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ABSTRACT: Herein, we report a new metal—organic framework 6o =" GocooH-

NaOH, CICH:COOH

(MOF)-based composite beads adsorbent made via incorporating coon konication " ?

Ui0-66 MOF, carboxylated graphene oxide (GOCOOH) into .. "\ pE iz : &’&0 G
sodium alginate for efficient removal of methylene blue dye, and 2 Hood Loon

Cu** ions. The successful fabrication of the synthesized UiO-66/ = Ui0-66 Ui0-66/GOCOO0H

GOCOOH@SA composite beads was confirmed by means of X-ray
diffraction, Fourier transform infrared, scanning electron microscopy,
zeta potential, X-ray photoelectron spectroscopy analysis, and
thermogravimetric analysis and BET measurement. The incorpo-
ration of both UiO-66 and GOCOOH into SA beads greatly
increased their adsorption efficiency for the removal of both MB and
Cu*" with maximum adsorption capacities of 490.72 and 343.49 mg/
g, respectively. The removal process of both MB and Cu** follows the

pnllulul
Adsorplmn Q
lnn =

Ui0-66/GOCOOH@SAbeads

pseudo-second-order model and Freundlich isotherm model. A
plausible adsorption mechanism was discussed in detail. Regeneration tests clarified that the removal efficiencies toward both
MB and Cu?®' remained higher than 87% after five cycles. These results reveal the potentiality of Ui0-66/GOCOOH@SA beads as

an excellent adsorbent.

1. INTRODUCTION

Undoubtedly, water is one of nature’s precious gifts to
mankind that should be protected instead of being
contaminated with dangerous substances. So, if we do not
assess the vast disaster that we are facing, which is “water
pollution”, then our life on the planet will become under
threat. Notably, synthetic dyes are considered the most
hazardous sort of contaminants that pose jeopardy to human
health as well as marine life." > Among these assorted dyes,
cationic methylene blue (MB) has a planar structure, rendering
it highly soluble in water.”” As a result, it may damage marine
life since sunlight is prevented to penetrate into water bodies
and reoxygenation of the marine system is interrupted.8 In
addition, there is a severe impact on human health such as
methemoglobinemia, convulsions, nausea, eye burning, tachy-
cardia, cyanosis, etc.” Despite the mentioned risks of MB,
potential industries mainly build upon it, including food,
printing, medicine, coloring food, cotton, and wood."’
Moreover, heavy metals are another case in point of hazard
contaminants; however, their importance in several industries
includes fertilizers, paints, pigments, etc.! Discharge of the
cationic metal ions such as copper (Cu*") into water resources
uncertainly aggravates fatal diseases such as anemia, nausea,
stomach intestinal distress, cyanosis, kidney damage, and rapid
respiration that may eventually lead to coma and even death.”?
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Accordingly, physicochemical techniques have been developed
to get rid of this enormous risk such as ﬂocculatlon, 14
ultrafiltration,”> advanced ox1dat10n,16 photocatalysis, 7=l
catalysis,”>** biological treatment,”* and adsorption.”>™**
Due to the simplicity, high efficiency, and low cost of the
adsorption technique, it has been considered the best choice
for the removal of contaminants from water bodies.””**
Sodium alginate (SA) is an anionic polysaccharide that is
extracted from brown seaweed.’> SA is a well-known
polysaccharide consisting of two monomers, a-L-guluronic
acid (G units) and f-p-mannuronic acid (M units), linked
together by a f-1,4-glycosidic bond. SA is an environmentally
friendly biopolymer because of its biodegradability and
nontoxic nature.”**> Based on these criteria, SA has drawn
special attention in wastewater treatment applications as a
premium encapsulating material owing to its notable
advantages including strong gelation, high chemical stability,
and biocompatibility.***” In addition, the backbone chain of
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Figure 1. SEM images of (A) GOCOOH, (B) UiO-66, (C, D) SA beads, and (E, F) UiO-66/GOCOOH@SA composite beads.

SA possesses plentiful functional groups such as hydroxyl and
carboxyl groups that reinforce the chelating ability toward the
cationic pollutants whether in heavy metals or dyes.”®
However, the adsorption capacity and the mechanical
properties of SA need improvements to utilize it efficiently
in the field of wastewater treatment.

Metal—organic frameworks (MOFs) represent a new
category of porous materials with ordered network structures
building up from organic—inorganic hybrids.”> MOFs have
acquired tremendous attention in diverse fields including gas
storage, photobased reactions, adsorption, membranes, and
drug delivery.””~*' UiO-66 MOF and its derivatives have been

extensively utilized in adsorption owing to their excellent water
stability and high adsorption capacities.”*~**

It has been reported that graphene oxide (GO) contains a
variety of functional groups including C—O—C (epoxy)
groups, —OH (hydroxyl) groups, and edged —COOH
(carboxylic) groups. These varieties of functional groups
make GO one of the extensively utilized materials to create
new pores and new active sites in adsorbent composites.**’
The combination between high surface area MOFs, GO
derivatives, and biopolymers could greatly enhance their
properties as well as avoid their disadvantages."’ Moreover,
the encapsulation of powder adsorbents into biopolymer beads
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Figure 2. (A) FTIR spectra of GO, GOCOOH, UiO-66, SA, and UiO-66/GOCOOH@SA composite beads; (B) XRD patterns of SA, GO,
GOCOOH, Ui0-66, Ui0-66/GOCOOH@SA composite beads, Ui0-66/GOCOOH@SA composite beads after adsorption of MB and Cu?".

