiation
(A =0.15406 nm) operated at 40 kV and 100 mA. FTIR spec-
tra were taken with a Spectrum One FTIR spectrophotome-
ter (Perkin-Elmer, USA) at room temperature. SEM (Model
JSM-6360LA, Rigaku Co., Japan) was operated at 30 kV. N,
adsorption—desorption analysis was performed at 77 K on a
porosimetry system ASAP2020 (Micromeritics, USA). Each
sample was degassed at 120°C for 120 min prior to analy-
sis. The surface area was estimated using the Brunauer—
Emmett-Teller method (S,), and the pore size distribution
was determined by the Barrett-Joyner-Halenda model. TGA
of synthesized materials and precursors was obtained by
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using a Q50 TGA instrument at a heating rate of 10°C-min™*
from 30°C to 800°C in the presence of nitrogen. Zeta poten-
tials were measured by the ZETASIZER Nano-ZSP (Malvern,
Britain) with the liquid concentration of 0.75 mg/mL. The
pH values were detected by pH meter (PHS-3G, Shanghai
REX Scientific Instrument Co., Ltd., Shanghai, China).

2.4. Adsorption—desorption experiments
2.4.1. Adsorption experiments

Accurately weighed 0.1 g/L adsorbent was added to var-
ious initial concentrations (50-200 ppm) of CR dye at differ-
ent pH, and the mixture was stabilized in a water bath for
180 min at 298, 308, and 318 K, respectively. Then the solu-
tion was centrifuged at 8,000 rpm for 5 min. The absorbance
of CR was measured at a maximum wavelength of 498 nm
using a UV spectrophotometer (2550, Shimadzu, Japan)
and the equilibrium adsorption capacity was calculated as
follows:

C,-C)V
qfi( ke 1)

m

After determination of concentration of dyes vs. time, the
dye removal percentage was calculated by Eq. (2):

R% =

C -C
—7( OC f)x100% 2)

0

where C, (mg/L) and C, (mg/L) are the initial and equilibrium
concentrations of CR solution, respectively; C, (mg/L) is the
concentration of dyes vs. time; V (L) is the volume of the CR
solution; and m (g) is the mass of adsorbent.

2.4.2. Desorption experiments

The feasibility of the reproduction of adsorbed saturated
materials was evaluated by using solvent desorption tech-
niques. The solution of DMF was used as an eluent to regen-
erate a series of UiO-66 materials. The used UiO-66 materials
were added to the DMF, and the mixture was sonicated for
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30 min and dried in an oven at 373 K. Finally, the regenerated
adsorbents were used to adsorb CR again.

3. Results and discussion
3.1. Characterization

X-ray diffraction patterns of samples were character-
ized and shown in Fig. 1(a). UiO-66 model is consistent
with the reported in the literature [24,25], indicating the
successful synthesis. It can be seen that a very broad peak
(spanning a 20 range of 2°-7°) is observed in the powder
X-ray diffraction patterns of UiO-66-B. We unambiguously
assign this “broad peak” to very tiny “nanoregions” of
missing cluster defects promoted by monocarboxylic acid
modulation [26,27]. However, this “broad peak” is not seen
on the patterns of UiO-66-BA. This phenomenon may be due
to activation process which can reduce unreacted benzene
dicarboxylic acid linkers into its structure to get defect-free
structure [21]. In addition, according to the intensity of the
diffraction peak, the addition of benzoic acid promotes the
form of high crystallinity UiO-66.

