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Grafting a Porous Metal—Organic Framework [NH,-MIL-101(Fe)]
with AgCl Nanoparticles for the Efficient Removal of Congo Red
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ABSTRACT: Organic dyes can produce harmful effects on the water environment, such as
affecting the growth of aquatic organisms, reducing the transparency of water bodies, and
causing eutrophication of water bodies, so it is necessary to mitigate the hazards of organic
dyes. In this study, a metal—organic framework [NH,-MIL-101(Fe)] was synthesized by
the solvothermal method as a carrier for the in situ uniform deposition of AgCl
nanoparticles on its surface, which was successfully used for both adsorption and
degradation of Congo red. Adsorption results showed that the adsorption kinetics
conformed to the proposed secondary adsorption kinetics equation with a maximum
adsorption capacity of 248.4 mg-g~'. Furthermore, the degradation results indicated that
with the aid of sodium borohydride as a reducing agent, the degradation of Congo red
followed pseudo-first-order kinetics with a degradation rate of 0.077 min~!, and the
complete degradation of Congo red was finished within 18 min. Therefore, AgCl/NH,-
MIL-101(Fe) may find a potential application in the removal of dyes from wastewater.
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1. INTRODUCTION area and tunable pore size.” Herein, its comprehensive
Due to highly stable chemical properties, dyes are often used to application has been found in catalysis for dye degradation,
color textiles and food products.’ However, organic dye bio-oil refining and CO oxidation, and also adsorption for
wastewater without complete or thorough treatment can cause uranium, liquid dyes, and toxic gases.'” In addition to
potential pollution of water bodies.” Azo dyes, as one of the improving the original structure, MOFs can be also modified
most commonly used class of organic dyes, contain one or by introducing other substances on their surface or inside to
more aromatic azo bonds (~N=N-) in the structure.” Azo form composites that can enhance the effect of catalysis and
dyes not only have the characteristics of toxicity, carcino- dye adsorption.'" For instance, Zhao et al. synthesized the
genesis, and mutation to human body but also resist three-dimensional MIL-125/g-C;N, using the in situ growth,

biodegradation.* Congo red is a type of typical azo dye,
while one of its metabolites, benzidine, is a known carcinogen
that poses a serious health risk.’ Traditional wastewater
treatment methods such as photodegradation and biodegrada-
tion are unable to treat water contaminated with this dye.’
Therefore, it is necessary to evanish the dye as far as possible

co-mingling, and lyophilization strategy, showing highly
photocatalytic activity for the dyes,'> while Nazir et al.
synthesized ZIF-67 and ZIF-67 containing different Fe
concentrations by the solvothermal method for the adsorption
of rhodamine in water, displaying that the adsorption of ZIF-

before discharging the wastewater into the environment. 67 containing Fe was greater than that of ZIF-67."
However, traditional physicochemical treatment techniques Consequently, conventional MOFs can form composites with
such as chemical precipitation, reverse osmosis, and coagu- other substances that will be used both as adsorbents to adsorb
lation to remove dyes from wastewater are complex and time pollutants and later to improve the efliciency of dye
consuming.” On the contrary, the treatment of sodium degradation. Among the reported types of MOFs, Fe-MOF
borohydride (NaBH,), a strong reductant, not only simplifies can provide uniformly dispersed active sites to increase contact
the procedure but also provides a comprehensive contaminant with dyes and reduce metal leaching to minimize environ-

degradation. However, if only NaBH, was added without a mental pollution.'* Thus, a kind of Fe-MOF, NH,-MIL-
catalyst, there was no significant degradation of the dye over a ’ '

brief period.® Therefore, in view of minimizing the waste of
resources and accelerating the degradation rate of dyes, it is
necessary to develop a catalyst that can be combined with
NaBH, to speed up the reaction rate.

Due to the self-assembly of organic connectors and metal
nodes, metal—organic frameworks (MOFs) are network
structures with the characteristics of high specific surface
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101(Fe), was selected as the support with other active
materials for the adsorption and degradation application.

