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A comparative study of confinement and layer
modified Zr-based MOFs for the efficient removal

of Cr(vi) from wastewater

Na Gao,®® Qingqing Guan ©® and Zhaoni Kong © *<

The GO- and SBA-15-modified UiO-66 adsorbents were developed for removal of trace Cr(vi) from
wastewater and investigated to understand the effect of different hybrid ways on the absorption activity
and reaction mechanism. The characterization results confirmed that the UiO-66 nanoparticles could be
encapsulated by the SBA-15 matrix and anchored onto GO layers. Due to different exposure modes, the

adsorption results showed that the GO-modified UiO-66 had better Cr(vi) trapping performance with the

maximum removal efficiency of 97% within 3 min, presenting one of the most efficient Cr(vi) removal
materials. Kinetic models showed that the adsorption process included fast, exothermic, spontaneous
and pseudo-secondary chemical adsorption. By comparison with the Freundlich and Temkin model, the
results revealed that the adsorption process of Cr(vi) by UiO-66@SBA-15 involved some multi-layer

physical adsorption, while Cr(vi) was adsorbed onto the UiO-66@GO surface. The mechanism study also
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found that the fixation of Cr was the chemical action of UiO-66 on GO. Additionally, the encapsulated

way increases the protection of UiO-55 from surface damage. In all, both hard-core-shell UiO-
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1. Introduction

The high harm and toxic effects of heavy metal ions in water
bodies have drawn a lot of attention.* Cr is one of the widely
used heavy metals and can be found in battery production,
electroplating, oil refining, alloys, and also industrial waste-
water.? Cr(m) and Cr(vi) are the two main ion forms of Cr, in
which Cr(vi) is a kind of strong carcinogenic and induced ion
and can cause a variety of toxic effects. Cr(vi) is limited to
100 ppb drinking water and 200 ppb industrial wastewater by
the World Health Organization.® Thus, excessive Cr(vi) must be
removed from the water. In recent years, various methods to
purify Cr(vi) pollution have been used, including ion exchange
method,* reverse osmosis method,®> electrodialysis method,®
chemical precipitation method,” membrane separation
method,® coagulation precipitation method, electrocoagulation
precipitation method,’ and adsorption method.'® Among them,
the adsorption method is a convenient, efficient, and energy-
saving treatment method due to its simple process and
equipment.
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66@SBA-15 and piece UiO-66@Go increase the absorption activity of Cr(vi), but the different hybrid ways
lead to different activities, absorption processes and regeneration abilities.

Using porous materials for the adsorption of Cr(vi) is the
most promising purification method. Metal-organic frame-
works (MOFs) are a new kind of nanoporous crystal material,
which have attracted wide attention due to their porous struc-
ture, large specific surface area, and active adsorption sites.""
Several MOFs with different frames have been successfully
designed as adsorbents to remove various pollutants from
water. For example, zeolite imidazole frame-8 (ZIF-8), which is
composed of a Zn(u) cation and 2-methylimidazole anion, has
demonstrated good performance in the removal of 1H-benzo-
triazole and 5-tolutriazole.” Mil-101, MOFs with terephthalate
as organic linker, presents adsorption properties for the
removal of organic dyes and separation of olefin paraffin
mixtures from aqueous solution. However, there are only a few
studies about the adsorption of heavy metals by MOFs. Due to
the low chemical potential of Cr(vi) wastewater and the uncer-
tainty of the MOFs surface, the efficiency is low and the
adsorption mechanism is unclear. Therefore, more attention
has recently been devoted to developing new composites, which
can offer a potential capacity to improve the efficiency. For
example, MOFs are coordinated with metal nanoparticles,
oxide, quantum dots (QDs), metal salts (POMs), polymer, gra-
phene oxide (GO), carbon nanotubes (CNTs), biological mole-
cules, and also mesoporous silica,” which can produce new
functional composite materials. Compared with a single
component, these MOF composite materials have unique
properties, showing not only better adsorption properties of

RSC Adv, 2023, 13, 15041-15054 | 15041


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra01308a&domain=pdf&date_stamp=2023-05-16
http://orcid.org/0000-0001-7574-191X
http://orcid.org/0009-0009-7034-2990
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01308a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013022

Open Access Article. Published on 16 May 2023. Downloaded on 1/13/2026 1:59:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

MOFs but also lower atomic density in the skeleton structure.
Additionally, different hybrid methods can make different MOF
structures or exposure modes, leading to different surface
properties, activities, and reaction mechanisms.

Mesoporous silica is a kind of porous silicon material that
can be used to prepare a hard-core-shell MOF material. The
combination of mesoporous silica material and microporous
crystal MOFs has a broad application prospect in enhancing the
mechanical properties and chemical stability. Fang et al. have
prepared the composite material of hard-core-shell MOF-
mesoporous silica." The results indicated that its mechanical
stability was better than that of the parent material MOF.
However, MOF composite materials containing mesoporous
silica have not been fully studied, especially in the confinement
effect.”” Additionally, there is still a lack of knowledge about the
adsorption mechanism of heavy metals by the MOF material.