To further understand the surface characteristics of
materials, FTIR spectra were characterized to show the coor-
dination of organic linkers and metal units, as shown in
Fig. 1(b). For UiO-66, the absorption peaks at wavenumbers
of 3,423 cm™, 1,574 cm™ (1,401 cm™), and 1,506 cm™ represent
O-H group at the external surface, the asymmetric stretching
of O-C-O in the BDC ligand, and the typical vibration pres-
ent in a C=C of benzene ring, respectively [28]. In addition,
the peaks at 664 and 748 cm™ are attributed to pu*-O stretch-
ing with Zr—(OC) [14]. These peaks on UiO-66 appear on the
other three materials, indicating the similarity of these mate-
rials to UiO-66. However, there is a noteworthy place that
a weak peak at wavenumber of 1,708 cm™ representing the
stretching vibrations of C=O in benzoic appears on UiO-66-B
and UiO-66-BA. This may be due to the addition of benzoic
acid.

Meanwhile, the morphology and structure of these mate-
rials were showed by SEM in Fig. 2. As shown in Figs. 2(a)
and (b), samples UiO-66 and UiO-66-A show an aggregated
structure composed of nanocrystals due to the continuous
secondary nucleation of UiO-66 nuclei [29]. However, the
crystallinity of UiO-66-A is more regular than that of UiO-66,
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Fig. 1. (a) XRD patterns and (b) FTIR spectra of materials.
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showing a more cubic structure, probably due to the activa-
tion effect of chloroform. In the crystallization synthesis of
UiO-66-B and UiO-66-BA, a competitive coordinator of the
(ZrCl,) metal cluster is produced between H,BDC and a reg-
ulator (benzoic acid) with same carboxyl group, breaking
down the original coordination between the ligand with the
metal clusters. Therefore, the nucleation of UiO-66-B is inhib-
ited, resulting in the rate of decline and the nucleated small
grains can grow into larger grains [30,31]. In addition, due
to the addition of the acid, some zirconium clusters tend to
combine with benzoic acid or exchange between benzoic acid
and linker molecules at the coordination sites, which limit
the secondary nucleation and form a non-agglomerated crys-
tal structure [32], as shown in Figs. 2(c) and (d). However,
as compared with UiO-66-B, UiO-66-BA produced an almost
perfect structure of UiO-66, angular rudiment of octahedrons
shown in Fig. 2(d), confirming the defect-free structure of
UiO-66-BA.

The same, the porosities and surface areas of all sam-
ples were measured by nitrogen adsorption at 77 K (Fig. 3).

Fig. 2. (a) SEM images of UiO-66, (b) UiO-66-A, (c) UiO-66-B, and
(d) UiO-66-BA.
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Fig. 3. N, adsorption/desorption of the UiO-66, UiO-66-A,
UiO-66-B, and UiO-66-BA.

The details of textural properties were given in Table 1. As
evidenced by reversible Type-I N, adsorption isotherms, all
of them exhibit permanent microporosity. The surface area
of UiO-66 sample is 750 m?/g, which is similar to some of the
reported results [33,34]. However, after activation with chlo-
roform, the absence of unreacted BDC may help to obtain
a more perfectly structured UiO-66, increasing the specific
surface area and pore size [14,35]. In addition, the specific
surface area and pore size of UiO-66 were increased with
the addition of benzoic acid and changed with the acid con-
centration because of their enhanced crystallinity, consistent
with previous reports [16,20].

To examine the effect of acid regulation and chloro-
form activation on the thermal stability of UiO-66, the TGA
patterns with derivative curve were shown in Fig. 4. From
the in-house derivative curves, it can be seen that the ther-
mal weight loss of four materials can be divided into three
stages: surface water evaporation (<120°C), decomposition
of guest molecules (150°C—480°C), and collapse of structure
(480°C—-610°C). The weight loss of UiO-66 and its deriva-
tive nanocrystals occur essentially at the same temperature,
indicating that the thermal stability of the backbone is not
affected by the addition and activation of acids [36]. The
weight loss of UiO-66-A is smaller than that of UiO-66 in
the second stage, and it is understood that the reduction of
residual ligand and DMF in the pore is due to activation. At
the same time, the greater thermal weight loss on UiO-66-B
may be due to the remaining benzoic acid molecules in the
pore size.

