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Abstract
Metal-organic  frameworks  (MOFs),  particularly  Zr-based  UiO  series,  have  emerged  as
promising supports for noble metals owing to their high porosity and tunable structures.
However,  residual  Cl  species  originating  from  metal  precursors,  such  as  ZrCl4,  in

MOF-based catalysts are frequently overlooked, which can participate in volatile organic
compounds  (VOCs)  degradation  and  generate  toxic  Cl-containing  byproducts.  Herein,
acetic acid-modified UiO-67 (U-ace) was used as the support, and two effective strategies,
including silver nitrate precipitation and dilute ammonia washing, were adopted to remove
residual  Cl  species,  fabricating  a  series  of  supported  Pd  catalysts  for  o-xylene  catalytic
oxidation. The physicochemical properties of the as-prepared catalysts were systematically
characterized,  and  their  catalytic  activity  and  chlorinated  byproduct  distribution  were
comprehensively  investigated.  The  results  showed  that  both  Cl  removal  methods
effectively  reduced  the  residual  Cl  species,  and  dilute  ammonia  washing  achieved  the
lowest residual Cl content (0.08 wt%). However, Cl removal induced a decrease in surface
Pd0  species,  promoted  Pd  nanoparticle  aggregation,  and  reduction  of  linker  defects,
resulting  in  a  slight  decline  in  catalytic  activity.  Importantly,  thermal  desorption-gas
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chromatograph-mass spectrometer analysis confirmed that Cl removal significantly suppressed the formation of
typical  chlorinated  byproducts  (2-chlorotoluene  and  4-chloro-1,2-dimethylbenzene);  particularly,  Pd-U-ace-NH
almost  eliminated  4-chloro-1,2-dimethylbenzene  and  only  produced  trace  2-chlorotoluene.  Furthermore,
Pd-U-ace-NH  exhibited  excellent  long-term  stability,  water  resistance,  and  recyclability.  This  work  presents  an
economical and efficient strategy for residual Cl removal in MOF-based catalysts, offering guidance for designing
environmentally friendly catalysts for practical VOC elimination.

INTRODUCTION
Volatile organic compounds (VOCs), as the typical

air pollutants emitted from petrochemical, coating,

and industrial combustion processes, are key pre-

cursors of ozone (O
3
) and fine particulate matter

(PM
2.5

), and aromatic VOCs such as o-xylene also

pose signif icant carcinogenic risks to human

health
[1,2]

. Consequently, the development of effec-

tive VOC abatement technologies is of paramount

urgency. In recent years, numerous technologies

have been developed to reduce VOC emissions,

including  absorption
[ 3 ]

,  adsorption
[ 4 , 5 ]

,

photocatalysis
[6,7]

, photothermal catalysis
[8-10]

, and cat-

alytic oxidation
[11-14]

, etc., have been developed.

Among the various technologies, catalytic oxidation

is recognized as the most promising VOC elimina-

tion technology owing to its high efficiency, low

energy consumption, and minimal secondary pollu-

tion, and the core of this technology lies in the devel-

opment of high-performance catalysts
[15,16]

. Support-

ed noble metal catalysts, particularly supported Pd

catalysts, have attracted extensive attention due to

their outstanding low-temperature activity and oxy-

gen activation ability. Meanwhile, metal-organic

frameworks (MOFs) with high specific surface areas,

tunable pore structure, and excellent thermal stabil-

ity represent ideal supports for dispersing noble met-

al nanoparticles
[17-19]

.

Zr-based UiO series MOFs, especially UiO-66 and

UiO-67, have become a major research focus in

VOC catalytic degradation owing to their exception-

al structural stability and defect engineering tuna-

bility
[20]

. Acid modification can introduce abundant

linker defects into UiO-67, which not only enhances

the adsorption capacity of VOC molecules but also

provides anchoring sites for noble metal species,

thereby improving the dispersion of active metals

and catalytic performance
[21,22]