Additionally, GO is a two-dimensional carbon material with
rich functional groups, which can be used as a piece filler
material for the water purification membrane. The epoxy and
hydroxyl functional groups on the edges not only enable them
to stably disperse in the solvent for a longer time, but also
provide the possibility of forming hydrogen bonds with organic
compounds or electrostatic interactions with metal ions.*® For
instance, Yu et al. prepared GO/PES. The water flux and anti-
fouling performance of the composite membrane were
improved due to the hydrophilicity of GO." In addition, GO has
significant mechanical properties, which can enhance the
mechanical strength of the membrane. Nevertheless, there are
still some problems, such as the GO nanosheets piling up easily
due to the strong interactions between the adjacent nanoplates.
In this regard, it is still challenging to achieve a piece structure
to improve the absorption ability, especially for Cr(vi) removal.

In this work, hard-core-shell UiO-66@SBA-15 and piece UiO-
66@GO composite materials were developed successfully and
the adsorption of Cr(vi) was studied. The work tries to reveal the
interaction between different carriers and UiO-66 for the
adsorption of Cr(vi), and to give a better understanding of the
absorption process by different modified methods: confine-
ment and layer construction. Different adsorption mechanisms
of Cr(vi) by the UiO-66@GO and UiO-66@SBA-15 composite
materials were proposed through the characterization of the
adsorbents. We also built a kinetic model to analyze the effect of
different hybrid methods and gain more insight. In all, these
data not only provide a new idea for the adsorption of Cr(vi) by
composite MOFs, but also reveal the effect of the hybrid method
on the structure and activity.

2. Experimental section

2.1. Materials

Zirconium chloride (ZrCl,, AR) and terephthalic acid (H,BDC,
98%) were used as the zirconium and ligand precursor,
respectively. Graphite powder, P;,;, potassium permanganate
(KMnO,, AR), TEOS, nitric acid (HNOs;, AR), sulfuric acid
(H,SO4, AR), hydrochloric acid (HCI, AR), acetic acid (AA,AR),
toluene (AR), potassium dichromate (K,Cr,O;, AR), N,N-dime-
thylformamide (DMF, AR) and anhydrous ethanol (AR) were
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purchased from Shanghai Maclean Biochemical Technology
CO., LTD. Ultra-pure water was produced using a PSDK System.
None of the reagents were further purified.

2.2. Synthesis of UiO-66 nanoparticles

UiO-66 nanoparticles were synthesized by using the method
described in the previous literature.'® A certain amount of ZrCl,
and H,BDC was added to the mixture of DMF, AA and HCI, then
stirred until the solution was opalescent. The solution was
poured into the polytetrafluoroethylene reactor liner, reacted at
120 °C for 3 h, washed and filtered with DMF and ethanol, and
then dried in vacuum at 80 °C for 24 h.

2.3. Synthesis of GO and SBA-15

GO was synthesized by the modified Hummers' method.”” A
mass of 3.0 g graphite powder and 1.5 g NaNO; were added to
70 mL concentrated H,SO, and mixed via stirring at room
temperature, then 9.0 g KMnO, was gradually added at 273 K.
The reaction mixture was stirred at 308 K for 2 h until it became
a paste brown. A volume of 140 mL of deionized water was
slowly added into the above solution in a water bath, and
a further 420 mL of deionized water was added until the
temperature dropped. Then, 10 mL 30 wt% H,0, was slowly
added into the above solution to neutralize the remaining
KMnO, and the mixture turned a bright yellow color. The
mixture was washed and centrifuged with 10% hydrochloric
acid solution and deionized water until the pH was about 7, and
dried in an oven at 60 °C. For further purification, 2 g of dried
fossil oxygen toner was added into 1 L DMF, stirred by ultra-
sonic centrifugation, and the supernatant was taken to obtain
the GO suspension.

SBA-15 was synthesized by a well-known method.*® P,,; was
added into the mixture of 2 mol L™' HCI solution, and stirred
for 1 h at room temperature. Then, 6.4 g TEOS was added
dropwise and stirred for 24 h at 40 °C to obtain the opalescent
solution, which was poured into the polytetrafluoroethylene
reactor lining for 24 h at 100 °C, followed by rinsing and
filtering with deionized water and drying at room temperature.
Finally, it was calcined in a muffle furnace at 550 °C for more
than 5 h.