Table 1
Parameters of porous structure for the samples
Sample SBET thal Vmicro Vmeso Pdiam
(m*/g)  (cmYg) (cmg) (cm'g) (nm)
UiO-66 750 0.448 0.316 0.132 2.43
UiO-66-A 905 0.531 0.329 0.202 251
UiO-66-B 1,186 0.672 0.457 0.215 2.96
UiO-66-BA 1,230 0.699 0.462 0.237 3.02
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Fig. 4. TGA curves of UiO-66, UiO-66-A, UiO-66-B, and
UiO-66-BA and their derivative curves inside.
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3.2. Effect of operational parameters on dye removal
3.2.1. Effect of adsorbent dosage

A series of batch experiments were carried out by adding
different amount of adsorbent to 50 mL of CR solution (initial
dye concentration of 50 mg/L), and the mixture was oscillated
at 298 K and pH =7 for 180 min. Fig. 5 shows the effect of
adsorbent dosage on CR adsorption. As can be seen from the
figure, with the increase of adsorbents doses, there are differ-
ent degrees of decrease in the amount of CR adsorbed for all
four adsorbents, while the dye removal efficiency increases
significantly. In fact, the decreased adsorption capacity can
be attributed to an increase in the unused active site on the
adsorbent, resulting in a decrease in adsorption capacity per
unit mass of adsorbent [37]. The higher removal efficiency is
due to the enhancement in the available adsorptive surface
area and active surface sites [38]. As can be observed, UiO-
66 and UiO-66-A have significantly less adsorption capacity
and removal efficiency than the other two materials because
their crystals have a low adsorption area (as BET analysis
confirmed) and active sites due to the lack of acid regulation.
Also, UiO-66-B has a slightly lower adsorption efficiency in
comparison with UiO-66-BA because non-activated UiO-66-B
shows a relatively missing crystal structure, making them
hydrophilic [39]. This hydrophilicity promotes the interac-
tion of UiO-66 with water molecules instead of adsorbates,
thus resulting in a decreased adsorption capacity.

700

————— v—--"“"*’:::x 4 100
600 |- k—_—‘__,b—"‘____»
. 4 80
S0 ——Ui0-66 _
) —— Ui0-66-A 8
400 ——Ui0-66-B 1 60 =
g —— Ui0-66-BA z
o 300 g
S e 140 2
200}
ezl 12
100} Sss=ci--

0.006 0.009 0.012 0.015

Adsorbent dosage ()

0.003

Fig. 5. Effect of UiO-66, UiO-66-A, UiO-66-B, and UiO-66-BA
dosage on sorption of CR.
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3.2.2. Effect of pH

The study of initial solution pH and zeta potential of
adsorbents can provide important information for the effect
of protonation and deprotonation of adsorbents on the CR
adsorption and the study of adsorption mechanism. The
mixture containing 5 mg of adsorbent in 50 mL of CR solu-
tion (initial dye concentration of 50 mg/L) was shaken in a
water bath at 298 K for 180 min. The pH in this study was
adjusted with 0.1 mol NaOH and 0.1 mol HCI and varied
in the range of 3-11. The amount of adsorption and the zeta
potential distribution of the adsorbents at different pH were
shown in Figs. 6(a) and (b), respectively. In this study, CR is
an amphoteric adsorbate that can be present as CR" or CR~
depending on the pH of the solution. The pKa value of CR is
5.5 [40], which suggests that CR mainly exists in an anionic
form at pH > 5.5 and acidic or neutral at pH < 5.5, as shown
in Fig. 7. As shown in Fig. 6(a), the equilibrium adsorption
capacity remained stable without significant loss when the
pH decreased from 7 to 3. The four materials exhibited the
highest adsorption capacity at pH =7. The adsorption capac-
ity of UiO-66-B and UiO-66-BA is about 4-4.8 times that of the
other two materials. The only slight decrease of the adsorption
capacity at pH = 3 may be attributed to electrostatic repulsion
between CR in the form of cationic due to protonation and
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Fig. 7. Structure of CR at (a) pH > 5.5 and (b) pH <5.5.
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enhanced positively charged adsorbents under strong acid
conditions. The same, in the alkali environments (pH =9 and
11), the lower adsorption at higher pH may be on account
of the abundance of OH", and the ionic repulsion between
the negative charge on the surface of adsorbents and negative
ionic organic compounds [41,42]. The acid-promoted UiO-66
has more positive charge and can have a stronger electrostatic
interaction with the anionic dye (CR), which is an important
reason that the adsorbed amount of CR by UiO-66-B and
UiO-66-BA can be much larger for UiO-66 and UiO-66-A.