such as SA is one of the most felicitous ways to provide highly
efficient, easily regenerable, and reusable adsorbents.***

Actually, there are previous studies that reported the
modification of UiO-66 with GO and its derivatives at which
GO provides more active sites, enhancing the adsorbability of
UiO-66. Nevertheless, the efficient UiO-66/GO composites in
their powder form suffer from low reusability and difficult
separation. So, incorportation of UiO-66/GO composites into
a host like SA is an effective solution to overcome this flaw.
Accordingly, we aimed to fabricate a devoloped adsorbent
taking into consideration both efficacy and reusability criteria.
The developed UiO-66/GOCOOH@SA composite beads
were fabricated for the adsorptive removal of the noxious
cationic contaminants (MB dye and Cu** ions) since the
matrix of the fabricated beads has abundant anionic functional
groups, suggesting a strong electrostatic interaction between
the fabricated beads and both MB dye and Cu®* ions. To the
best of our knowledge, there is no reported work on the
removal of Cu?" onto MOF/GO derivatives. Furthermore, the
high capability of SA to chelate the MB dye and Cu*" ions is
via the ion-exchange mechanism. Hence, our study focused on
(i) fabricating an efficient adsorbent that has high recyclability
and reusability many times, attained by the supporting host SA
that provides easy and perfect separtion, (i) characterizing the
fabricated UiO-66/GOCOOH@SA composite beads using
SEM, FTIR, XRD, XPS, TGA, BET, and zeta potential, (iii)
evaluating the adsorption capacity of UiO-66/GOCOOH@SA
composite beads in the removal of both MB dye and Cu** ions
from wastewater, and (iv) exploring the adsorption mechanism
based on XPS analysis.

2. RESULTS AND DISCUSSION

2.1. Characterization of Ui0-66/GOCOOH@SA Com-
posite Beads. 2.7.1. SEM. The SEM image of GOCOOH
(Figure 1A) shows crushed sheets, suggesting that the sheets of
GO were destroyed during the carboxylation step.”> The SEM
image for UiO-66 (Figure 1B) shows the quasi-spherical
morphology of UiO-66 particles that may be caused by the
rapid nucleation of MOF particles during the solvothermal
process. SEM image for SA beads (Figure 1C) shows the
elongated shape of the dry SA beads. In addition, Figure 1E
reveals that the surface of SA beads is quite coarse with large
cracks, resulting from the collapse of SA layers during
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dehydration, which may be attributed to the low mechanical
strength.50 However, the SEM images of the dry UiO-66/
GOCOOH@SA composite beads (Figure 1E,F) manifest a
spherical shape of the fabricated beads with a size of around
2—3 mm. The surface of the fabricated spherical beads is
highly rugged owing to the variation in the chemical
composition of their components. Furthermore, it is obvious
that no cracks appeared on the surface of UiO-66/
GOCOOH@SA composite beads, suggesting that the
composite beads possess enhanced mechanical strength
compared to SA beads.

2.1.2. FTIR. Figure 2A illustrates the FTIR spectra of GO,
GOCOOH, UiO-66, SA, and UiO-66/GOCOOH@SA
composite beads. It is apparent that all FTIR spectra show a
broad band at around 3200 cm™', which belongs to OH
stretching vibrations of adsorbed water. The FTIR spectrum of
GO points out the distinguishing bands at 1045, 1385, 1612,
and 1724 cm™, which are related to the epoxy C—O, C—OH,
C=C, and C==0 stretching, respectively. 152 For GOCOOH,
the FTIR spectrum reveals two bands at 1060 and 1714 cm ™,
which are ascribed to the C—H stretching vibration and C=0
stretching, respectively. Moreover, bands at 1577 and 1353
cm™! are assigned to the symmetric and asymmetric COOH
vibration, respectively.””> The UiO-66 spectrum exhibits bands
at 453 and 737 cm™!, which are attributed to the C—H
vibration, whereas the band at 665 cm™! is ascribed to the C=
C stretching vibration of the aromatic ring of H,BDC. In
addition, sharp peaks at 1563 and 1381 cm™" are assigned to
the asymmetric and symmetric COO™ group stretching
vibration, respectively. The successful fabrication of UiO-66
was assured by the manifestation of the distinctive peak at
1100 cm™, which belongs to the Zr—O bond, asserting the
formation of the coordination bond between Zr and H,BDC."
For SA, the spectrum exhibits bands at 799 and 1019 cm™" that
are attributed to the C—H bending and C—O stretching,
respectively. Two bands at 1592 and 1401 cm™" are related to
symmetric and asymmetric COO™ group stretching, respec-
tively. In addition, the band at 2916 cm™ is assigned to the C—
H stretching vibration, while the band observed at 2330 cm™!
is ascribed to the CO, group.”* The FTIR of UiO-66/
GOCOOH@SA composite beads clarifies the main distinctive
peaks of GOCOOH, UiO-66, and SA with a decrease in the
peak intensity. In addition, an obvious shift in the CO, peak
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Figure 3. (A) TGA curves of GO, GOCOOH, SA, UiO-66, and UiO-66/ GOCOOH@SA composite beads; (B) zeta potential versus pH plot; (C)
BET surface area; (D) pore size distribution of Ui0-66/GOCOOH@SA composite beads.