2.4. Fabrication of UiO-66@GO and UiO-66@SBA-15
composites

The optimized ratio of the GO- and SBA-15-modified UiO-66 was
chosen by reference to previous literature.”> The prepared
graphene suspension (2 g L™') was added to the UiO-66
precursor solution (6.1 mL), stirred evenly, and poured into
the polytetrafluoroethylene reactor lining for reaction at 120 °C
for 3 h, followed by washing and filtration with DMF and
ethanol, and vacuum drying at 80 °C for 24 h. The synthesis
process of the other composites is that the carrier suspension
was prepared with the addition of 1 g SBA-15 into the toluene
solution. The precursor solution of UiO-66 was then gradually
added. The mixture was stirred evenly, poured into the poly-
tetrafluoroethylene reactor liner, reacted at 120 °C for 3 h, then
rinsed and filtered with DMF and ethanol, followed by vacuum

© 2023 The Author(s). Published by the Royal Society of Chemistry
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drying for 24 h at 80 °C. Fig. 1 shows the schematic diagram of
the synthesis mechanism of the two kinds of composite
materials.

2.5. Characterization methods

The Brunauer-Emmett-Teller (BET) specific surface area and
pore size were measured by using an automatic surface
analyzer. The surface morphologies of the adsorption materials
were observed by the field emission scanning electron micro-
scope (SEM) and transmission electron microscopy (TEM). The
X-ray diffraction (XRD) patterns were recorded. Fourier trans-
form infrared spectrum (FT-IR) measurements were carried out
in a KBr pellet at room temperature. The surface elemental
composition analyses were conducted based on the XPS spectra.

2.6. Batch adsorption studies

All adsorption experiments were conducted in a 150 mL beaker
under natural pH and light, with the Cr(vi) concentration fixed
between 10 mg L~ and 30 mg L. Cr(vi) solutions were
prepared by dissolving different amounts of K,Cr,O, in

T
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deionized water. In all experiments, 50 mL Cr(vi) solution
(10 mg L") was mixed with 0.05 g adsorbent and stirred at 25 °C
with 100 rpm. After a certain amount of time, the mixture was
filtered and the filtrate was collected. The absorbance of the Cr
solution was detected by spectrophotometer at 540 nm using
the national standard method, ie., 1,5-diphenyl carbonyl
dihydrazide measurement method. The concentration of the Cr
solution was obtained by comparing the relationship between
the absorbance and concentration. The adsorbent was collected
and dried overnight in vacuum at 80 °C for characterization.

The properties of the adsorbed materials were evaluated by
removal rate and adsorption capacity. The removal rate of Cr(vi)
was calculated according to the formula:

G —-C

percent of = % 100% (1)
Go

The adsorption amount of Cr(vi) on the adsorbent was
calculated according to the formula:

(Co—C,) XV
m

0 = (2)

peal I il

o

H,BDC

SBA-15

GO

ZxCl,

MOF precursors

MOF precursors

UiO-66

UiO-66(@SBA-15

Ui0-66@GO

Fig. 1 Proposed synthesis route of (a) UiO-66, (b) UiO-66@SBA-15 and (c) UiO-66@GO composites.
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where, C, and C; are the concentration of the initial Cr(vi) (mg L")
and the concentration of Cr(vi) at the time of contact with ¢,
respectively. V is the solution volume (mL), and m is the mass (g)
of the adsorbent added. All experiments were repeated.

3. Results and discussion

3.1. Characterizations

3.1.1. Characterization of the UiO-66@SBA-15 composite.
To study the morphologies, SEM and TEM analyses of the
compounds were carried out. Fig. 2a shows that the composite
material does not differ much from the size of SBA-15, indi-
rectly indicating that the UiO-66 nanoparticles are likely to be
encapsulated in the pores of SBA-15. To prove that, TEM
images of composites were recorded. Fig. 2b shows the pore
structure, and Fig. 2c is the point scan image of the composite
material shown in Fig. 2b. From the analysis of the peak
position, Si and Zr elements can be found, which comes from
the SBA-15 and UiO-66. It is clear that most of the UiO-66 exist
in the mesopores of SBA-15, indicating that the nucleation of
UiO-66 is well wrapped in the channel of SBA-15, although they
are not exactly evenly distributed and in good crystallization
forms. A plausible mechanism of the growth of the UiO-66
nanocrystals in the hole of SBA-15 has been presented in
Fig. 1b. The precursors of UiO-66 have been firstly added to the
SBA-15 matrix, and the nucleation of UiO-66 in the pore is
more favorable than that outside the SBA-15 due to the inner
surface affinity of the silanol groups.*® The periodically
arranged large pores also promote the rapid diffusion of the
UiO-66 precursor solution into the pores and the formation of
composite materials.