3.2.3. Effect of concentration and temperature on adsorption

The effect of concentration and temperature on adsorp-
tion was investigated by adding 5 mg of adsorbent to 50 mL of
different concentrations of CR solution and shaking at differ-
ent temperatures and pH =7 for 180 min. Fig. 8(a) shows the
effect of initial concentration of CR on the adsorption capacity
of four kinds of materials. With the increase of CR concentra-
tion from 50 to 200 mg/L, the adsorption capacity of UiO-66-B
and UiO-66-BA to CR increased rapidly, while the adsorption
capacity of UiO-66-A increased gently. Because of the low
concentration, the adsorption cannot reach saturation. With
the increase of concentration, the increasing number of col-
lisions between the dye ions and adsorbents, due to higher
initial dye concentration, brings higher driving force of the
concentration gradient, and the greater impetus can be pro-
vided to overcome the mass transfer resistance of CR from the
liquid phase to the adsorbent surface, so the adsorption capac-
ity becomes larger [43]. When the adsorption reaches equilib-
rium, the adsorption capacity tends to be constant. However,
the adsorption capacity of UiO-66 is similar with the increase
of CR concentration, probably because CR adsorption on
UiO-66 has approached an equilibrium state of adsorption
at about 50 mg/L. Meanwhile, Fig. 8 displays the effect of
temperature on the adsorption of four materials in different
concentrations of solution. It can be seen that the equilibrium
adsorption capacity on four materials increases with tempera-
ture for the different initial concentrations of CR at 298-318 K,
indicating that the adsorption reaction is endothermic, and
the elevated temperature is favorable for the adsorption. The
temperature rises accelerate the molecular thermal motion,
thereby increasing the physical adsorption rate for CR. In
addition, the increase in temperature provides more energy
for the reaction process and promotes the formation of stable
chemical bonds between the surface of the adsorbent and the
organic matter, thus improving the adsorption effect [44].
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3.2.4. Effect of time on adsorption

Meanwhile, the adsorption performance will change
greatly with the change of contact time. Fig. 9 showed the
effect of contact time by adding 5 mg of adsorbent to 50 mL of
CR solution (initial dye concentration of 50 mg/L) and being
oscillated at 298 K and pH =7. It could be seen that the adsorp-
tion rates of UiO-66-BA and UiO-66-B were very fast in the
initial 30 min, and the removal rates of CR were 81.1% and
69.1%, respectively, while that of UiO-66 and UiO-66-A were
much lower, and the removal rates of CR were only 11.5% and
12.8%, respectively. After 120 min, the adsorption curve hardly
changed, and the adsorption reached equilibrium in 180 min.
The adsorption rate of CR on UiO-66-BA reached 93.6% for
CR, while that of UiO-66 had only 15.4%. It could be seen that
the benzoic acid-regulated and chloroform-activated UiO-
66 had greatly enhanced the adsorption performance to CR.
From the mechanism of mass transfer, at the initial stage of
adsorption, the adsorption rate of CR on UiO-66-BA increased
rapidly with the prolongation of adsorption time. At this time,
the adsorption of CR may mainly occur on the surface of UiO-
66-BA and the outer surface of the pores. At the later stage
of adsorption, the adsorption was controlled by diffusion,
which may occur on the inner surface of the channel, so the
adsorption rate is slowed down. After 180 min, the adsorption
reached an equilibrium stage. Fig. 9 shows the decolorization
of the CR solution after dosing the corresponding adsorbent.
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Fig. 9. Effect of adsorption time on the adsorption performance
of four materials.
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3.3. Adsorption kinetic