. For example, Su et

al.
[23]

 prepared defective UiO-67 by using benzoic

acid as the modulator. The open-pore structure of

the defective framework facilitates substrate adsorp-

tion, while the confinement effect of the framework

inhibits the aggregation of Pd, ensuring the good dis-

persion of Pd species, and enhancing the catalytic

performance. Meanwhile, our previous work
[24]

 also

confirmed that an acid-modified UiO-67 supported

Pd catalyst exhibited improved o-xylene catalytic

degradation, which was attributed to defective sites

in UiO-67 confining the growth of Pd species, and

promoting its high dispersion. However, ZrCl
4
, the

most commonly used metal precursor for Zr-UiOs

synthesis, inevitably introduces residual Cl species

into the framework. Our previous work
[25]

 demons-

trated that these residual Cl species can participate

in the electrophilic substitution reactions of aromat-

ic VOCs during degradation, generating a variety of

toxic chlorinated byproducts, even dioxin precursors

such as dichlorobenzene, which pose new environ-

mental risk yet remain widely neglected in current

research. Although we have conducted preliminary

investigations into the methods for removing residu-

al Cl species from MOF materials, such as precursor

substitution and post-treatment, there are still signif-

icant limitations. Furthermore, the regulation mecha-

nism of Cl removal on the microstructure, Pd

valence state, catalytic activity, and byproduct distri-

bution of acid-modified UiO-67 remains unclear.

Therefore, it is urgent to develop an economical and

efficient Cl removal strategy compatible with

practical application conditions.

Herein, acetic acid-modified UiO-67 was selected as

the support, and silver nitrate precipitation (with-

/without filtration) and dilute ammonia washing

were employed to remove residual chlorine species

for the preparation of supported Pd catalysts. The

effects of different Cl removal methods on the

crystal structure, pore properties, surface chemical

state, Pd dispersion, and defect content of the catalys-

ts were systematically characterized. The catalytic

degradation performance of o-xylene and the distri-

bution of Cl-containing byproducts were investigat-

ed. Additionally, the stability, water resistance, and



Bi et al. Greenverse Sci. 2026, 1, 11 Page 3 of 12

recyclability of the optimal catalyst were evaluated.

This work aims to solve the key problem of toxic

byproduct generation caused by residual Cl in MOF

catalysts, and provides technical support and theoret-

ical basis for the green industrial application of

UiO-series catalysts in VOC purification.

EXPERIMENTAL
Materials and chemicals

Zirconium tetrachloride (ZrCl
4
, 98%) and palladium

acetate (Pd(OAc)
2
, Pd > 47.4%) were purchased from

Aladdin. 4,4’-Biphenyldicarboxylic acid (BPDC,

98%+)  was  purchased  from  Adamas.

N,N-dimethylformamide (DMF, 99.5%), glacial acet-

ic acid (99.5%), silver nitrate (AgNO
3
, 99.8%), ammo-

nium hydroxide (NH
3
·H

2
O, 25%~28%), and ethanol

(99%) were obtained from Sinopharm Chemical Rea-

gent Co., Ltd. All chemicals were used as received

without further purification.

Synthesis of the different UiO-67 supports

The acetic acid-modified UiO-67, denoted U-ace,

was synthesized as described in our previous work
[24]

using acetic acid as the modulator. The detailed

synthesis procedure is provided in Supplementary

Text 1. Cl-removed UiO-67 supports were prepared

via the silver nitrate precipitation method and the

dilute ammonia water washing method as reported

in our previous work
[25]

. For the silver nitrate precipi-

tation method, the synthesis process was similar to

the preparation of U-ace, except that excess AgNO
3

(molar ratio of ZrCl
4
 to AgNO

3
 is 1:4.2) was added

and sonicated for 30 min prior to transferring the

mixture into the Teflon reactor. After the addition of

AgNO
3
 into the mixed solution, a white AgCl precip-

itate was observed. During this process, when the

AgCl precipitate is not filtered out during the

hydrothermal crystallization process, U-ace-SN can

be obtained. Conversely, if AgCl was filtered out

before hydrothermal crystallization, U-ace-SN-F can

be obtained. For the dilute ammonia water washing

method, 1.0 g of as-prepared U-ace was washed with

150 mL of dilute aqueous ammonia (pH = 9~10) for

24 h under magnetic stirring. The resulting white

powder, denoted U-ace-NH, was collected by

centrifugation, washing with deionized water for 3

times, and drying at 70 °C overnight.