Fig. 2d shows the XRD patterns of UiO-66 and the UiO-
66@SBA-15 composite, which also confirmed that UiO-66 was
successfully synthesized in the channel of SBA-15. The
morphology of UiO-66 is consistent with that reported in the
literature, which indicates that the synthesis of UiO-66 was
successful.’® UiO-66@SBA-15 has the same characteristic peaks
as UiO-66 on the SBA-15 hill-type peaks, indicating that the
crystal structure of UiO-66 in the composite material is not
changed during crystallization.>®

The N,-adsorption-desorption curves of SBA-15 and UiO-
66@SBA-15 are shown in Fig. 2e and f. Both samples have IV
adsorption isotherms and H1 hysteresis loops, indicating good
mesoporous junctions. The pore distribution of the two
samples is 6.8 nm for SBA-15 and 5.7 nm for UiO-66@SBA-15.
The decrease of the pore diameter of the composite indicates
that the nanocrystalline material has filled the mesopore of the
composite.

3.1.2. Characterization of the UiO-66@GO composite. The
N,-adsorption-desorption curves of UiO-66 and UiO-66@ GO
are shown in Fig. 3a and b. Both samples have I adsorption
isotherms, indicating microporous junctions. The decrease of
the pore diameter was also observed, indicating the presence of
GO with UiO-66. The morphology of the UiO-66@GO composite
was also investigated by SEM and TEM, as shown in Fig. 3c and
d. The UiO-66 nanoparticles and GO layer can been observed,
showing the presence both GO and MOF complex, which is
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distributed in an orderly manner on the GO layer. Petit and
Bandosz reported on the MOF-GO composites and have
compared them with the physically mixed samples.*® The order
distribution indicates that the UiO-66 nanoparticles have been
fixed on the GO layer by epoxy groups, while physically mixing
with GO usually leads to agglomerates and an uneven distri-
bution. The addition of UiO-66 has also avoided the layer
stacking of GO. For further confirmation, energy dispersive X-
ray spectroscopy (EDX) analysis (Fig. 3e and f) of the compos-
ites was conducted. The results show the presence of C, O and
Zr elements. Furthermore, the elemental mapping (Fig. 3f)
suggests that different elements in the sample are evenly
distributed, proving the successful synthesis of the UiO-66@GO
composite.

Fig. 3g shows the XRD patterns of UiO-66 and the UiO-
66@GO composite. The pattern of UiO-66 is in good agree-
ment with that reported in the literature, indicating the
successful synthesis.”” The identical peaks of UiO-66@GO with
UiO-66 demonstrate that the crystalline structure of UiO-66 in
the composite material has not been changed during the in situ
crystallization. It should be noted that the GO peak at 20 is
about 9.29°, which shows some overlap with the UiO-66 peak.*®
A very slight change of sharpness at about 9.78° can been
observed, which is in agreement with Li's results.**

3.2. Adsorption activity

Removal of Cr(vi) from wastewater by UiO-66@SBA-15 and
Ui0-66@GO was compared under different conditions, ie.,
different pH, temperature and initial concentration factors.
Fig. 4 shows the relationship between the equilibrium
adsorption capacity (g.) and equilibrium Cr(vi) concentration
(Ce) in solution at different temperatures. UiO-66@GO has
higher Cr(vi) removal activity than UiO-66@SBA-15, present-
ing one of the most efficient Cr(vi) removal materials. The
equilibrium Cr(vi) adsorption capacity by SBA-15 and UiO-66
was 5.3 mg g ' and 15 mg g, respectively. Thus, both UiO-
66@GO and UiO-66@SBA-15 have higher Cr(vi) removal effi-
ciency than the single SBA-15 and UiO-66, indicating that the
functionalized carrier structural modification can improve
the MOFs removal activity of Cr(vi). Additionally, the adsorp-
tion capacity of UiO-66@SBA-15 decreased from 13.77 mg g~
to 11.27 mg g, and the adsorption capacity of UiO-66@GO
decreased from 38.13 mg g~ to 32.91 mg g~ " as the temper-
ature increased, which indicates that high temperature is not
conducive to the adsorption of the two composites. Although
the higher initial Cr(vi) concentration leads to higher
adsorption capacity of equilibrium, it is also clear that the
removal rate of UiO-66@SBA-15 and UiO-66@GO decreased
from 61% to 38% and 97% to 80% with an initial concentra-
tion of Cr(vi) increasing from 10 to 30 mg L™ ", respectively, as
shown in Fig. 5. The maximum removal efficiencies of UiO-
66@SBA-15 and UiO-66@GO were 61% and 97%, respec-
tively, when the concentration of Cr(vi) was 10 mg L™ ". In all,
the piece structure UiO-66@GO has higher activity than the
hard-core-shell UiO-66@SBA-15 due to there being more
active site exposure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a)—(c) SEM and TEM (EDS) images of UiO-66@SBA-15, (d) PXRD patterns of UiO-66 and UiO-66@SBA-15, and (e) and (f) N, adsorption
isotherms and pore size distribution of SBA-15 and UiO-66@SBA-15.
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3.3. Kinetic model

In order to better analyze the effects of the two composite
materials on the Cr(vi) adsorption properties, three kinetic
models were selected for simulation. The initial concentration
of Cr(vi) was fixed at 10-30 mg L™ ", and UiO-66 was loaded with
10 wt% GO and SBA-15 was loaded with 10 wt% UiO-66. The
adsorption kinetics was tested by using the linear diagram of
pseudo-first-order, pseudo-second-order and intra-particle
diffusion kinetic models.