The study on adsorption kinetics is helpful to determine
the mechanism of adsorption and to study the efficiency
of adsorbents to remove contaminants [45,46]. In order
to find the potential rate control step for adsorbing CR on
adsorbents, we chose the pseudo-first-order model [47], the
pseudo-second-order kinetics model [48], the intraparticle
diffusion model [49], and the Elovich model [50] to fit the
experimental data.

The pseudo-first-order model is written as follows:

In(q,—q,)=Ing, —k -t ®)
The pseudo-second-order model is written as follows:
teq =k 'q " +tq," 4)

The intraparticle diffusion equation can be described as
follows:

q,=k-t"7+C ®)

The Elovich equation is another kinetic model equation
based on the adsorption capacity expressed as follows:

q, :BIn(aB)+Blnt (6)

where g, and g, (mg/g) are the adsorption capacity at
equilibrium and at any time ¢ (min), respectively. k, (min™)
and k, (grmg-min™) are the rate constants of the first-order
adsorption and the second-order adsorption. The plot of In
(q-9,) vs. t is used to obtain pseudo-first-order parameters
g, and k, and that of t/q, vs. t is employed to deduce
pseudo-second-order parameters k, and g,. k; (mg-gmin™?)
and C are the intraparticle diffusion rate constant and the
intercept, which can be assessed from the slope of the linear
plotof g,vs. 2. avand 3 are the Elovich constant that represent
the initial adsorption rate (g-mg™min) and the desorption
constant (g-mg™'-min™), respectively. The Elovich constants
could be obtained from the graphs of g, vs. In ¢.

Adsorption kinetics studies were performed by shaking
50 mL of different concentrations of CR solution containing
5 mg of adsorbent at 298 K and pH = 7. The correlation coef-
ficient of each kinetic equation was calculated and rendered
in Table 2. The results showed that the pseudo-second-order
model could better explain the adsorption processes on these
four materials because this model exhibited the linear plot
with the higher value of correlation coefficients (R? 0.987-
0.997) for all adsorbents and the calculated g, value of the
pseudo-second-order model was also closed to the experi-
mental data. Moreover, the intraparticle diffusion showed
better concordance than the pseudo-first-order model, but
the R? value of this model was lower than the second-order
kinetic. The comparison of equilibrium rate constants (k,)
indicated that the UiO-66-B removed dyes swifter than UiO-
66-BA. Moreover, the decrease in k, value with increasing dye
concentration suggested that the increase of concentration
would decrease the initial adsorption rate.