Synthesis of the supported Pd catalysts

The supported Pd catalysts were prepared via the

wet-impregnation method as described in our previ-

ous work
[26]

. The detailed synthesis procedure is pro-

vided in Supplementary Text 2. The supported Pd

catalysts with the theoretical Pd loading of 1.0 wt%

were synthesized by using U-ace, U-ace-SN,

U-ace-SN-F, and U-ace-NH as the supports, and

were  denoted  Pd-U-ace,  Pd-U-ace-SN,

Pd-U-ace-SN-F, and Pd-U-ace-NH, respectively.

The actual Pd loadings of the supported Pd catalysts,

determined by inductively coupled plasma optical

emission spectrometer (ICP-OES) were 1.46, 1.41,

1.48, and 1.44 wt% for Pd-U-ace, Pd-U-ace-SN,

Pd-U-ace-SN-F, and Pd-U-ace-NH, respectively.

The physicochemical properties of the as-prepared

supported Pd catalysts were systematically character-

ized using various techniques. For the detailed

information, please refer to Supplementary Text 3.

Catalytic performance test

The catalytic performance of the as-prepared

samples was evaluated in a custom-built fixed-bed

reactor using o-xylene as the model molecule. 0.1 g

of the catalyst with the particle size of 20-40 mesh

was placed in a U-typed quartz tube. Then, the reac-

tion gases, 1,000 ppm o-xylene and 20.0 vol.% O
2
, bal-

anced with Ar, were introduced to the reaction sys-

tem. The total gas flow rate was maintained at 50

mL/min, namely, the weight hourly space velocity

(WHSV) was 30,000 mL/(g·h). The reaction tempera-

ture was controlled by a temperature controller. The

inlet and outlet o-xylene and CO
2
 concentrations

were analyzed by an online gas chromatograph (GC,

GC2060, Ruimin, Shanghai) equipped with two

flame ionization detectors (FIDs). At each tempera-

ture, the o-xylene and CO
2
 concentrations were

determined three times to calculate the average con-

centration, and the average o-xylene and CO
2
 con-

centrations were used to calculate o-xylene conver-

sion and CO
2
 yield. The detailed calculation, kinetic

study, and water resistance test could be found in

Supplementary Text 4.

RESULTS AND DISCUSSION
Characterization of the supported Pd catalysts

The crystal structures of the supported Pd catalysts

were characterized via X-ray diffraction (XRD). As

shown in Figure 1A, all the supported Pd catalysts

present the characteristic XRD diffraction peaks of

UiO-67
[24]

. Meanwhile, compared with Pd-U-ace, the

characteristic diffraction peaks of UiO-67 are
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Figure 1. XRD patterns (A), and Zr 3d (B), Pd 3d Zr 3p (C), O 1s (D), Ag 3d (E), and Cl 2p (F) XPS spectra of Pd-U-ace[24], Pd-U-ace-NH,
Pd-U-ace-SN, and Pd-U-ace-SN-F. XRD: X-ray diffraction; XPS: X-ray photoelectron spectroscopy; PDF: Powder Diffraction File.

retained but their intensities are weakened in the

treated samples, indicating that the UiO-67-support-

ed Pd catalysts with slightly reduced crystallinity

were successfully synthesized
[27]

. The successful

synthesis of the UiO-67 supports and their corre-

sponding Pd catalysts was further confirmed by the

Fourier transform infrared (FT-IR) spectra [Supple-

mentary Figure 1]. Notably, no diffraction peaks

corresponding to Pd species were detected in the

XRD patterns, which can be attributed to the low Pd

loading  and/or  high  dispersion  of  Pd

nanoparticles
[28,29]

. Importantly, the typical diffrac-

tion peaks of metallic Ag and AgCl could be found

in Pd-U-ace-SN, while only Ag could be observed in

Pd-U-ace-SN-F, which suggested the bulk AgCl was

removed by filtration. The addition of excess AgNO
3

led to the formation of residual Ag particles in the

samples. Furthermore, the presence of residual Ag

particles in Pd-U-ace-SN and Pd-U-ace-SN-F was

further confirmed by the UV-vis diffuse reflectance

spectra (UV-vis DRS) [Supplementary Figure 2].

The surface area and pore structure of the as-pre-

pared samples were characterized by physical absorp-

tion. All the samples exhibit typical type I adsorp-

tion isotherms [Supplementary Figure 3A], suggest-

ing that the catalysts were micropore materials.