The pseudo-first-order model is used in the adsorption
process, and its expression is as follows:**

ki

log(qc - ql) = 10g qe — 5303;

where g. and g, are the adsorption capacity of the composite for
Cr(v1) at equilibrium and instant time ¢ (h), respectively. k; is the
rate constant of the pseudo-first-order adsorption (h™"). k; and
ge is calculated from the slope and intercept of the plots of

Removal rate, %

X
m 10 ® 20 A 30
——
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(@)

View Article Online

RSC Advances

Table 1 Adsorption kinetics parameters of Cr(vi) onto UiO-66@SBA-
15

Parameters
Kinetic models Qcq k R?
Pseudo-first-order kinetic model 6.18582 1.59742 0.81824
Pseudo-second-order kinetic 6.27549 0.09826 0.99989
model
Intra-particle-diffusion models 7.87176 0.43451 0.75662

log(ge — q) versus t, respectively. The related parameters are
presented in Table 1. There is a significant difference between
the calculated g. and the experimental g.. The low correlation
coefficient R* (Tables 1 and 2) has been found, showing that the
adsorption of Cr(vi) into the composite fit poorly with the
pseudo first-order kinetic model.

The pseudo-second-order equation can be expressed by the
following equation:*®

t 1 t
q: B kage?  qe G
where k, (g mg~" h™') is the rate constant of the pseudo-second-
order adsorption determined by plotting ¢/q, versus t. The plots
of t/q, against t at different initial Cr(vi) concentrations are
shown in Fig. 6b and 7b, and the values of the parameters are
summarized in Tables 1 and 2. The data show an excellent fit to
the pseudo-second-order model with high R* (>0.999). A good fit
was also further confirmed by the fact that the calculated g,
value is very close to the measured one.

Since the above kinetic model cannot determine the diffu-
sion mechanism or the rate control process that might affect the
kinetics of adsorption, the intra-particle diffusion was further
studied. The intra-particle diffusion model is the empirical
function relationship of the adsorption amount at interval ¢ (g,)
and t"2. The velocity parameter relationship of the intra-particle
diffusion can be determined by the following equation:*

12
qr = kigt " + G (4)
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Fig. 5 Effect of the initial Cr(vi) concentration on the adsorption of Cr(v) to (a) UiO-66@SBA-15 and (b) UiO-66@GO.
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Table 2 Adsorption kinetics parameters of Cr(vi) onto UiO-66@GO

Parameters
Kinetic models Qeq k R
Pseudo-first-order kinetic model 8.38012 1.64234 0.73983
Pseudo-second-order kinetic 7.51314 0.02072 0.99994
model
Intra-particle-diffusion models 6.49401 0.10612 0.93364

where kiq is the intra-particle diffusion rate constant (mg g~ * h™*2),

and C; is the intercept related to the thickness of the boundary
layer. In general, the larger the intercept, the greater contribution
of the surface adsorption to the rate control.

The dynamic curves and parameters of the three models of the
two materials are shown in Fig. 6, 7, Tables 1 and 2. The pseudo-
second-order correlation coefficients (R* > 0.999) of UiO-66@SBA-
15 and UiO-66@GO are both higher than that of the pseudo-first-
order (R*) and intraparticle diffusion dynamics model (R, indi-
cating that the experimental data of both groups are applicable to
pseudo-second-order models. The data are in good agreement

View Article Online
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with the model, indicating that the adsorption of Cr(vi) by the two
materials is closer to chemical adsorption; that is, the total
adsorption rate is controlled by the electron sharing or exchange
between the adsorbent and adsorbate.* Thus, piece or encapsu-
lated structure modification has not changed the adsorption type.

Additionally, the presence of functionalized carriers and
active sites of UiO-66 have increased the adsorption rate.
Adsorption is usually achieved by surface diffusion and intra-
particle diffusion. However, the correlation coefficient of the
intraparticle diffusion model shows that the intraparticle diffu-
sion mechanism does not dominate the rate determination step.
Low C; corresponds to high contribution intraparticle diffusion.
If C; equals zero, the adsorption is completely controlled by
intraparticle diffusion. For all of the tested Cr concentrations, the
C; values of the linear parts are not zero, which indicates that
intraparticle diffusion is a part of the diffusion process, but it is
not the only rate-controlled step in all stages.*>