Table 2

Correlation coefficient of kinetic equations for the CR adsorption

Elovich

Quasi-second order Intraparticle diffusion

Quasi-first order

qe,exp

Dye

Adsorbent
type

concentration

RZ

RZ

RZ

79.74  0.996
14472 0.997

RZ

0.977
0.989
0.979
0.995
0.978
0.938
0.918

11.70
23.69

0.327
28.11

0.987

41.09
51.77
74.75
41.67

151.43

2.96
7.15
7.39
4.24
15.92
17.13
8.32

33.17

1.25x 107

0.989
0.990
0.983
0.991

41.29
91.72

99.27

0.02025
0.02006
0.01956
0.02395
0.01813

76.82

50
125
200

UiO-66

0.069
0.065
0.168

0.015

0.991

6.73 x 107

137.38

0.986

172.12  0.992

441 x10*
7.73 x 107

164.78

15.03
67.75
77.79
46.43
143.17

0.992

98.43 0.994
367.65 0.994

52.68
222.15

94.74

50
125
200

UiO-66-A

0.978
0.955
0.989

8.01 x 10
2.01 x10*

432 x107°

0.981

345.74

0.020

236.32

44843 0.992

0.952
0.959

235.75

0.01555
0.01946

426.35

0.778

300.56

409.84 0.990

138.39

0.01898 488.59

0.01718
0.02475

0.02141

403.05

50
125
200

UiO-66-B

0.961

0.986 0.014

350.98

877.19 0.992

1.01 x 10
7.04 x 107

0.985

763.25

0.011 159.96  0.991

0.974
0.985
0.987
0.986

399.09

44.07

990.09 0.987

0.989
0.969
0.982
0.984

568.11

946.93

5791  0.898

0.384
0.012

354.43

9.95
40.38

478.47 0.995

3.91x10°

172.39
562.60

467.83

50
125
200

UiO-66-BA

0.981

155.00

422.62

943.39 0.991
1,190.48 0.988

8.35 x 107

901.71
1,138.78

19522 0.989

0.008

516.90

48.64

5.74 x10°

0.01624 671.22
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3.4. Adsorption isotherms

Adsorption isotherms can provide information about
the surface properties, sorption mechanism, and the affin-
ity of adsorbents. In this study, adsorption isotherms mod-
els such as Langmuir, Freundlich, Temkin, and Dubinin—
Radushkevich (D-R) were used to describe the relationship
between the adsorbed amount of CR and its equilibrium con-
centration. Jin et al. [51] assume that there is no interaction
between adsorbate molecules, and the adsorption is at homo-
geneous sites on the adsorbent surface. The dye molecules
occupy a site where no adsorption takes place again. Another
important parameter R, the separation factor or equilib-
rium parameter, is used to judge if an adsorption system is
“favorable” or “unfavorable” [52]. The Langmuir isotherm
equations and the separation factor are described as follows:

Coq =g k'+C q°" )
1

R=—

'T1+K, -C, ®)

where C, (mg-L™") and g, (mg-g™) represent the equilibrium
concentration and the amount of adsorbate at equilibrium,
respectively. g,(mg-g™') and C, (mg-L™) signify the Langmuir
constant concerned with the theoretical maximum adsorp-
tion quantity and the initial concentration, respectively. k,
is Langmuir constant. For R, > 1, the adsorption is unfavor-
able; for R, =1, linear; for 0 < R, <1, favorable; and for R, =0,
irreversible. k,and 1/n represent the Freundlich constant and
heterogeneity factor, respectively.

The Freundlich isotherm model makes a proposal that
considers a monolayer sorption with a heterogeneous pos-
itive distribution of active sites and deems that there exist
interactions between adsorbed species [53]. This model can
be expressed by the following equation:

Ing, = 1lnCe +1Ink, 9)
n

where k,and 1/n represent the Freundlich constant and het-
erogeneity factor, respectively. The value of n indicates the
favorability of adsorption. If n > 1, the nature of adsorption
is favorable.

The Temkin isotherm model presumes that the adsorp-
tion heat decreases linearly with increasing the coverage of
absorbent surface [54]. Uniform distribution of the binding

Table 3

357

energy is one of the features in this model. The linear form of
this isotherm is described as follows:

q, :Bll‘lKT+Bh‘1C€ (10)

where B is an adsorption constant characterizing the free
energy of adsorption and K. is the equilibrium binding con-
stant related to the maximum binding energy (L-g™).