In recent years, silver halide (AgX, X = Cl, Br, I) has become
a research focus in the field of catalysis because of its easy
synthesis, good photosensitivity, and photocatalytic proper-
ties.'> However, silver halide cannot escape the disadvantage of
easy agglomeration to form a precipitate, which limits the
practical application.”” The NH,-MIL-101(Fe) coordinated
from 2-aminoterephthalic acid (NH,-BDC) with FeCl;-6H,0
contains a certain amount of Cl7, so further treatment with
AgNO; solution can deposit uniform AgCl nanoparticles
(NPs) on the coordination sites of NH,-MIL-101(Fe), which
can not only avoid self-aggregation of AgCl'® but also increase
the specific surface area and active sites.

Herein, as in Scheme 1, the AgCl/NH,-MIL-101(Fe)
composite was synthesized and characterized by the structure

Scheme 1. Schematic Diagram of the FMA Composite for
the Adsorption and Degradation of Congo Red

adsorbed Congo red molecules

AgNO;
—
small molecules
\ N4

\\BH, ~»
* NH,-MIL-101(Fe) .::

and the surface in detail. Due to the increased specific surface
area and active sites, AgCl/NH,-MIL-101(Fe) displayed a
certain adsorption effect on Congo red. Additionally, AgCl/
NH,-MIL-101(Fe) displayed a rapid degradation of Congo red
under the addition of NaBH,, showing that NaBH, played
roles in degrading Congo red, including reducing AgCl in situ
to generate Ag NPs and also acting as an electron donor to
provide electrons for catalytic hydrogenation and degradation
of dyes. Thus, this work will provide an effective method for
the removal of Congo red and the environmental reservation.

° .
Congo red dye ° : AgCINPs ° : Ag NPs
° .

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. FeCl;-6H,0O was obtained
from McLean Biochemical Technology Co., Ltd., Shanghai.
NH,-BDC, Congo red, and NaOH were purchased from
Aladdin. Acetic acid, ethanol, N,N-dimethylformamide
(DMF), and AgNO; were bought from Guangzhou Chemical
Reagent Factory. Sodium anhydrous acetate was obtained from
Guangdong Guanghua Chemical Factory Co, Ltd. NaBH, was
bought from Tianjin Damao Chemical Reagent Factory.

2.2. Equipment. The morphology was characterized by
transmission electron microscopy (TEM, Tecnai 12, FEI,
Netherlands) and field emission scanning electron microscopy
(SEM, FEI, Verios 460), while the powder diffraction patterns
were performed by X-ray polycrystalline powder meter (XRD,
Rigaku, Ulitma IV). The absorption spectrum was performed
on a UV-—visible spectrophotometer (UV-2250, Shimadzu),
while the functional groups were characterized by Fourier
transform infrared (FTIR) spectroscopy (Thermo Fisher,
IS10). The specific surface area and pore size were acquired
by an automatic multi-station specific surface and microporous
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mesoporous physical adsorption instrument (BET, MIKE,
Gemini VII 2390). High resolution electrospray ionization
mass spectroscopy (FT-MS, Bruker solanX 70, Agilent
6540TOF) was used to obtain the m/z of the degradation
products. The elemental valence states were characterized by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha).

2.3. Solvothermal Synthesis of NH,-MIL-101(Fe). The
traditional solvothermal method was used to synthesize NH,-
MIL-101(Fe)."” In simple terms, 0.675 g of FeCl;-6H,0 (2.45
mM) and 0.225 g of NH,-BDC (1.24 mM) were weighed and
dispersed in 15 mL of DMF by sonication. Then, it was
subsequently moved to a Teflon-lined autoclave (50 mL) and
treated with heating at 110 °C for 20 h. After centrifuging, this
reddish-brown solid was cleaned with deionized water, DMF,
and ethanol twice in turn. After drying in a vacuum oven at 60
°C overnight, NH,-MIL-101(Fe) was prepared.

2.4. Synthesis of AgCI/NH,-MIL-101(Fe) (FMA). First,
20 mg of NH,-MIL-101(Fe) was uniformly dispersed in 20 mL
deionized water by ultrasonication. Second, 4 mL of AgNO;
(100 mM) was dropwise added into the above solution and
stirred for 1 min, while the color of the reaction solution
changed to earthy yellow. After centrifuging and washing with
deionized water and ethanol twice in turn, the product was
placed overnight in a vacuum drying oven at 60 °C.