from 2330 to 2344 cm ™' may be attributed to the formation of be due to the evaporation of adsorbed water. For GO and
the —CO—Zr linkage.55 The above mentioned evidence GOCOOH, their TGA curves show a weight loss at 180 °C,
suggested the successful combination between the matrix which is attributed to the pyrolysis of oxygen-containing
components. groups. Meanwhile, the weight loss at 250 °C is most likely due

2.1.3. XRD. Figure 2B represents the XRD patterns of SA, to the removal of more functional groups.’ Finally, when the

GO, GOCOOH, Ui0O-66, and UiO-66/GOCOOH@SA temperature exceeded 550 °C, COOH groups collapse.62 For
composite beads. The XRD pattern clarifies that SA is most Ui0-66, the TGA curve points out a weight loss at 100 °C,

likely an amorphous polymer with no characteristic peaks, which is ascribed to the elimination of DMF molecules. In
agreeing with previous studies.’>>” Moreover, the XRD pattern addition, a weight loss at 450 °C is assigned to the
of GO reveals the distinguishing peaks at 20 = 10.4° decomposition of UiO-66, resulting from the burn of the

corresponding to the (001) crystal plane, while the XRD organic ligand.*” For SA, the TGA curve shows two weight loss
pattern of GOCOOH shows upshifting the diffraction angle to stages at 225 and 340 °C, which may be due to the tear of

12.1°°%*” Furthermore, the XRD pattern of UiO-66 illustrates chains and monomers of SA, while the weight loss after 400 °C
the main three characteristic peaks at 20 = 7.4, 8.6, and 25.7° is due to the decomposition of SA.°*** The TGA profile of
correspondin§ to the (111), (002), and (006) crystal planes, Ui0-66/GOCOOH@SA composite beads suggests the
respectively.*”*” The XRD pattern of the fabricated UiO-66/ enhanced thermal behavior of the fabricated beads.

GOCOOH@SA composite beads manifests the main charac- 2.1.5. Zeta Potential. The surface charge of the adsorbent
teristic peaks of UiO-66. However, the characteristic peak of plays a vital role in the adsorption process. So, it was an
GOCOOH did not appear clearly in the XRD pattern of UiO- essential issue to scrutinize the surface charge of the fabricated

66/GOCOOH@SA, which is most likely due to the good Ui0-66/GOCOOH@SA composite beads. Figure 3B shows
distribution of GOCOOH in the beads, agreeing with the the variation of the zeta potential of UiO-66/GOCOOH@SA
previous study by Eltaweil and his co-workers.” In addition, composite beads with pH. Results demonstrated that UiO-66/
the relatively low intensities as suggested by the XRD pattern GOCOOH@SA composite beads have a negative surface
of Ui0-66/GOCOOH@SA may be due to the combination of charge at all pH values; however, the magnitude of the surface
Ui0-66 and GOCOOH with the amorphous SA. charge increases with increasing pH, which could be attributed

2.1.4. TGA. Thermal behaviors of GO, GOCOOH, UiO-66, to the deprotonation of carboxyl groups. It is obvious that the
SA, and UiO-66/GOCOOH@SA composite beads were ZP decreased sharply with increasing pH from 2 to S; however,
evaluated using thermogravimetric analysis (TGA) (Figure beyond pH S, there is a slight decrease in the ZP of UiO-66/
2F). All TGA curves reveal a weight loss at 30 °C, which may GOCOOH@SA composite beads where all carboxylate groups
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Figure 4. Effect of bead composition (A), pH (B), adsorbent dose (C, D), and initial concentration (E, F) on the adsorption capacity of MB and

Cu?* onto Ui0O-66/ GOCOOH@SA composite beads.

are expected to be deprotonated. On this basis, UiO-66/
GOCOOH@SA composite beads are a good candidate for the
removal of cationic pollutants.

2.1.6. BET. The BET surface area and pore size distribution
of Ui0-66/GOCOOH@SA composite beads were measured
utilizing the N, adsorption—desorption isotherm (Figure
3C,D). It is clear that there is a significant increment at a
relatively low pressure (P/P, < 0.0S atm), asserting the
microporous structure of the fabricated UiO-66/GOCOOH@
SA composite beads. Moreover, the BET isotherm represents
type-IV with a H, hysteresis loop, suggesting the presence of a
mesoporous structure. Furthermore, it was recorded that the
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Sger surface area was 54.75 m?/g and the total pore volume
was 0.0104 cm®/g.

2.2. Adsorbability of Ui0-66/GOCOOH@SA Compo-
site Beads. 2.2.1. Impact of the GOCOOH Proportion. 1t was
found that the adsorption capacities of MB onto the pristine
components UiO-66, GOCOOH, and SA beads were 44.59,
59.02, and 20.57 mg/g and those of Cu®* were 28.98, 40.74,
and 14.68 mg/g, respectively (Figure 4A). Furthermore, the
results clarified that the incorporation of UiO-66 and
GOCOOH in SA beads significantly increased their adsorption
capacity for both MB and Cu’* at which the adsorption
capacities of MB and Cu®" onto UiO-66@SA were 55.99 and
39.46 mg/g while those onto GOCOOH@SA were 65.12 and

https://doi.org/10.1021/acsomega.1c03479
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Figure 5. Kinetic models and isotherm models for the adsorption of MB (A, C) and Cu** (B, D) onto UiO-66/GOCOOH@SA composite beads.