3.4. Adsorption isotherms

In order to better analyze the adsorption thermodynamics of
Cr(vi) on UiO-66@GO and UiO-66@SBA-15, three adsorption
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(a) Pseudo-first-order kinetic fitting, (b) pseudo-second-order kinetic fitting, and (c) intra-particle diffusion kinetic fitting for the

adsorption of Cr(vi) onto UiO-66@SBA-15 (solution volume = 50 mL, adsorbent dose = 0.05 g, initial Cr(vi) concentration = 10-30 mg L%, at

natural pH, contact time =1 h, T = 298 K).
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(@) Pseudo-first-order kinetic fitting, (b) pseudo-second-order kinetic fitting, and (c) intra-particle diffusion kinetic fitting for the

adsorption of Cr(vi) onto UiO-66@GO (solution volume = 50 mL, adsorbent dose = 0.05 g, initial Cr(vi) concentration = 10-30 mg L~%, at natural

pH, contact time =1 h, T = 298 K).
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isotherm equations of Langmuir, Freundlich and Temkin were
adopted according to the adsorption equilibrium data. The
express of Langmuir equation is:*

C. C. 1

= + 5
qe Gmax qmaxKL ( )

where g. is the amount of Cr(vi) adsorbed at equilibrium (mg g ™),
Gmax 1S the maximum adsorption amount corresponding to the
complete single-layer coverage (mg g '), C. is the equilibrium
concentration of the solution (mg L"), and Ky is the Langmuir
constant related to the affinity and adsorption energy of the
binding site (L mg ™).

Ce/qe has a linear relationship with C. (Fig. 8a and 9a), and
the Langmuir isotherm constants K and gmax are shown in
Tables 3 and 4. The Langmuir equation can fit the correlation
coefficient R”> = 0.97 of experimental data. The g and K
decrease with an increase in temperature due to the exothermic
nature of the adsorption process. Another parameter Ry, is given
by the following equation:**

1

Rl=—
LT I1TYKG

(6)

where C, is the highest initial concentration of Cr (mg L™).
Different values of Ry, represent different meanings: when Ry, >
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1, the isotherm is unfavorable; it is favorable when Ry, < 1; when
R;, = 1, the isotherm is linear; and it is irreversible when R;, = 0.
In this study, the Ry, values obtained by fitting the measured
data of UiO-66@SBA and UiO-66@GO ranges between 0.03 and
0.056, indicating that adsorption is a good process. Those
results are generally consistent with the chemical monolayer
adsorption by both UiO-66@SBA and UiO-66@GO, indicating
that exchange between Cr(vi) and UiO-66 is the main contribu-
tion to the adsorption process.

The Freundlich isotherm is based on the empirical equation
that adsorption occurs on heterogeneous surfaces. The equa-
tion is:*®

Ing. =1In K¢ + %ln C, (7)

where Ky is a Freundlich constant related to the adsorption
capacity (L mg '), and 1/n is the heterogeneity factor to evaluate
the adsorption process. A linear relationship between In g. and
In C. has been obtained, as shown in Fig. 8b and 9b. The
Freundlich parameters Ky and N are calculated based on the
regression slope and intercept, as shown in Tables 3 and 4. It is
clear that UiO-66@SBA-15 has a high fitting degree with the
Freundlich model but that of UiO-66@GO is relatively weak,
indicating that the process of Cr(vi) adsorption carried out by
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(b) ()

(a) Langmuir, (b) Freundlich, and (c) Tempkin isotherms for the adsorption of Cr(vi) onto UiO-66@SBA-15 (solution volume = 50 mL,

adsorbent dose = 0.05 g, initial Cr(v) concentration = 10-50 mg L™, at natural pH, contact time = 1 h, T = 298 K).
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(c)

(@) Langmuir, (b) Freundlich, and (c) Tempkin isotherms for the adsorption of Cr(vi) onto UiO-66@GO (solution volume = 50 mL,

adsorbent dose = 0.05 g, initial Cr(vi) concentration = 10-50 mg L™, at natural pH, contact time = 1 h, T = 298 K).
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Table 3 Isotherm parameters for the adsorption of Cr(vi) onto UiO-

66@SBA-15

Isotherms Parameters

Langmuir Qeq 358.32
Ky, 0.06
R? 0.98

Freundlich Kg 188.78
N 6.75
R 0.97

Tempkin Ky 112.67
By 48.31
R? 0.86

Table 4 Isotherm parameters for the adsorption of Cr(vi) onto UiO-

66@GO

Isotherms Parameters Value

Langmuir Qeq 30.88
K, 0.66
R* 0.98

Freundlich Ky 17.09
N 4.54
R 0.89

Tempkin Ky 100
Br 4.85
R’ 0.94

UiO-66@SBA-15 involves not only monomolecular chemical
adsorption, but also multi-layer physical adsorption. Thus, the
mesopores of SBA-15 increase the physical adsorption of Cr(vi),
while GO has little effect on the physical adsorption.