2.5. Batch Adsorption Tests. Simply, a stock solution of
Congo red (1000 mg-L™") with a dosage of 2 mg of FMA was
prepared for the batch adsorption study. In the pH range of 5—
11, the influence of pH on dye adsorption was investigated.
Then, isothermal studies were performed by the adsorption of
43—871 mg-L™' Congo red at pH = 6 and room temperature.
After reaching adsorption equilibrium, a volume of the
supernatant was taken out and the corresponding concen-
tration was detected by measuring absorbance with a UV—vis
spectrophotometer, which can reflect the remaining concen-
tration of Congo red. The adsorption capacity (g.) and
removal (%) could be obtained by the following equations

— (Co B Ce)V

¢ m

(1)
CO - Ce
—— X 100

Co (2)
where ¢, is the adsorption amount at equilibrium (mg-g™"), m
is the sorbent weight (g), V represents the solution volume
(L), and C, and C, represent the initial concentration (mg:
L") and the remaining concentration (mg-L™") of Congo red,
respectively.

2.6. Catalytic Degradation Studies. In addition to its
adsorption effect, FMA also enabled the rapid degradation of
Congo red with the aid of NaBH,. Catalytic degradation of
Congo red by the FMA composite was investigated in the
aqueous phase using NaBH, as the reducing agent, and the
reaction degree corresponded to the change in absorbance of
the characteristic peak of Congo red. First, NaBH, (150 mM,
S0 uL) was mixed with Congo red (0.5 mM, 1 mL) in a
neutral solution. Then, the FMA composite (1.5 mg-mL_l, S
uL, total amount 7.5 pg) was put into the above solution and
shaken gently to mix uniformly. During the reaction, the
solution (50 uL) was taken out every 2 min and transferred to
a quartz dish, and the UV—vis spectrum at the characteristic
peak of Congo red (497 nm) was recorded to reflect the
decolorization degree of the dye. When the characteristic peak

removal (%) =

https://doi.org/10.1021/acsomega.2c06300
ACS Omega 2023, 8, 4639—-4648


https://pubs.acs.org/doi/10.1021/acsomega.2c06300?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06300?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

50 nm

(& Fe

50 nm

50 nm

Figure 2. SEM (A), TEM (B), total elemental mapping (C) and single element mapping including C (D), N (E), O (F), Fe (G), Ag (H), and Cl

(I) of the FMA composite.

at the UV—vis spectrum was no longer changed, the
degradation reaction was completed.

3. RESULTS AND DISCUSSION

3.1. Surface Morphology Characterization. Figure 1A—
C shows the SEM and the TEM images of NH,-MIL-101(Fe),
showing that NH,-MIL-101(Fe) exhibited clear borders with
uniform size distribution. After the deposition of AgCl NPs on
NH,-MIL-101(Fe) (Figure 2A—B), the FMA surface was
decorated with a certain amount of tiny particles. In addition,
the TEM elemental mapping of the FMA (Figure 2C—I)
showed that the catalyst contained C, N, O, Fe, Ag, and Cl
elements, where Fe, C, O, N, and Cl elements were derived
from NH,-MIL-101(Fe), and Ag originated from AgNO;. Both
Ag and Cl elements were synchronously dispersed, confirming
the successful modification of AgCl NPs on the surface of
NH,-MIL-101(Fe). In this process, NH,-MIL-101(Fe)
performed two functions. First, it provided a porous structure
so that it could adsorb dyes on its surface. Second, it also acted
as a substrate material to distribute AgCl over its surface to

4641

avoid agglomeration into large particles. In addition, the FMA
composite demonstrated good water dispersibility, which
facilitated the study of dye adsorption and degradation.

The elemental valence states of the FMA composite were
examined using XPS. It can be demonstrated from Figure 3A
and Table S1 that the catalyst contained Ag, C, N, O, Fe, and
Cl elements with 0.8, 67.5, 4.02, 23.85, 2.98, and 0.85%,
respectively. In the C 1s region (Figure 3B), three character-
istic peaks can be clearly seen, namely, C=0 (288.7 eV), C—
N (286.1 €V), and C—C (284.7 eV). In the Ag 3d region
(Figure 3C), Ag can be observed in the chemical valence state
as Ag’, with two characteristic peaks at 367.3 and 373.3 eV
corresponding to 3ds,, and 3d,/,, respectively. The Fe 2p
region (Figure 3D) can be fitted to four peaks, starting with
two characteristic peaks attributed to Fe’* at 711.5 and 725.4
eV, while the fitted peaks at 716.9 and 730.9 eV belonged to
vibrational satellite peaks.