49.64 mg/g, respectively. Furthermore, the increment in the
GOCOOH proportion from 10 to 20 wt % boosted the
adsorption capacity of both MB and Cu** onto UiO-66/
GOCOOH@SA composite beads from 73.88 and 51.36 to
93.16 and 70.71 mg/g, respectively. However, the increase in
GOCOOH proportion over 20 wt % led to a decrease in the
adsorption capacity of both MB and Cu®* from 93.16 and
70.71 to 87.87 and 65.73 mg/g, respectively. This observation
is most likely due to the pore-blocking effect, as explained in
the previous literature.””®> It was monitored that the
adsorption capacities of the UiO-66/GOCOOH (20%)
composite toward both MB and Cu®** were 70.18 and 54.96
mg/g, respectively. This finding indicated that the encapsula-
tion of UiO-66/GOCOOH into SA beads has dual benefits as
it provided an easily separable adsorbent with enhanced
adsorption capacity.

2.2.2. Impact of pH. As a matter of fact, pH solution
dominates strongly on the surface charge of the adsorbent as
well as the adsorbate ionization degree, thereby controlling the
efficiency of the adsorption. Figure 4B points out that the
increase in the pH of MB solution from 3 to 11 dramatically
increases the adsorption capacity of MB onto UiO-66/
GOCOOH@SA composite beads from 76.30 to 98.76 mg/g,
respectively. On the other hand, the optimal adsorption
capacity of Cu’* occurs at pH S at which the adsorption
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capacity increases from 55.90 to 70.71 mg/g with the increase
in pH from 3 to S. This boost in the adsorption capacity of
both MB and Cu®** may be attributed to the fact that the
increase in pH provides plenty of negative charges on the
surface of the beads, which strengthens the electrostatic
interaction between the cationic MB and the negatively
charged UiO-66/GOCOOH@SA composite beads. Never-
theless, the dwindling of Cu**adsorption capacity at pH >S
may be due to Cu®* precipitates in different hydroxide forms:
Cu(OH)", Cu(OH),, Cu,(OH),**, and Cu(OH);" at a highly
alkaline medium.*®

2.2.3. Impact of Adsorbent Dose. Figure 4C,D elucidates
the impact of the increase in the dose of UiO-66/GOCOOH®@
SA composite beads from 0.005 to 0.025 g on the adsorption
capacity of MB and Cu®*. It is obvious that the increment in
the bead dose leads to a decrease in the adsorption capacities
of MB and Cu* from 155.72 and 113.30 to 39.78 and 37.31
mg/g, respectively, which may be ascribed to the aggregation
of the particles. Contrariwise, the removal percentages of MB
and Cu** increase from 71.66 and 23.99 to 99.28 and 88.22%,
respectively, with increasing bead dose, which may be due to
the increase in the number of active sites on the bead surface.

2.2.4. Impact of Initial Concentration. Figure 4E and
Figure 4F represent the effect of the increase in the initial
concentrations of both MB and Cu®* on the adsorption
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Table 1. Adsorption Kinetic Model Parameters of the Adsorption of Both MB and Cu®* onto Ui0-66/GOCOOH@SA

Composite Beads

concentration of MB

concentration of Cu**

parameter S0 100 200 NY 100 200 300
e, exp (mg/g) 99.69 184.08 348.75 464.54 90.30 147.63 231.32 300.71
Pseudo 1st order
9o, (mg/g) 86.62 178.48 330.03 449.48 79.34 131.58 213.13 277.17
k, (min™") 0.101 0.037 0.032 0.025 0.067 0.032 0.026 0.032
R? 0.922 0.993 0.990 0.986 0.655 0.780 0.906 0.871
Pseudo 2nd order
qe, ca (mg/g) 102.31 207.75 393.42 536.53 92.68 149.93 249.97 317.09
k, (g/mg-min) 17 X 1073 222 x107* 9.94 X 107° 525 X 107° 1.1x 1073 2.86 x 107* 126 x 107 113 x 107
R 0.986 0.998 0.996 0.999 0.976 0.953 0.978 0.983
Elovich
a (mg/g-min) 116.52 8.34 1371 1335 18.72 7.83 8.20 14.49
p (g/mg) 0.084 0.024 0.013 0.009 0.079 0.037 0.021 0.017
R 0.894 0.945 0.975 0.981 0.852 0.886 0.960 0.947

Table 2. Adsorption Isotherm Model Parameters of the Adsorption of Both MB and Cu®" onto Ui0-66/GOCOOH@SA

Composite Beads

model Langmuir Freundlich Temkin
parameter 9m (mg/g) b (L/mg) R* ke (L/mg) n R* K, (L/g) b, (kJ/mol) R*
MB 490.72 0.072 0.888 93.943 2.888 0.980 0.813 0.033 0.891
Cu* 343.49 0.024 0.899 27.253 2.198 0.986 0.158 0.037 0.904

capacity of the UiO-66/GOCOOH@SA composite beads,
respectively. It is obvious that the increase in the initial
concentrations of both MB and Cu** from 50 to 300 mg/g
directly increases the adsorption capacity of UiO-66/
GOCOOH@SA composite beads toward both MB and Cu**
from 99.69 and 90.30 to 464.54 and 300.71 mg/g, respectively.
This predictable result may be ascribed to the fact that
increasing the initial concentrations of both pollutants leads to
an increase in the driving force of MB molecules and Cu®* ions
toward the surface of UiO-66/GOCOOH@SA composite
beads.”’