Notably, compared with Pd-U-ace, the micropore

volumes of Pd-U-ace-NH, Pd-U-ace-SN, and

Pd-U-ace-SN-F decreased, while mesopores were

formed [Supplementary Figure 3B and C], indicat-

ing that the dilute ammonia washing and silver

nitrate precipitation methods induced the slight

destruction of the micropore structure of UiO-67.

Concurrently, these pretreatment methods resulted

in an increase in total pore volume and a decrease in

surface area [Supplementary Figure 3D and Supple-

mentary Table 1].

The surface chemical composition and state of the

catalysts were characterized by X-ray photoelectron

spectroscopy (XPS). As presented in Figure 1B, the

Zr 3d orbital exhibits two characteristic peaks at

182.9 and 185.3 eV, corresponding to the Zr 3d
5/2

and Zr 3d
3/2

, respectively
[30]

. The Pd species [Figure

1C] could be found in 335.5, 337.0, 341.0, and 342.6

eV, corresponding to the Pd
0

 and Pd
2+

 species in 3d
5/2

and 3d
3/2

 orbits, respectively
[25,31]

. Meanwhile, the

molar ratios of Pd
0

/(Pd
0

 + Pd
2+

) calculated from the

XPS spectra are summarized in Supplementary

Table 1. Pd-U-ace possesses the largest Pd
0

/(Pd
0

 +

Pd
2 +

) value (0.76), followed by Pd-U-ace-SN-F

(0.73), Pd-U-ace-SN (0.68) and Pd-U-ace-NH
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(0.52). The O 1s spectra [Figure 1D] were divided

into Zr-O and O=C-O in the UiO-67 framework,

and the surface adsorbed OH species
[32]

. Ag species

in Pd-U-ace-SN and Pd-U-ace-SN-F are illustrated

in Figure 1E. Ag
+
 and Ag

0

 species can be observed in

Pd-U-ace-SN and Pd-U-ace-SN-F
[33]

. Compared

with Pd-U-ace-SN, the peak intensity of Ag 3d in

Pd-U-ace-SN-F decreased greatly, suggesting that

the AgCl and some Ag species were removed via fil-

tration, which is consistent with the XRD results.

The Cl 2p orbits of the supported Pd catalysts are dis-

played in Figure 1F. Compared with Pd-U-ace, the

surface adsorbed Cl (Cl
a d s

) species (197.6 and

199.9 eV) and bridged Cl (Cl
br

) species (198.4 and

199.9 eV) in Pd-U-ace-NH, Pd-U-ace-SN, and

Pd-U-ace-SN-F reduced greatly, confirming that

dilute ammonia washing and silver nitrate precipita-

tion methods could effectively remove residual Cl

species in the framework of UiO-67
[34-36]

.

The morphology and Pd distribution of the support-

ed Pd catalysts were investigated by the transmission

electron microscope (TEM) and high-resolution

TEM  (HRTEM).  As  shown  in  Figure  2A,

Pd-U-ace-NH retains the typical octahedral

morphology, suggesting that the framework of

UiO-67 was not destroyed after dilute ammonia

water treatment. Meanwhile, Pd particles with a

lattice spacing of 0.22 nm corresponding to the (111)

crystal facet were observed [Figure 2Aii-iv]. Com-

pared with Pd-U-ace with the average Pd particle

size of 3.7 nm
[24]

, after the treatment of UiO-67 sup-

port by dilute ammonia water, the average Pd par-

ticle size was increased to 6.10 nm [Supplementary

Figure 4]. Additionally, C, O, Zr, and Pd were

uniformly distributed in Pd-U-ace-NH [Figure

2Av-vii]. The residual Cl species was reduced from

0.28 wt% in Pd-U-ace
[24]

 to 0.08 wt% in Pd-U-ace

-NH. Figure 2B and C present the TEM, HRTEM,

and  corresponding  elements  mapping  of

Pd-U-ace-SN and Pd-U-ace-SN-F, respectively.