Then, FTIR spectroscopy was used to characterize the
functional groups of NH,-MIL-101(Fe) and the FMA
composite, showing that the peaks of the FMA composite

https://doi.org/10.1021/acsomega.2c06300
ACS Omega 2023, 8, 4639—-4648
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Figure 3. Survey spectrum of FMA (A) and deconvolution of C 1s (B), Ag 3d (C), and Fe 2p (D).
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Figure 4. FTIR spectra (A), XRD (B), N, adsorption/desorption isotherms (C) and pore size distribution (D) of NH,-MIL-101(Fe) and FMA.

(Figure 4A) were not significantly different from those of NH,-
MIL-101(Fe). Furthermore, the peaks of 1380, 1660, 1622,
and 3451 cm™" were all the characteristic peaks of the FMA

! was ascribed to the

composite. The peak of 3451 cm~™
stretching vibration of N—H, while the peak of 1622 cm™" was
relevant to the bending vibration of N—H."” Additionally, the
peaks at 1380 and 1660 cm™" indicated —COO— and C=0
groups.”’ These distinctive peaks of NH,-MIL-101(Fe) did

not change significantly after loading AgCl, suggesting that the
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deposition of AgCl in the FMA composite had no obvious
effect on NH,-MIL-101(Fe).

Next, the XRD patterns of NH,-MIL-101(Fe) and FMA are
shown in Figure 4B. Both of them displayed the same
characteristic peaks at 5.08, 8.34, and 8.96°, which were
ascribed to NH,-MIL-101(Fe),”" indicating the successful
preparation of NH,-MIL-101(Fe). The featured peaks for
FMA at 57.42, 54.82, 46.20, 32.20, and 27.78° corresponded to
the (222), (311), (220), (200), and (111) crystallographic
planes of AgCl, respectively (PDF no. 31-1238). Therefore, the

https://doi.org/10.1021/acsomega.2c06300
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Figure 5. Adsorption kinetics of Congo red by FMA (A—C) (FMA amount = 2 mg; Congo red solution C; = 697 mg-L™; pH = 6; V,,, = 2 mL).
Effect of the adsorption time on the adsorption amount (A) and the fitted first-order (B) and second-order (C) models. Adsorption isotherms of
Congo red by FMA (D—G) (FMA amount = 2 mg; Congo red solution C; = 43—697 mg-L™"; pH = 6; V,,, = 2 mL). The adsorption isotherm
study on Congo red adsorption by FMA (D) and adsorption isotherms of Langmiur (E), Freundlich (F), and Tekin (G). Effect of the temperature
on Congo red adsorption by the FMA (H) (FMA amount = 2 mg; Congo red solution C; = 697 mg-L™"; pH = 6; Vy,, = 2 mL; T = 278—318 K)
(H). Curve of In(K.) and 1000/T (I). The inset (A) shows the color change of Congo red before and after adsorption by the FMA composite.

successful preparation of the FMA catalyst was demonstrated,
which was in agreement with the previous TEM character-
ization.

Finally, the pore size and the specific surface area of FMA
and NH,-MIL-101(Fe) were studied by the adsorption and
desorption processes of nitrogen at 77 K. Figure 4C,D shows
that the curve of NH,-MIL-101(Fe) belonged to type IV
isotherm and featured an Hj-type hysteresis loop, which was
characteristic of a mesoporous material.”> In contrast, the
curve of FMA belonged to the mixed type I and type IV,
implying the presence of both micropores and mesopores.”’
The Langmuir surface area of NH,-MIL-101(Fe) was 202.31
m?*/g (BET, 126.44 m?/g), while FMA exhibited a Langmuir
surface area of 695.86 m*/g (BET, 543.61 m’/g); hence, the
FMA composite possessed a larger surface area than NH,-
MIL-101(Fe), which could facilitate this catalyst to fully
expose the active sites, improving the efficiency of dye
adsorption and degradation. In addition, the FMA composite
possessed more pore sizes compared to NH,-MIL-101(Fe),
since the deposition of AgCl NPs may form new pore sizes,
which will provide more possibilities for the removal of Congo
red.