2.3. Kinetics Study. The obtained experimental data were
modeled by pseudo-first-order, pseudo-second-order, and
Elovich models to explore the mechanism of both MB and
Cu’* onto the fabricated UiO-66/GOCOOH@SA composite
beads. The following equations represent the non-linear forms
of the applied kinetics.

q,=9q,(1 - ™) (1)
tkij
qt =
1+ tlczqe )

1

= —In(apt +1
9, = 5 In(aft+1) )
where g, and q, are the amounts of Cr(VI) uptakes at time ¢
and equilibrium, respectively. k; and k, are the rate constants
of the pseudo-first order and pseudo-second order, respec-
tively. @ and f are Elovich coefficients that represent the initial
adsorption rate and the desorption coefficient, respectively,
which are also related to the extent of surface coverage and
activation energy for chemisorption.

By inspecting the curves of the kinetic modes (Figure SA,B)
and the computed parameters (Table 1), we can deduce that
the experimental data of the adsorption of both MB and Cu**

onto UiO-66/GOCOOH@SA composite beads are well
described by the pseudo-second order since the R? values of
the pseudo-second-order model are higher than the pseudo-
first-order and Elovich models. In addition, the g, values from
the pseudo-second order are more analogous to the g,,, values.
Moreover, the obtained parameters from the Elovich model
suggest that the rate of both adsorption processes is higher
than the desorption since the a values are larger than f values.

2.4. Isotherm Study. To infer the nature of the interaction
of both MB and Cu®* with UiO-66/GOCOOH@SA
composite beads, the obtained equilibrium data were modeled
by the Langmuir, Freundlich, and Temkin isotherm models
(Figure SC,D). The non-linear equations of these mentioned
models are expressed by the following equations.

q,..KLCe
L= 7% K, C, (4)
_ 1/n
q, = keC, (s)

q, = RT In k1C,
by (6)

where g, and C, are the adsorption capacity and the
concentration of the unadsorbed Cr(VI) at equilibrium,
respectively. g, and K| are the monolayer adsorption capacity
and Langmuir constant, respectively. n and Ky are Freundlich
constants. ky is the equilibrium binding constant, and b is the
Temkin constant related to the heat of adsorption. R is the gas
constant (8.314 J/mol'K), and T is the absolute temperature.

Based on R values (Table 2), the adsorption of both MB
and Cu®* onto UiO-66/GOCOOH@SA composite beads
obeys the Freundlich isotherm model. Moreover, the
maximum adsorption capacities of MB and Cu*" onto UiO-
66/GOCOOH@SA composite beads were 490.72 and 343.49
mg/g, respectively. Furthermore, the Temkin model suggested
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Figure 6. Impact of (A) interfering dyes on the adsorption of MB and (B) interfering metal ions on the adsorption of Cu®* onto UiO-66/

GOCOOH@SA composite beads.

Table 3. Comparison of Adsorption Capacity MB and Cu®" onto the Developed Ui0-66/GOCOOH@SA Composite Beads

with Other Reported Adsorbents

pollutant adsorbent

MB dye raw kaolin

xylan-gelatin cross-linked hydrogel

cross-linked agar/x-carrageenan hydrogel
CMC/GOCOOH beads

Ui0-66/MIL-101(Fe)-GOCOOH composite
Ui0-66/GOCOOH@SA beads

amidoxime-functionalized polyacrylamide-modified chitosan
porous COCB beads

EDA-functionalized magnetic cellulose nanocomposite

Cu2+

magnetic chitosan composite
Ui0-66/GOCOOH@SA beads

Imax (MG/8)  Ge,exp pH T (°C) ref year
52.76 44.70 6.0 25 69 2018
35.58 14.45 5.8 25 70 2021

242.30 N/A 7.0 35 30 2020
183.32 180.23 10.0 25 49 2020
448.71 439.36 9.0 25 25 2020
476.19 464.54 9.0 25 this study
190.70 164.80 S 25 71 2020
227.27 92.13 5.0 30 72 2015
86.96 78.52 S.5 25 73 2019
216.60 N/A 5.5 25 2 2017
322.58 300.71 S 25 this study

the physical adsorption process of both MB and Cu®" onto
Ui0-66/GOCOOH@SA composite beads. In addition, the
adsorption preference of both MB and Cu** onto the beads
was confirmed by the computed n value from the Freundlich
model that was found to be larger than 2 in both adsorption
processes.

2.5. Thermodynamics Study. To explicitly evaluate the
effect of temperature on the nature of both the studied
adsorption processes, thermodynamic parameters such as the
Gibbs free energy (AG°), standard enthalpy (AH’), and
standard entropy (AS°) were computed by using the following
equations:

AS®  AH°
IhK,=— - —
R RT 7)
AG® = AH — TAS’ (8)
where K, (thermodynamic equilibrium constant)= Cc"e. Che is

the concentration of MB and Cu** onto the surface of UiO-
66/GOCOOH@SA composite beads. Meanwhile, C, is the
concentration of both MB and Cu®* in solution at equilibrium.
R is the gas constant, and T is the system temperature.
According to the AH® and AS° values of both the adsorption
processes derived from the slope and intercept of van’'t Hoff
plots (Table S1 and Figure S1A,B), the adsorptions of MB and
Cu® onto UiO-66/GOCOOH@SA composite beads are

endothermic processes with a high degree of randomness at
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the solution—solid interface. Furthermore, the negative AG°
values indicate the spontaneity and thermodynamic favorability
of both the adsorption process of MB and Cu** onto UiO-66/
GOCOOH@SA composite beads.