The Temkin isotherm is based on the hypothesis that there
exists adsorption-adsorption interaction. The heat of adsorp-
tion decreases linearly with coverage due to this interaction.
The isotherm is expressed as follows:**

de = BT In KT + BT In Ce (8)

where By = RT/by and by (J mol™') is the Temkin constant
related to the heat of adsorption, R is the gas constant (8.314 ]
mol™" K ') and T is the temperature (K), Kr (L mg™") is the
binding energy constant, ¢. (mg g~ ') and C. (mg L") are the
adsorption equilibrium capacity and adsorption equilibrium
concentration, respectively. The linear regression curves of g.
versus In C. are shown in Fig. 8c and 9c, and the calculated
values of By, br and Ky are shown in Tables 3 and 4. The results
show that the fitted Tempkin curve deviates from the linear
relationship at all temperatures. According to the relevant
diagram of the fitting, the correlation coefficients (R*) range is
0.86 to 0.94. The lower value of b indicates that the interaction
of Cr(vi) with UiO-66@SBA-15 and UiO-66@GO is weak. The
adsorption process of UiO-66@GO also has a higher fitting
degree with the Tempkin model. The adsorption process of UiO-
66@GO was better fit by both Langmuir and Tempkin models,
confirming that the adsorption of Cr by UiO-66@GO is adsor-
bed not only as monomolecular chemical adsorption, but also
surface adsorption.

15050 | RSC Adv, 2023, 13, 15041-15054
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3.5. Thermodynamic study

The influence of temperature on the adsorption of Cr(vi) on UiO-
66@SBA-15 and UiO-66@GO was further estimated. The ther-
modynamic parameters, including the Gibbs free energy (AG?),
enthalpy (AH®), and entropy (AS°), were determined by the
following equations:

AG’ = —RTnb 9)
0 by
AH® = RT1 — T] In b_l (10)
0 _ 0
AS? = u (11)

where R (8.314 ] mol ™" K ") is the gas constant. T (K) is the
absolute temperature, and b is the Langmuir constant at T. K is
the adsorption equilibrium constant. The calculated values of
AG®, AH’, and AS° at 298, 308 and 318 K with the initial
concentration of 10 mg L' are shown in Table 5.

The free energy values (AG®) are negative, indicating that the
reaction of the metal ions promote the spontaneous absorption
of Cr(vi). However, with the increase of temperature, AG®
increases, indicating that the increase of temperature does not
make it easier for absorption. As S° gets larger, it is more
favorable for the spontaneous absorption. With the increase of
temperature, the value of S° decreases, indicating that heating
makes the forward absorption more difficult. Thus, the
adsorption of Cr(vi) is a spontaneous reaction, but the increase
of temperature does not promote the adsorption process.
Moreover, the properties of physical adsorption or chemical
adsorption can be determined by the free energy value. In
general, the value of energy AG® between 0 and —20 kJ mol "
indicates that the adsorption process is physical adsorption,
and the value between —80 and —400 k] mol ™ corresponds to
chemical absorption.*” In this study, the adsorption of UiO-
66@SBA-15 and UiO-66@GO by Cr(vi) may include both phys-
ical adsorption and chemical adsorption, since AG® is lower
than —20 kJ mol ", but higher than —80 kJ mol . The results
are consistent with the adsorption isotherm model.

3.6. Adsorption mechanism

The elemental compositions of the two adsorbents after absorp-
tion of Cr were analyzed by XPS to further study the interaction
between the adsorbent and Cr(vi). From Fig. 10a and c, it can be

Table 5 Adsorption isotherm parameters for Cr(vi) on UiO-66@SBA-
15 and UiO-66@GO

AG° AH® As°

Temp. (K) (kf mol™") (kfmol™") (Jmol 'K
UiO-66@SBA-15 298 —27.25 27.63 184.16

308 —25.71 173.18

318 —23.40 160.47
Ui0-66@GO 298 —35.48 27.02 209.71

308 —34.67 200.29

318 —32.64 187.61

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spectra of UiO-66@GO after adsorption.

seen that the two adsorbents contain not only the elements of the
adsorbent itself, but also elements Cr, indicating that Cr in the
wastewater has been fixed by the adsorbent, which further proves
the chemical adsorption of Cr(vi) by UiO-66@SBA-15 and UiO-
66@GO. The high resolution Cr 2p XPS spectra of the two
adsorbents adsorbed by Cr(vi) are shown in Fig. 10b and d. The
two energy peaks of UiO-66@SBA-15 and UiO-66@GO adsorbents
are 576.53 eV and 583.89 eV, 575.75 €V and 584.97 eV, respectively,
corresponding to Cr 2pz,, and Cr 2p;,,."° For UiO-66@SBA-15, it
can be seen that Cr mainly exists in CrO, (576.5 €V) and Cr,0;
(576.5 eV) according to the position of the peaks. It is clear that the
fixation of Cr has the effect of UiO-66 on SBA-15, showing both
chemical adsorption and physical adsorption. For UiO-66@GO,
the energy peak is 575.7 eV, which is lower than that of UiO-66
on SBA-15, indicating some electron trajectory deviation and
a stronger action between Cr(vi) and UiO-66@GO.*