3.2. Adsorption Study of Congo Red by the FMA
Composite. The adsorption mechanism of the FMA
composite for Congo red was investigated. Since pH was a
major factor influencing the charge on the surface of materials,
pH can affect the adsorption performance of materials for
dyes.”* Therefore, the capacity of the FMA composite to
adsorb Congo red was investigated under different pH
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conditions. In Figure S1, when the pH increased from 5 to
11, the adsorption ability of the FMA composite gradually
declined. As shown in Figure S2, under acidic conditions, the
surface of the FMA composite was positively charged, while
the Congo red belonged to the anionic dye, so it was more
conducive to adsorption. However, under alkaline conditions,
the FMA composite with a large number of negative charges
on its surface produced the electrostatic repulsion with Congo
red, resulting in a decrease in the adsorption rate.”> In
addition, the national standard for the pH of wastewater
discharge is usually between 6 and 9 (GB8978-1996). Thus,
the following adsorption experiments were performed at pH =
6.

3.2.1. Adsorption Kinetics Study. First, the adsorption
ability of Congo red with time was studied by using the
pseudo-first-order and pseudo-second-order kinetics as follows
(egs 3 and 4).2°

log(qe - qt) =logq, — Kit 3)
t 1 t
i > 4+ —
q Ky~ 9, (4)

where g, is the adsorption amount for Congo red at the
equilibrium state (mg-g™') and gq, is the actual adsorption
amount for Congo red at time ¢ (mg-g™"). K; (min™"') and K,
(gmg "min~") are the adsorption rate constants of the
proposed first-order and second-order models, respectively. As
shown in Figure 5A, at the beginning of 30 min, the adsorption
amount showed a sharp increase, which was due to the high

https://doi.org/10.1021/acsomega.2c06300
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number of active sites on the FMA composite’s surface.
However, in 30—70 min, the adsorption amount still increased,
but the rate slowed down. It might be because the active sites
were occupied by a part of Congo red. Eventually, the
adsorption rate gradually approached zero and the adsorption
capacity reached a plateau. It could be seen from Figure 5B,C
and Table S3 that the correlation coefficient of the proposed
first-order kinetics relationship was R” 0.903 and the
correlation coefficient of the proposed second-order kinetics
relationship was R* = 0.987, suggesting that the entire
adsorption process was chemically controlled rather than free
diffusion.”” This may be a result of the increased transfer rate
of Congo red and the rapid binding of Congo red to the active
sites on the surface of FMA.”® In addition, the second-order
kinetics equation can provide a theoretical value of g, as 232.6
mg-g” and K, as 4 X 107 (g'mg ™ "min""), while the actual
adsorption capacity of g, was 234.5 mg-g”" according to eq 1;
thus, the second-order kinetics was closer to the actual
adsorption capacity. Furthermore, the adsorption rate of the
FMA composite exhibited a more favorable adsorption rate,
since the K, value was larger than 0.9 X 10~ g'mg™'-min"'
using a new uracil-modified chitosan adsorbent for Congo red
by the four-step method.”

3.2.2. Adsorption Isotherm Study. To further study on the
Congo red adsorption process by the FMA composite, the
influence of the concentration of Congo red on the maximum
adsorption capacity of the FMA composite was investigated.
The linear fitting of the experimental data was performed, and
the adsorption isotherm model for the adsorption process was
determined by the fitting effect. Three models of Langmuir,
Freundlich, and Temkin as follows were used (eqs 5—7).*

C, C, 1
< = +
4. 4y K4, ()
I log K + ~log C

0 = lo —lo

gqe g K n g Ce (6)
q =B InA+BInC (7)

where C, is the concentration of the dye at adsorption
equilibrium (mg-L™"), q. is the adsorption amount at different
concentrations (mg-g_l), Qmax is the maximum adsorption
amount (mg-g™'), K is the Langmuir constant, K is the
Freundlich constant, and B is the Temkin constant. It could be
seen from Figure SD—G and Table S4 that the correlation
coeflicients (R*) of the three models were 0.97, 0.64, and 0.96,
respectively, indicating that the Langmuir model fitted better
with the experimental data for the adsorption of Congo red.”!
It was consistent with the phenomenon that the adsorption
increased rapidly and then slowly. The theoretical value of g,,.,
and the Langmuir coefficient were 249.3 mg-g™' and 0.047,
respectively, by calculating from the slope and the intercept.
Therefore, g,,,, was very approximated to the experimental
maximum adsorption of 248.4 mg-g™' from eq 1. In addition,
the maximum adsorption of the FMA composite was a little
larger than that of 128.6 mg-g™' using Fe,Co,_,O, NPs for
removing Congo red.””