The D-R [55] isotherm is an empirical model which
assumes that adsorption can take place as the multilayer
adsorption. Generally, this isotherm is utilized to describe
the adsorption mechanism with the distribution of Gaussian
energy onto a heterogeneous surface. The linear equation of
D-R model can be represented as follows:

Ing, =Ing, - &’ (11)
1
s—RTln(1+CJ (12)
1
E= (13)

where g, is the theoretical adsorption capacity (mg-g™), ¢
represents Polanyi potential and (3 shows the D-R isotherm
constant. R is the gas constant (8.314 J-mol™K™), and T is
the absolute temperature (K). TE (kJ-mol™) indicates that
the sorption is physical or chemical. If E < 8 k]-mol™, the
adsorption process was naturally physical. If its amount was
between 8 and 16 kJ-mol™, it was chemical in nature.
Adsorption isotherms studies were performed by
shaking 50 mL of CR solution (initial dye concentration of
50 mg/L) containing 5 mg of adsorbent at 298 K, pH = 7. The
constant parameters of adsorption isotherm equations and
the correlation coefficient (R?) for each model are presented
in Table 3. Because R?values of the Langmuir equation are
higher than other isotherms equations, the Langmuir model
can be more suitable for experimental data. 0 < R, <1 means
that the adsorption system is favorable. Therefore, this result
indicated that the adsorptions of CR were monolayer uni-
form adsorptions. It is noteworthy that the adsorption of
UiO-66-A to CR is better matched to the D-R model due to
the higher R? value (0.990), confirming the multilayer adsorp-
tion and heterogeneous surface of this nanocomposite. In the
meantime, the value of n for Freundlich isotherm is 0.89 for
UiO-66-A, which represents the adverse property of adsorp-
tion. In addition, the results of D-R isotherm model indicate

Linearized isotherm coefficients for CR adsorption at different concentrations

Adsorbent Langmuir Freundlich Temkin Dubinin—-Radushkevich
type 7 K, R, R? k. n R? B K, R q, E R

UiO-66 259.74 0.009 0341  0.995 10.38 1.86 0.984 62.63 0.077 0974 171.74 0.035  0.972
UiO-66-A 69444 0.012 0327  0.982 1.88 0.89 0.885  261.02 0.037  0.966 498.63 0.030  0.990
UiO-66-B  1124.85 0.047 0.096 099 17829 273 0.991 23649 0519  0.989 89547 0.113  0.875
UiO-66-BA  1270.65 0.085  0.055 0987  319.68 3.47 0977  216.86 1.958  0.938 1,051.61 0.172 0.815
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the adsorption process as physical in nature (E < 8 k]-mol™)
for all prepared adsorbents.

In order to better illustrate the CR adsorption capacity
of Zr-based MOFs synthesized in this paper, Table 4 lists
the maximum adsorption capacity of CR for various MOFs
reported in recent years. From the table, the adsorption capac-
ity of Zr-based MOFs to CR in water exceeds that of many
metal-based MOFs, except Ni-based MOFs, and is much
larger than that of commercial activated carbon, suggesting
that the acid-promoted and activated Zr-based MOFs are suit-
able as an adsorbent for the removal of CR dye in wastewater.

3.5. Thermodynamic analysis

To study the intrinsic energy changes during the adsorp-
tion process, the thermodynamic parameters referred to the
change in the Gibbs free energy (AG), enthalpy (AH), and
entropy (AS) are investigated and calculated from the follow-
ing equations:

K =1

¢ (14)

AG = -RTInK. (15)

K =-2H  AS (16)
“TTRT R

where g, (mg-g™), C (mg-L™), R (8.314.1914 J-mol-K™), T (K),
and K_(mg-g™) are the amount of CR absorbed per unit mass
of CR, the equilibrium concentration, the universal gas con-
stant, temperature, and the Freundlich constant, respectively.