To further understand the mechanism of adsorption, Four-
ier transform infrared spectroscopy (FTIR) was used. As shown
in Fig. 11a, the wide bands of about 3477 cm ™" and 1654 cm ™"
correspond to the stretching vibration of the O-H groups of
water.*® The bands at 1088 cm ' and 467 cm™* belong to the
bending vibrations of the mesoporous skeleton (Si-O-Si).** In
addition, the peak at 910 cm ™" is attributed to the Si~-OH bond
stretching of the silanol groups.** The weak band detected at
1680 cm ' is allocated to the stretching vibrations of C=0 in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) XPS survey spectra and (b) Cr 2p core level spectra of UiO-66@SBA-15 after adsorption. (c) XPS survey spectra and (d) Cr 2p core level

carboxylic acid of BDC.*? The O-C-O (1588 cm™ '), C=C
(1504 cm™ "), benzene ring (1416 cm™ ') by the BDC ligand have
also been found.** The main change is the weakening of the
peak at 1396 cm™ ", confirming the coordination between the
carboxylate functional group with metal cations, which indi-
cates the exchange absorption of Cr(vi) by UiO-66@SBA-15.

Fig. 11b shows the FTIR spectra of UiO-66@GO before and
after the adsorption. Compared with the spectra before and
after Cr(v1) sorption, the Cr=0 band arose at 870 cm ™, showing
that the oxygen functional groups on the GO layers have bound
to the open metal sites of UiO-66, resulting in the disappearance
of the GO band.** After Cr(vi) absorption, some changes of
functional groups on the composite materials can been
observed. It should be noted that the results show the Cr(vi)
reduction by the carboxylic acid groups on C during absorption,
confirming the chemical reaction between Cr(vi) and UiO-
66@GO once again.

3.7. Reusability of UiO-66@SBA-15 and UiO-66@GO

Regeneration and reuse capabilities are important for the
potential control of the performance of the adsorbent systems.
Since high pH has a detrimental impact on the adsorption of
Cr(vi), the desorption of Cr(vi) ions might be achieved by the
increase of pH. The Cr(vi) desorption experiment was conducted
with 0.5 M NaOH. The results of five consecutive adsorption/
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of functionalized UiO-66 was significantly improved. When the
initial concentration of hexavalent Cr was fixed at 10 mg L™, it
was observed that only 3 minutes was necessary to reach the
equilibrium. For UiO-66@GO, the adsorption efficiency was up
to 97%, higher than other equivalent adsorption materials. To
understand the mechanism, the pseudo-first-order, pseudo-
second-order and intra-particle diffusion kinetic models were
fitted. The adsorption of Cr(vi) by both materials was closer to
chemical adsorption, and the total adsorption rates were
increased and controlled by the electronic sharing or exchange
between the adsorbent and the adsorbate. The Langmuir model
showed that exchange between Cr(vi) and UiO-66 was the main
contribution to the adsorption process. By comparing it with
the Freundlich and Temkin models, the results revealed that
the adsorption process of Cr(vi) by UiO-66@SBA-15 involved not

Fig. 11 (a) FITR spectra for (a) UiO-66@SBA-15 and after adsorption, (b) UiO-66@GO and after adsorption.
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I Uio-66@GO

o\°. 80 -
%
= 60
©
>
o
g 404
14

20

0 T T r T
1 2 3 4 5

Cycle number

Fig. 12 The reusability of UiO-66@SBA-15 and UiO-66@GO for the
adsorption of Cr(vi).

desorption cycles are shown in Fig. 12, and the removal effi-
ciency of both materials was gradually decreased. The reason
might be that the adsorption sites on the surfaces could be
damaged by multiple adsorption-desorption cycles. However,
the removal of UiO-55@SBA-15 has a relatively stable decreasing
frequency, indicating that the encapsulated method does
protect UiO-55 from surface damage. In addition, for UiO-
66@GO, although the removal efficiency was lowered, it
remained at a level of 60% after the fifth cycle.

4. Conclusions

Two new adsorbents, UiO-66 immobilized by SBA-15 and GO,
were prepared and compared for the removal of low-
concentration Cr(vi) from water. The adsorption performance

15052 | RSC Adv, 2023, 13, 15041-15054

only monomolecular chemical adsorption, but also multi-layer
physical adsorption. Meanwhile, the adsorption of Cr by UiO-
66@GO was not only adsorbed as monomolecular chemical
adsorption, but also surface adsorption. Characterization
analysis showed that the adsorption mechanism was related to
UiO-66 itself and doped functional materials. Adsorbed metal
ions bonded to Zr or carbon formed new complexes. Addition-
ally, the encapsulated method can increase the protection of
UiO-55 from surface damage. In all, different hybrid methods
cause some differences in the activity and reaction mechanism.
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