2.6. Selectivity Study. Indeed, wastewater contains
enormous amounts of dyes and heavy metals that fiercely
compete for the adsorption sites of the adsorbent.** Hence, it
was vital to evaluate the adsorption behavior of the fabricated
Ui0-66/ GOCOOH@SA composite beads toward MB in the
presence of the interfering anionic dye (CR) and cationic dye
(CV) and Cu® in the presence of the coexisting metal cation
(Zn?*) and anion (Cr"), as depicted in Figure 6. It was found
that UiO-66/GOCOOH@SA composite beads are more
selective to MB (93.16 mg/g) than CV (52.45 mg/g) and
CR (24.22 mg/g). In the case of the MB-CV binary system,
the adsorption capacities of both MB and CV significantly
dwindled from 93.16 and 52.45 to 7193 to 34.73 mg/g,
respectively, which is most likely due to the competition
between the two cationic dyes for the binding sites of UiO-66/
GOCOOH@SA composite beads. Meanwhile, the adsorption
capacity of MB is slightly diminished in the existence of CR,
inferring the selectivity of the beads toward MB. Nevertheless,
the adsorption capacity of CR incremented in a binary system
reached 36.54 mg/g, which may be attributed to the
interaction of CR with MB, agreeing with the previous study
by Bentahar and his co-workers.”® Moreover, it was recorded
that the adsorption capacities of Cu®*, Zn**, and Cr®" onto
Ui0-66/ GOCOOH@SA composite beads were 70.71, 32.48,
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Figure 7. XPS spectra (A) wide spectrum of Ui0-66/GOCOOH@SA composite beads before and after adsorption of MB and Cu®*; (B, C) XPS
high-resolution spectra of O 1s before and after adsorption of MB, (D) N 1s, and (E) Cu 2p; and (F) plausible mechanism for the adsorption of

MB and Cu** onto UiO-66/GOCOOH@SA composite beads.

and 11.67 mg/g, respectively, reflecting the selectivity of the
beads toward Cu*". A slight decrease in the adsorption capacity
of Cu** in the presence of Cr® is most likely due to the
repulsion forces between the negatively charged beads and the
anionic Cr®. On the contrary, there was a significant decrease
in the adsorption capacity of Cu** in the presence of Zn*',
which may be ascribed to the competition between the cationic
Cu®* and Zn®* for adsorbing on the negative surface of the
beads.

2.7. Desorption Study. Without a shred of doubt, the
regeneration ability of the adsorbent is an essential criterion to
prove its viability in practical applications. Therefore, a
reusability test was implemented for five adsorption/
desorption cycles in both the studied adsorption processes.
Figure S1C clarifies that the removal (%) of MB and Cu** after
the fifth cycle decreased around 12 and 7%, respectively,
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asserting the excellent reusability and durability of the
fabricated UiO-66/GOCOOH@SA composite beads.

2.8. Comparison with Other Adsorbents. Table 3
represents a comparative study between the synthesized UiO-
66/GOCOOH@SA composite beads and other reported
adsorbents in the previous literature to attest the excellent
adsorption property of UiO-66/GOCOOH@SA composite
beads toward the studied cationic contaminants. The
prodigious adsorption capacity of both MB dye and Cu®*
ions onto the synthesized beads can be attributed to the
synergistic effect between UiO-66, GOCOOH, and SA. In
addition, the existence of extra carboxylic groups on the matrix
of the beads provides plenty of negative charges, resulting in a
strong attraction force between the negatively charged UiO-
66/GOCOOH@SA composite beads and the cationic
contaminants.
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2.9. Adsorption Mechanism. XPS analysis was essentially
utilized to further assert the successful combination between
the pristine materials to form a matrix of UiO-66/
GOCOOH@SA composite beads. Furthermore, it is a crucial
issue to inspect the adsorption mechanism of both MB and
Cu®* onto the fabricated beads. The XPS wide spectrum
(Figure 7A) illustrates the elemental composition of UiO-66/
GOCOOH@SA composite beads: Zr 3d, C 1s, Ca 2p, and O
1s. The wide spectrum of UiO-66/GOCOOH@SA composite
beads after the adsorption of MB (Figure 7A) confirms the
appearance of two new peaks at 400.11 and 165.18 eV, which
correspond to the N and S elements of MB, respectively. In
addition, the high-resolution spectrum of O 1s before and after
the adsorption of MB (Figure 7B,C) demonstrates shifting in
the binding energy of the peaks from 532.92 to 532.86 eV,
confirming the adsorption of MB onto UiO-66/GOCOOH@
SA composite beads. In addition, the high-resolution spectrum
of N 1s (Figure 7D) manifests a distinctive peak of —N(CHj),
at 399.37 eV, which is one more evidence to confirm the MB
adsorption onto UiO-66/GOCOOH@SA composite beads. It
was reported that the adsorption of MB onto MOF materials
occurs via the Lewis acid—base interaction.”* Hence, the
adsorption of MB onto UiO-66-based composite beads occurs
via the interaction between the Lewis acid Zr sites and Lewis
base —N(CHj), and —C¢Hj groups since the molecules of MB
are too large to entirely enter through the tight pores of the
MOF. However, the pores of UiO-66 are loose enough for
—N(CH;), and —C4Hj; groups, so MB can partially enter the
pores of UiO-66. Moreover, the adsorption mechanism of MB
onto UiO0-66/GOCOOH@SA composite beads may occur via
electrostatic interactions between the cationic MB and the
highly negative charged (reached —33 mV) UiO-66/
GOCOOH@SA composite beads as clarified from the zeta
potential result. In addition to the z—x interaction, the n—x
interaction and van der Waals force vastly contribute to the
MB adsorption mechanism into the fabricated UiO-66/
GOCOOH@SA composite beads.”>”®