Some large particles (red circle) can be found in

Pd-U-ace-SN [Figure 2Bi and ii]. The (111) crystal

facet of Pd, Ag, and AgCl is also observed in the

HRTEM of Pd-U-ace-SN [Figure 2Biii and iv],

which indicates that the large AgCl and Ag particles

were formed in Pd-U-ace-SN. This was consistent

with XRD results. Additionally, the aggregated Pd

species was also found [Figure 2Bv-vii], suggesting

that the presence of Ag species might induce the

aggregation of Pd particles. The presence of residual

Cl species in Pd-U-ace-SN-F was determined to

0.16 wt%. After the filtration of AgCl during the sil-

ver nitrate precipitation process, the bulk particles in

Pd-U-ace-SN-F [Figure 2Ci and ii] were reduced

greatly, which suggested that most of the large par-

ticles in Pd-U-ace-SN were AgCl. Similarly, the

(111) crystal face of Pd, Ag, and AgCl was deter-

mined in Pd-U-ace-SN-F [Figure 2Ciii and iv],

suggesting that the filtration cannot remove AgCl

thoroughly. Meanwhile, the aggregation of Pd was

also observed, and the residual Cl species was deter-

mined to 0.16 wt% [Figure 2Cv-vii]. According to

the above analysis, it could be found that after the

removal of residual Cl species, the Pd particle size in

the supported Pd catalysts became larger. Especially,

after the treatment by silver nitrate precipitation, the

Pd particles were aggregated obviously, and the pres-

ence of bulk AgCl and Ag particles was observed.

The  residual  Cl  species  in  Pd-U-ace-NH,

Pd-U-ace-SN, and Pd-U-ace-SN-F were measured

as 0.08, 0.21, and 0.16 wt%, respectively, confirming

that dilute ammonia water washing is an economical

and effective method for removing residual Cl

species.

To investigate the effect of dilute ammonia water

treatment and silver nitrate precipitation on the

defect structures of the catalysts, thermogravimetry

(TG) and 
1
H nuclear magnetic resonance (

1
H NMR)

were performed. Figure 3A-D presents the TG and

DTG curves of the supported Pd catalysts. The TG

curves exhibit three distinct weight loss stages at the

temperature of <​ 100 °C, 100-350 °C and 350-550 °C,

which were attributed to the volatilization of the

H
2
O and organic solvent residual in the pore

channels, the decomposition of the unstable organic

carboxylic acid ligands and the thermal decomposi-

tion of the UiO-67 framework, respectively. The

complete collapse temperatures were 550, 500, 510,

and  450  °C  for  Pd-U-ace,  Pd-U-ace-NH,

Pd-U-ace-SN, and Pd-U-ace-SN-F, respectively.

This indicates that the thermal stability of the mater-

ials decreased following residual Cl removal via

dilute ammonia washing or silver nitrate precipita-

tion, with Pd-U-ace-SN-F showing the most signif-

icant stability loss. The weightlessness ratios of

Pd-U-ace,  Pd-U-ace-NH,  Pd-U-ace-SN and

Pd-U-ace-SN-F were determined to be 52.83%,

49.89%, 28.86% and 51.83%, respectively. Theoret-

https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
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Figure 2. TEM (i, ii), HRTEM (iii, iv), HAADF (v) images and the corresponding elements mapping (vi, vii) of Pd-U-ace-NH (A),
Pd-U-ace-SN (B) and Pd-U-ace-SN-F (C). TEM: Transmission electron microscope; HRTEM: high-resolution TEM; HAADF: high-angle
annular dark-field.

ically, the weightlessness ratio of UiO-67 with the

framework of Zr
6
O

6
(BPDC)

6
 is 64.5%, which is high-

er than that of these supported Pd catalysts. This

suggested the presence of defects in the as-prepared

Pd catalysts. Notably, Pd-U-ace-SN possesses the

lowest weightlessness ratio, which was attributed to

the presence of a large amount of AgCl in the

sample. To further investigate the number of link

defects, a 
1
H NMR was performed. As shown in Fig-

ures 3E and 3F, the calculated numbers of missing

links were 3.24, 2.89, 3.88, and 2.67 for Pd-U-ace,

Pd-U-ace-NH, Pd-U-ace-SN, and Pd-U-ace-SN-F,

respectively. Although the number of missing chains

of Pd-U-ace-SN was the highest, due to the presence

of a large amount of AgCl precipitation in its struc-

ture, the amount of UiO-67 in this catalyst was rela-

tively small. Therefore, the actual number of missing

links will be much lower than 3.88. According to the

above, after the residual Cl species removal, the

number of defects in the catalyst would decrease as

follows: Pd-U-ace > Pd-U-ace-SN-F > Pd-U-ace-SN

> Pd-U-ace-NH.
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Figure 3. TG and DTG curves of Pd-U-ace[24] (A), Pd-U-ace-NH (B), Pd-U-ace-SN (C), and Pd-U-ace-SN-F (D); 1H NMR patterns (E) and
corresponding defective linker numbers (F) of Pd-U-ace[24], Pd-U-ace-NH, Pd-U-ace-SN, and Pd-U-ace-SN-F (#The apparent defect value
of Pd-U-ace-SN cannot be directly compared with others due to the AgCl impurity phase.). TG: Thermogravimetry; DTG: derivative
thermogravimetry.