3.2.3. Thermodynamic Investigation of Adsorption. After
that, the influence of different temperatures on the adsorption
was explored. In the thermodynamic experiments, the initial
concentration of Congo red was 697 mgL™', while the
temperature was selected from 278 to 318 K. In Figure SH, the
Congo red adsorption by the FMA gradually increased at
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higher temperatures, which demonstrated that the adsorption
of Congo red was an endothermic procedure; thus, an
increasing temperature was beneficial to the adsorption. The
following adsor3ption thermodynamics equations were used
(egs 8 and 9).*

AS AH 1
InK.=— —|—|x =
R R T (8)
AG=AH - T X AS 9)

where R is the gas constant (8.314 ] mol™" k'), T is the Kelvin
temperature, and K¢ is the thermodynamic equilibrium
constant. AS and AH can be acquired by calculating the
intercept and the slope of the linear equation of In K and 1/T,
respectively. The AG values were all negative from 278 to 318
K. In Figure SI and Table S4, as the temperature increased, the
AG showed a decreasing tendency, indicating that a higher
temperature is more available for the adsorption. Meanwhile, a
positive value of AH implied that the reaction was thermally
driven, while a positive value of AS suggested that the FMA
composite had an affinity toward the adsorption of Congo red.

3.3. Catalytic Degradation Study of Congo Red.
Previously, the degradation of dyes required the addition of
uv Iight"’4 or the addition of Pseudomonas tzerugl'rlosa.35 During
the investigation of the adsorption mechanism of Congo red by
the FMA composite, trace amounts of the FMA composite also
had the ability to degrade the dye under the addition of
NaBH,. Therefore, the degradation process of Congo red dye
by FMA was studied. First, in the pH range of 5—12, the
influence of pH on the degradation of Congo red by the FMA
composite was investigated. As shown in Figure S3, the
absorbance of the degraded Congo red decreased gradually
with the increase in pH. The Congo red failed to degrade
completely at pH 5—6. The lower the pH, the higher the
absorption peak of the remaining dye. When the pH was
between 7 and 12, the absorbance of the Congo red was almost
zero, indicating that the Congo red was completely degraded.
The higher is the pH, the less the NaBH, is prone to self-
hydrolysis.”® Because the pH of the nationally allowed
discharge wastewater was 6—9 and the absorbance of the dye
at pH = 7 was closer to 0, pH = 7 was finally chosen for the
follow-up study.

Second, the influence of NaBH, concentration in the range
of 50—400 mM on Congo red degradation was investigated.
The absorbance (Figure S4) of Congo red gradually decreased
as the NaBH, concentration increased. When it reached 150
mM, the absorbance of Congo red remained almost
unchanged. The NaBH, concentration was lower, and it can
provide less BH,™; thus, it required a longer time to degrade
the dye completely. The concentration of NaBH, was higher,
and more amount of NaBH, remained after the complete
degradation, which could release hydrogen by auto-hydrolysis.
Thus, the final concentration of NaBH, was chosen as 150
mM.

By setting the volume of the FMA composite at 5 yL and
the concentration range of the FMA composite from 0.5 to 4
mg-mL~’, the effect of the FMA composite concentration on
Congo red degradation was investigated. As shown in Figure
SS, the absorbance of the Congo red gradually decreased with
the increase in the FMA composite concentration. When the
FMA composite concentration was 1.5 mg-mL™', the
absorbance remained almost unchanged and it was almost
completely decolorized. Further increase in the concentration
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Figure 6. Time-dependent UV—vis absorption spectra of the degradation for Congo red (A) and plots of In (C,/C,) vs time (B) (FMA solution C,
= 1.5 mgmL™, V; = 5 yuL, FMA amount = 7.5 pug; Congo red solution C, = 0.5 mM; V; = 200 uL; NaBH, solution C, = 150 mM, V, = 10 uL; pH
=7; Vi = 315 pL). The inset (A) shows the color change of Congo red before and after degradation by the FMA composite.
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Figure 7. FT-MS spectra of the Congo red solution after the degradation.