On the other hand, the wide spectrum of UiO-66/
GOCOOH@SA composite beads after the adsorption of
Cu’* shows a new peak at 934.5 eV, which is related to Cu
2p.”” Furthermore, a noticeable decrease in the Ca 2p peak
intensity suggests that Ca®" is partially replaced by Cu®* at
which it is denoted in the previous literature that the
adsorptive removal mechanism of heavy metals (e.g, Cu®,
Cr**, Pb*, and Au®") onto SA occurs via the ion-exchange
mechanism.”® In addition, the high-resolution spectrum of Cu
2p (Figure 7E) reveals the distinguishing peaks of 2p,,, and
2ps/, at around 952.9 and 933.1 eV, respectively, indicating the
formation of the —OH—Cu** or —O—Cu** complex.”” In
addition, the electrostatic interaction is a substantial
mechanism of the Cu**adsorption process since the cationic
Cu’" strongly attracts to the oxygen-containing functional
groups of the bead matrix.””*" To sum up, the adsorption
mechanism of MB onto UiO-66/GOCOOH@SA composite
beads takes place via electrostatic, Lewis acid—base, HB, n—z,
and 77— interactions while that of Cu?* occurs via the
synergistic effect of ion-exchange, complexation, and electro-
static interactions (Figure 7F). These findings are consistent
with kinetics and isotherm studies that suggested that the
adsorption of both MB and Cu** onto Ui0-66/GOCOOH@
SA composite beads occurs via chemisorption and phys-
isorption.

3. CONCLUSIONS

A simple route for the incorporation UiO-66 MOF and
GOCOOH into SA beads to form UiO-66/GOCOOH@SA
composite beads was reported. Results confirmed that the
fabricated beads could efficiently remove MB through
electrostatic, HB, Lewis acid—base, 7—x, and n— interactions.
However, electrostatic, ion exchange, and complexation were
the main mechanisms for the adsorption of Cu®* ions.
Furthermore, the modification of UiO-66@SA beads with
GOCOOH greatly enhances the adsorption property of the
fabricated MOF beads. Based on these results, the fabricated
Ui0-66/GOCOOH@SA composite beads are a promising
candidate for the removal of cationic pollutants from
wastewater, which could inspire researchers to develop novel
adsorbents with exceptional characteristics.

4. EXPERIMENTAL SECTION

4.1. Materials. Graphite powder was provided from Alpha
Chemika. Zirconium oxychloride, 1,4-benzene dicarboxylic
acid, copper sulfate, and methylene blue were purchased from
MP Biomedicals, LLC. Sodium alginate was used as received
(M/G ratio of the alginate = 1.5, M,, = 6.4 X 104 g/mol,
viscosity: 200 + 20 mPa-s 1% wt (25 °C), Shanghai McLean
Biochemical Technology Co., Ltd., China). Hydrogen
peroxide, chloroacetic acid, N,N-dimethyl formamide, and
hydrochloric acid were bought from Loba Chemie. Potassium
permanganate, methanol, and ethanol were supplied by
Aladdin Reagent Co., Ltd. Sodium hydroxide, calcium
chloride, sodium nitrate, and sulfuric acid were obtained
from Sinopharm Chemical Reagents.

4.2. Synthesis of Carboxylated Graphene Oxide. At
first, GO was synthesized via Hummer’s method.”® Then,
GOCOOH was synthesized as follows: 0.2 g of GO was
dispersed into 100 mL of distilled water and stirred for 15 min.
5 g of NaOH and $ g of CI-CH,COOH were mixed with the
suspension and then sonicated for 3 h. Thereafter, an aqueous
solution of HCI (10%) was added drop by drop until the pH of
the reaction mixture was ~7. Finally, the product was
separated by centrifugation, then washed with distilled water,
and dried at 60 °C for 6 h.

4.3. Synthesis of UiO-66. UiO-66 was synthesized
according the method that was described in our previous
literature with slight modifications.”” Exactly, 0.322 g of
ZrOCl, and 0.162 g of H,BDC were dissolved into DMF
under vigorous stirring for 60 min. After that, the reaction
mixture was transferred into 100 mL of a Teflon-sealed
autoclave and kept at 120 °C for 20 h. After the autoclave was
cooled down to room temperature, the solid was separated by
centrifugation, washed with DMF and ethanol, and then dried
at 100 °C for 6 h.

4.4, Fabrication of Ui0-66/GOCOOH@SA Composite
Beads Adsorbents. UiO-66 (0.5 g) and GOCOOH (10, 15,
20, and 25 wt %) were dispersed into 5 mL of distilled water
and sonicated for 2 h to ensure the formation of a
homogeneous UiO-66/GOCOOH composite. In another
container, 0.5 g of SA was thoroughly dissolved in 5 mL of
distilled water under mechanical stirring. Then, the UiO-66/
GOCOOH composite was added to the SA solution bit by bit
and the mixture solution was kept under continuous stirring.
After 2 h, the mixture was slowly added using a syringe into a
300 mL gelling solution of CaCl,. Finally, UiO-66/
GOCOOH@SA composite beads were washed with distilled
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Figure 8. Schematic representation for the fabrication of the UiO-66/GOCOOH@SA composite bead adsorbent.

water. SA beads were fabricated with the same procedure
without the addition of UiO-66 and GOCOOH.