Figure 4. Catalytic performance of Pd-U-ace[24], Pd-U-ace-NH, Pd-U-ace-SN, and Pd-U-ace-SN-F for o-xylene degradation: (A) o-xylene
conversion and (B) CO2 yield, and (C) the corresponding Ea plots.

Catalytic performance of the supported Pd
catalysts

The catalytic performance of the as-prepared catalys-

ts was evaluated for o-xylene catalytic degradation

[Figure 4]. Meanwhile, the temperatures at which

o-xylene conversion reached 10%, 50%, and 90%

(T
1 0

, T
5 0 ,

 and T
9 0

) were also calculated [Supple-

mentary Table 2]. As displayed in Figure 4A and Sup-

plementary Table 2, Pd-U-ace exhibits the optimal

o-xylene degradation performance with the lowest

T
90

 value of 181 °C, followed by Pd-U-ace-SN-F

(192 °C), Pd-U-ace-SN (196 °C) and Pd-U-ace-NH.

The curves of CO
2
 yield present a similar tendency

to that of o-xylene conversion. However, at any giv-

en temperature, the CO
2
 yield is significantly lower

than the o-xylene conversion [Figure 4B], indicating

the generation of intermediates during o-xylene

degradation. To further assess the intrinsic catalytic

activity of the supported Pd catalysts, the reaction

activation energy (Ea) was calculated using the

Arrhenius equation based on the o-xylene conver-

sion below 20% [Figure 4C and Supplementary

Table 2]. The lowest Ea value of 38.7 kJ/mol for

Pd-U-ace also confirmed its optimal catalytic activ-

ity. It is well established that the catalytic activity of a

catalyst is closely related to its physicochemical prop-

https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf


Page 8 of 12 Bi et al. Greenverse Sci. 2026, 1, 11

Figure 5. TD-GC-MS total ion current chromatograms of Pd-U-ace[24] (A), Pd-U-ace-NH (B), Pd-U-ace-SN (C), and Pd-U-ace-SN-F (D) for
o-xylene degradation; the distributions of (6) 2-chlorotoluene (E) and (9) 4-chloro-1,2-dimethylbenzene (F) generated over the supported
Pd catalysts (The corresponding products of serial numbers are summarized in Supplementary Table 3). TD-GC-MS: Thermal
desorption-gas chromatograph-mass spectrometer.

erties
[37,38]

. According to the characterization results,

it could be found that after the removal of residual

Cl species, the surface Pd
0

 species in the supported

Pd catalysts was decreased [Figure 1C and Supple-

mentary Table 1] and the Pd particles exhibited

varying degrees of aggregation [Figure 2]. Further-

more, the defects in the supported Pd catalysts were

reduced [Figure 3]. Based on the above factors, the

catalytic performance of the supported Pd catalysts

that removed residual Cl species via dilute ammonia

solution washing and silver nitrate precipitation

methods was significantly declined.

o-Xylene degradation intermediates and
distribution of Cl-containing byproducts

In our previous work
[25]

, we found that the presence

of residual Cl species in Zr-MOFs supported Pd cat-

alysts would participate in VOCs degradation, lead-

ing to the formation of Cl-containing byproducts.

Therefore, to investigate the o-xylene degradation

intermediates, especially Cl-containing byproducts,

generated over the various supported Pd catalysts

and the removal efficiency of residual Cl species, the

thermal desorption-gas chromatograph-mass

spectrometer (TD-GC-MS) was performed at differ-

ent temperatures. Figure 5A-D il lustrates the

TD-GC-MS chromatograms of the various support-

ed Pd catalysts for o-xylene degradation, and the

corresponding intermediates of the serial numbers

are summarized in Supplementary Table 3. The gen-

eration of o-xylene degradation intermediates [Fig-

ure 5A] and the possible o-xylene degradation

pathway had been analyzed and discussed in detail

in our previous work
[24]

. Herein, the o-xylene degra-

dation intermediates generated over the residual Cl

removed catalysts were focused on.