of the catalyst from 1.5 to 4 mgmL™' can completely C A,

decolorize Congo red and eliminate the characteristic peak. 1 (_0] = ln[A_O] = —kt (10)

Considering the cost of degradation, the final concentration of

FMA was 1.5 mg-mL™". where C, is the dye concentration at time t, C, is the initial
Under optimal conditions, the absorbance changes of Congo concentration of the dye, A, is the dye absorbance at time £, A,

red with time were investigated. The UV—vis characteristic is the initial dye absorbance, and k is the rate constant. As

peak (Figure 6A) for Congo red was mainly around 497 nm, shown in Figure 6B, In(A,/A,) had a good linear relationship
and the absorbance decreased correspondingly as the reaction with t, as In(A,/A,) = —0.077t + 1.42 (R* = 0.98), conforming

time increased. Once the reaction time was up to 18 min, the to the pseudo-first-order kinetics. Among them, the degrada-
characteristic peak around 497 nm completely disappeared and tion rate constant of Congo red was 0.077 min~', which was
the Congo red solution became colorless accordingly. The larger than 0.012 min™" by using a chitosan—zirconia hybrid
pseudo-first-order kinetics equation was further used to composite under visible light irradiation.”® Therefore, the FMA
investigate the time-dependent curve of the degradation rate.”” was superior in degrading Congo red.
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In addition, the intermediate products produced by the
degradation of Congo red were characterized by FT-MS.
According to the results in Figure 7, the degradation
intermediates were mainly concentrated at an m/z of 437,
406, 353, 301, 215, and 173, which were quite different from
the MS of pure Congo red (Figure S6). The possible structures
of the intermediates in Figure 7 were analyzed and are
provided in Figure S7, indicating a significant but not complete
degradation of Congo red. From Figure S8, when the NH,-
MIL-101(Fe) was also used for Congo red degradation at the
same conditions, the decolorization of Congo red by NH,-
MIL-101(Fe) was not significant. In addition, the only
addition of NaBH, from Figure S9 or the only addition of
FMA from Figure S10 showed an insignificant degradation
after 18 min. Therefore, it can be indicated that both the
surface-loaded AgCl and Ag NPs generated under the addition
of NaBH, may play a function in dye degradation. Then, the
XPS of the FMA after the addition of NaBH, was investigated.
As shown in Figure S11, the valence states of Ag" and Ag0 for
the element Ag were discovered. Among them, 367.4 and
373.4 €V were characteristic peaks for Ag®, while 368.1 and
374.1 eV were characteristic peaks for Ag’, implying partial
reduction of Ag" in AgCl to Ag NPs. Therefore, NaBH, played
two main roles in degrading Congo red. It can reduce AgCl in
situ to generate Ag NPs,* while it can also act as an electron
donor to provide electrons for catalytic hydrogenation and
degradation of dyes. In addition, the Ag NPs derived from the
reduction of NaBH, were useful for accelerating Congo red
degradation. Correspondingly, the possible degradation path-
way of Congo red is the reduction of the azo group (—N=
N-) to hydrazine group (—NH—NH-) using NaBH, as a
reducing agent and FMA as a catalyst, resulting in the
formation of —NH,—NH,— and finally aromatic amino
groups.4o’41

In order to investigate the reusability of FMA, cycling tests
were performed. As shown in Figure S12, the degradation rate
decreased slightly in four cycles, and the final degradation
efficiency was still as high as 82% in the fifth cycle of 18 min.
The slight deceleration may be due to the residual
intermediates adhering to the FMA surface. Therefore, FMA
can exhibit its own recycling property and thus effectively
reduce the cost in the degradation process.

4. CONCLUSIONS

The FMA composite was prepared by in situ depositing AgCl
on NH,-MIL-101(Fe) with high porosity and a large specific
surface area. The FMA composite could be used not only for
Congo red adsorption but also for Congo red degradation.
Adsorption results showed that the adsorption kinetics
conformed to the proposed secondary adsorption kinetics
equation with a maximum adsorption capacity of 248.4 mg-g™'
within 90 min, while the FMA composite followed pseudo-
first-order kinetics with the aid of NaBH, and exhibited good
degradation performance against Congo red in 18 min. Herein,
this work provided an effective method for wastewater
treatment and a new insight into the application of MOFs.
However, only a single dye was analyzed for adsorption and
degradation, while the FMA composite for multiple dyes will
be further investigated.
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