Thermodynamic studies were performed at different
temperatures and pH = 7 for 180 min by adding 5 mg of
adsorbent to 50 mL of CR solution (initial dye concentration
of 50 mg/L). The thermodynamic parameters at various tem-
peratures are shown in Table 5. The negative values of AG
at different temperatures and the positive value of AH mean
that the CR adsorption is spontaneous and endothermic reac-
tion [62]. Meanwhile, AH (<40 kJ-mol™) also indicates that the

Table 4
Comparison of the CR adsorption capacity of prepared
adsorbents with the reported similar materials

Adsorbent 9....(Mmg/g)  Reference
UiO-66-B 1,100.18 This study
UiO-66-BA 1,371.91 This study
Bi-FMOF 72 [56]
MIL-68(In) microrods 318 [57]
Terbium luminescent MOFs 637 [58]

3D copper(II) MOFs 656 [59]

Ni/Cu mixed-component MOFs 1,100 [60]
MIL-68(In) nanorods 1,204 [57]
Ni-MOFs 2,046 [61]
Activated carbon 300 [40]

FMOF - fluorous metal-organic framework.

adsorption of CR onto four adsorbents may be physical pro-
cesses, based on the opinion of Kara et al. [63] that the AH of
chemical adsorption is more than 40 kJ-mol™. Moreover, the
decreasing value of AG with rising temperature implies that
the CR adsorption on these adsorbents is more spontaneous
at higher temperature. The positive values of AS indicate that
the randomness of the adsorption process increases because
the number of desorbing water molecules is greater than the
number of adsorbed CR molecules (more water molecules
can be desorbed by adsorbing CR molecules because CR mol-
ecules are larger than water molecules).

3.6. Regeneration

The regeneration of the adsorbent is critical in practical
adsorption applications. 5 mg of adsorbent was added to
50 mL of CR solution with concentration of 50 mg/L under
the stirrer at pH = 7 for 180 min. Fig. 10 shows that the
regenerated UiO-66-B and UiO-66-BA is reusable because

Table 5
Thermodynamic equilibrium constant K and relative
thermodynamic parameters
Adsorbent T K AG AH AS
(K) (mL-g?) (kJmol?) (kJ-mol™) (J-mol*-K™)
UiO-66 298 1.79 -1.45 12.64 0.047
308 212 -1.92
318 247 —2.34
UiO-66-A 298 226 202 15.67 0.060
308 312 291
318 335 321
UiO-66-B 298 4085  -9.19 20.92 0.101
308 53.84 -10.25
318 6757 1121
UiO-66-BA 298 14528 -12.32 28.43 0.136
308 166.07 -13.09
318 300.56 -15.04

Fig. 10. Recycling of prepared adsorbents for CR adsorption.
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of the stable adsorption capacity during the four adsorption
process. After five cycles, the adsorption rates decreased by
only 9.5 % and 6.4 %, respectively, indicating that it is effec-
tive to regenerate UiO-66-B and UiO-66-BA with DMF as the
analytical solvent. However, the regeneration of UiO-66 and
UiO-66-A materials is not satisfactory.

4. Conclusions

Acid-promoted and activated UiO-66 was successfully syn-
thesized by a simple solvothermal method. Characterization
results showed that the addition of benzoic acid and chloro-
form activation can control the crystal structure, the size of
the specific surface area, and pore size. Meanwhile, the addi-
tion of acid can provide more positive charge on the surface
of materials, and a more perfect crystal structure can be man-
ufactured by chloroform activation. A series of experiments
showed that the maximum adsorption amount of UiO-66-B
and UiO-66-BA to CR reached 1,100 and 1371 mg-g™, respec-
tively, which was five to seven times that of UiO-66. Enhanced
positive potential, larger adsorption area and active site, and
better hydrophobic properties may explain the reason for
the increased adsorption. Meanwhile, the results confirmed
that the adsorption process could be well fitted by Langmuir
isotherm and the pseudo-second-order kinetics, respectively,
indicating that the adsorption of CR was monolayer uniform
adsorption. In addition, thermodynamic studies showed that
the adsorption of CR was a spontaneous endothermic reac-
tion and physical process. The large amount of CR adsorption
and the convenient and efficient regenerative properties sug-
gested that UiO-66-B and UiO-66-BA can be used as a promis-
ing adsorbent in the adsorptive removal of CR dyes. In short,
this study highlights the importance of precision MOFs mate-
rial synthesis in adsorption process.
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