As shown in Figure 5A-D and Supplementary Table

3, compared with Pd-U-ace, most of the degradation

intermediate products of o-xylene can be detected in

the  Pd-U-ace-NH,  Pd-U-ace-SN,  and

Pd-U-ace-SN-F, except for (11) 2-methylbenzyl

acetate. Meanwhile, the acetic acid, which might orig-

inate from the regulator, decreased greatly in the

Pd-U-ace-SN and Pd-U-ace-SN-F, and even disap-

peared in Pd-U-ace-NH. Generally, the addition of

an acid modulator would compete with organic link-

ers for coordination with metal clusters, inducing

https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
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the formation of missing-linker defects in the MOF

framework
[39]

. Therefore, it could be inferred that the

addition of AgNO
3
 during the preparation of acetic

acid-modified UiO-67 would influence the competi-

tion between acetic acid and organic linkers, causing

a decrease in the formation of missing linker defects

and the residual acetic acid. Furthermore, the

decrease of acetate acid suppressed the generation of

(11) 2-methylbenzyl acetate. Notably, compared

with Pd-U-ace, (14) benzene was detected over

Pd-U-ace, Pd-U-ace-SN, and Pd-U-ace-SN-F, which

might be ascribed to the decrease in catalytic activity

of these catalysts, reducing the further oxidation of

benzene.

Notably, although the residual Cl species can be

effectively removed through dilute ammonia water

washing and silver nitrate precipitation, Cl-contain-

ing  byproducts  (6)  2-chlorotoluene  and (9)

4-chloro-1,2-dimethylbenzene still exist after chlo-

rine removal. To further analyze the generation of

Cl-containing byproducts and their distribution, the

peak areas of the corresponding TD-GC-MS pat-

terns were integrated [Figures 5E and F]. As shown

in Figures 5E and F, compared with Pd-U-ace, the

generat ion  of  (6)  2-chlorotoluene  and  (9)

4-chloro-1,2-dimethylbenzene greatly decreased or

even disappeared over Pd-U-ace-NH, Pd-U-ace-SN,

and Pd-U-ace-SN-F, which suggested the effective-

ness of these dechlorination methods. In particular,

only a trace amount of (6) 2-chlorotoluene was

detected over the catalyst prepared via the dilute

ammonia solution washing treatment. No (9)

4-chloro-1,2-dimethylbenzene was detected. These

results demonstrated the effectiveness of the dilute

ammonia water washing method for Cl removal.

The  detect ion  of  a  large  amount  of  (6)

2-chlorotoluene and (9) 4-chloro-1,2-dimethylben-

zene over Pd-U-ace-SN might be related to the pres-

ence of residual AgCl. According to the above, it

could be concluded that the catalyst obtained

through the ammonia water washing method for

residual Cl removal has a better inhibitory effect on

the formation of Cl-containing by-products in

comparison to the silver nitrate precipitation

method. It effectively controls the generation of inter-

mediate chlorine-containing by-products. Since

ammonia water is more economical and silver

nitrate is more expensive, in practical applications,

the ammonia water washing method can be adopted

to remove the chlorine element from the catalyst,

preparing a more environmentally friendly catalyst,

and achieving the purpose of eliminating by-prod-

ucts during the catalytic degradation of VOCs.

As mentioned above, the Pd-U-ace-NH catalyst pre-

pared using U-ace-NH that has been treated with

dilute ammonia water can effectively prevent the

formation of Cl-containing byproducts during the

catalytic degradation of o-xylene. In practical applica-

tions, the stability, reusability, and water resistance

of the catalyst are also crucial factors in evaluating

the performance of the catalyst. As shown in Supple-

mentary Figure 5, Pd-U-ace-NH presents great

long-term stability for o-xylene degradation.