4.5. Batch Experiment. The adsorption property of UiO-
66/GOCOOH@SA composite beads toward MB dye and
Cu® ions was evaluated using a batch experiment. For
investigating the impact of adsorbent dosage on the adsorption
process of both MB and Cu®*, a variable dosage of UiO-66/
GOCOOH@SA composite beads ranging from 0.005 to 0.025
g was soaked into a 20 mL aqueous solution of MB or Cu®*
with an initial concentration of 50 mg/L. Meanwhile, the
impact of the pH medium was estimated at a range of 3 to 11
since the pH solution was adjusted with a 0.01 M aqueous
solution of NaOH or HCL In addition, the adsorption
isotherms were assessed by soaking 0.01 g of UiO-66/
GOCOOH@SA composite beads into MB or Cu** (V = 20
mL, C, = 50—300 mg/L). In addition, the adsorption of both
MB and Cu** onto Ui0-66/GOCOOH@SA composite beads
was executed at diverse temperatures from 25 to 55 °C to find
out the impact of the system temperature on the process
efficiency. After each experiment, MB residual concentration
was measured spectrophotometrically at 664 nm, while the
residual concentration of Cu** was detected by an atomic
absorption spectrophotometer. Adsorption capacity (q) and
removal percent (R%) are computed from eqs 9 and 10,
respectively.

_ (Co—C) xV
% % )
C0 - Ct
R% = — X 100
C, (10)

where C, and C, are the MB or Cu®* concentration at time ¢
and zero, respectively. Meanwhile, V and W are the volume of
MB or Cu® and the weight of Ui0-66/GOCOOH@SA
composite beads, respectively.

Figure 8 shows a diagrammatic scheme for the fabrication
steps of UiO-66/GOCOOH@SA composite beads and their
application in the removal of both MB and Cu®* from their
aqueous solutions.

4.6. Selectivity Study. The selectivity of UiO-66/
GOCOOH@SA composite beads toward MB was tested in
the existence of the cationic crystal violet (CV) and the anionic
Congo red (CR) as well as Cu’** in the presence of metal
cation Zn** and anion Cr®. The test was carried out as
follows: 0.01 g of UiO-66/GOCOOH@SA composite beads
was added to 20 mL of single-pollutant and multipollutant
systems; then, UiO-66/GOCOOH@SA composite beads were
collected and the concentration of residual dyes was measured
via a spectrophotometer (4,,,, (CR) = 500 nm and 4,,,, (CV)
= 598 nm). Meanwhile, residual concentrations of Cu?*, Zn*",
and Cr® were measured by an atomic absorption spectropho-
tometer.

4.7. Recyclability Test. Basically, the recyclability test is an
imperative index used to prove the viability of any suggested
study. So, an expanded study was accomplished for five
adsorption/desorption cycles to assess the reusability of the
fabricated UiO-66/GOCOOH@SA composite beads. Desorp-
tion of both MB dye and Cu®* ions from UiO-66/
GOCOOH@SA was executed as follows. After each
adsorption run, UiO-66/GOCOOH@SA—MB and UiO-66/
GOCOOH@SA—Cu?" were collected and soaked in ethanol
and 0.1 mol/L HC], respectively, under gentle stirring for 2 h.
Then, UiO-66/GOCOOH@SA composite beads were reused
in the next adsorption run.

4.8. Characterization. Bountiful characterization tools
were utilized to confirm the successful fabrication of UiO-66/
GOCOOH@SA composite beads as well as study their
characteristics. Fourier transform infrared spectra (PerkinElm-
er Spectrum GX) were used to assert the chemical composition
of UiO-66/GOCOOH@SA composite beads, while their
crystal phase was investigated by an X-ray diffractometer
(MAC Science MO3XHF) with wavelength 4 = 1.54 A° (Cu
Ka), at a tube voltage of 35 kV and tube current of 30 mA.
Moreover, the elemental composition of the fabricated UiO-
66/GOCOOH@SA composite beads was assured by X-ray
photoelectron spectroscopy (XPS; Thermo Scientific ESCA-
LAB 250Xi VG). Scanning electron microscopy (SEM; JEOL
JSM 6360 LA) pointed out the morphology of UiO-66/
GOCOOH@SA composite beads. The sample was prepared as

https://doi.org/10.1021/acsomega.1c03479
ACS Omega 2021, 6, 23528—-23541


https://pubs.acs.org/doi/10.1021/acsomega.1c03479?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03479?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03479?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03479?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

follows: S mg of the analyzed sample was dispersed in 10 mL
of ethanol for 6 h. Then, a few drops of the obtained
suspension were put onto a grid coated with copper. Moreover,
the surface charge of UiO-66/GOCOOH@SA composite
beads was precisely determined by a zeta potential analyzer
(Malvern, UK). The sample was prepared by grinding the
beads to fine powder using a mortar and pestle. Then, a diluted
suspension from the beads was prepared followed by adjusting
the suspension pH at a range of 2—11 and sonicated for 1 h.
The thermal properties of GO, GOCOOH, SA, UiO-66, and
Ui0-66/GOCOOH@SA composite beads were determined
by a thermogravimetric analyzer (PerkinElmer, STA 6000
analyzer). In addition, the specific surface area of UiO-66/
GOCOOH@SA composite beads was determined using the
Brunauer—Emmett—Teller method (BET-Beckman Coulter,
SA3100, USA). The sample was degassed for 3 h at 100 °C
before the test.
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