Although the competitive adsorption of water vapor

and o-xylene in humid conditions would lead to a

decrease in the catalytic activity of o-xylene [Supple-

mentary Figure 6A], the o-xylene conversion would

rapidly recover after the water vapor was shut off

[Supplementary  Figure  6B],  indicat ing  that

Pd-U-ace-NH has good water resistance. Our previ-

ous work
[24]

 found that the introduction of H
2
O dur-

ing o-xylene oxidation over Pd-U-ace promoted the

formation of more Cl-containing byproducts.

Therefore, to investigate the influence of H
2
O on

Cl-containing  byproducts  formation  over

Pd-U-ace-NH, the TD-GC-MS spectra were collect-

ed during o-xylene oxidation in the presence of

5.0 vol.% H
2
O over Pd-U-ace-NH. As presented in

Supplementary Figure 7, compared with the dry con-

dition [Figure 5B and Supplementary Table 3], no

more Cl-containing byproducts were detected after

introducing water vapor, which further indicates the

high efficiency of the dilute ammonia water washing

method for residual Cl removal. Additionally, the

cycle test [Supplementary Figure 8] suggested that

Pd-U-ace-NH presented great reusability. Further-

more, after being reused several times, the catalytic

performance of the Pd-U-ace-NH was improved.

Characterization results of the Pd-U-ace-NH after

o-xylene degradation reaction (Pd-U-ace-NH-A)

indicated that after the reaction, the functional

group structure was retained [Supplementary Figure

9A], indicating the o-xylene degradation reaction

did not destroy the structure of Pd-U-ace-NH. The

surface area and total pore volume [Supplementary

Figure 9B-D and Supplementary Table 4] of

Pd-U-ace-NH-A were increased. Meanwhile, the

TEM and HRTEM results [Supplementary Figure

https://file.oaecenter.com/published/pdf/aceb6a0ab27090693094cd14e687e78f/1782195813/gs2010-SupplementaryMaterials.pdf
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10] showed that the octahedral structure and Pd par-

ticles were maintained in Pd-U-ace-NH-A. Further-

more, results 
1
H NMR pattern [Supplementary Fig-

ure 11], TG [Supplementary Figure 12], and Pd 3d

XPS spectra [Supplementary Figure 13 and Supple-

mentary Table 4] suggested that compared with the

fresh Pd-U-ace-NH, the missing linker defects and

surface Pd
0

 species of Pd-U-ace-NH-A were

increased after o-xylene degradation. Therefore, the

improvement of the catalytic performance for o-xy-

lene degradation over Pd-U-ace-NH-A was ascribed

to the increased surface area, missing linker defects

and the surface Pd
0

 species.

CONCLUSIONS
In conclusion, residual Cl species in acetic acid-mod-

ified Pd-UiO-67 catalysts were removed via silver

nitrate precipitation and dilute ammonia washing,

and the regulation effects of Cl removal on catalyst

structure, Pd active sites, o-xylene catalytic degrada-

tion and chlorinated byproduct formation were sys-

tematically investigated. Compared with Pd-U-ace,

the removal of residual Cl species caused the

decrease of catalytic performance for o-xylene degra-

dation, which was ascribed to the reduction of miss-

ing linker defects, the aggregation of Pd particles,

and the decrease of surface Pd
0

 species. Notably,

both silver nitrate precipitation and dilute ammonia

washing can effectively remove residual Cl species in

the UiO-67 framework to reduce the generation of

Cl-containing byproducts during VOCs degrada-

tion. Meanwhile, Pd-U-ace-NH prepared by dilute

ammonia washing almost completely inhibits the

generation of 4-chloro-1,2-dimethylbenzene and

only produces trace 2-chlorotoluene, showing better

byproduct control performance than the silver

nitrate precipitation method. Importantly, the

Pd-U-ace-NH catalyst has excellent long-term stabil-

ity, reversible water resistance, and reusability. This

work demonstrates that dilute ammonia washing is

an effective strategy to remove residual Cl in

Pd‑UiO‑67 and suppress toxic Cl‑containing

byproducts, which provides a feasible route for

green synthesis and pract ical appl icat ion of

Zr‑UiO‑based noble metal catalysts in VOCs catalyt-

ic oxidation. Meanwhile, benefiting from its stability,

water resistance, and superior toxic byproduct sup-

pression capability, the optimized Pd-U-ace-NH cat-

alyst is promising for practical deployment in indus-

trial VOC abatement, such as the purification of

aromatic VOCs exhaust from petrochemical, coating

and printing processes under humid conditions.
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