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ABSTRACT:Ru-based catalysts have been extensively employed .. *v)‘ cosm0

for the catalytic destruction of chlorinated volatile organicvoe e g, B ——

compounds (VOCs), but their versatility for other routine VOCs _ S \'}"HC,H(.; y i: 3

destruction has been less explored. Herein, we show that Ru- . o © W « e
decorated SnfILeO, mixed oxides can sustaigOHand HCI i Total Concentration << 0.1 ng 1-TEQ Nar®
poisonings and are endowed with extraordinary versatility for a o, $n0, -,
wide range of VOCdestruction. Selective adsorption of Ru on the Oxidtion Dechlrinaion
cassiterite Sn@nd CeQ@ nanorods through a Coulomb force can S e [ “s
rationally tune the oxidation and dechlorination centers on o s R P
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decorated catalysts, where the epitaxial growth pbRu@p of .

SnQ is endowed with excellent dechlorination ability and that‘%‘o_’jf;‘j;:?‘*" DA
Ce( is functional as an oxidation center; the latter could also

activate KO to provide sucient H protons for HCI formation. Our developed Ruj&eD, catalyst can steadily destruct mono-
chlorobenzene, ortho-dichlorobenzene, trichloroethylene, dichloromethane, epichibodwaina, ethyl acetate, toluene, and
their mixtures at an optimum temperature of@0@nd its monolithic form is also functional at this temperature with few dioxins
being detected in the -gas. Our results imply that the Ru-decoratedGaQ) catalyst can meet the demands of regenerative

catalytic oxidation for the treatment of a wide range of VOCs from industrial exhausts.
KEYWORDS:volatile organic compounds, chlorine, versatility, catalytic destruction, catalysis

Monolithic-Scale Test

1. INTRODUCTION laboratory conditioisThese toxic byproducts are formed

Industrial emissions of volatile organic compounds (VOC ainly \Inafelgptrophlllcdch(l:olrl?atlon I?W".qg to .Ejhe ar?%t
are characterized by multicomponent pollutants, wide-ran oval of dissociate rom Lewis acidic centers.

uctuations, and impurity interfererta@izen such a complex ol erefore, fl:_rtheir r?ocd:atlﬁns artelcotnduc]Eed to sv;eeBp thet g
operating condition, catatytcombustion usually faces 2peC|es imely from the catalyst surface, and branste
sgrg“ , H-zeolite, WQ MoG;, and VQ have been extensively

inappropriate pollutant conversion and severe catalyst poi employed as the dechlorination center in many state-of-the-art
ing, particularly in the presence of chlorinated VOCs (CI . . hetvnd
g P y P ( atalyst§>® 193 18 However, introduction of the Bransted

VOCs)? The dissociated Cl is inclined to attack active center§1aYs L . I .
which causes catalyst deactivation and induces electroplﬁ?éd sites can |ne_v_|tably dechr!e _th_e ‘?at?'ySt oxidation ability,
chlorina_tior_l forming t(_)xic polychlorinated byproducts, particang trr:aeslirsgr?ggaglrlI(r:ngz%riggllségg’ inclined to suppress the
ularly dioxins. Accordingly, recent erts for the catalytic 2 alysts: L
combustion of CIVOCs have been devoted to designing Another approach for the @ent removal of Cl species is

e cient catalysts with less secondary pollution and mo%gough;;o-galle(; seT:-D;eacontreallctllc)n;(O%D @;:|b+
reliable stability.° However, considering that the vast ). and Ru-based catalysts, particularly Ryl@a@e been

majority of industrial waste gases usually involve mulff‘—”dely investigated. The Ru catalysts werest

component VOCs with only trace amounts ofVOICs,

developments of versatile catalysts that can sustain Cl attadRseived: April 25, 2022

and adapt to a wide range of VO@sstruction are highly Revised: June 9, 2022

demanded?!? Accepted: June 14, 2022
Previously, our group has shown that active phases, fgPlished:June 23, 2022

example, Pt, V, Ru, Ce, and Mn, can all generate dioxins in the

catalytic destruction of mono-chlorobenzene (m-CB) under
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introduced by Shell Company in the 1960s to recoveb0°C. Thereafter, Rug3olution (the amount of Ru was 0.04
hydrogen chloride into chlorine (i.e., Deacon reaction: HC})) was added with the pH adjusted to 8.0 by using 0.1 mol/L
+ 0, Cl + Hy0),°* and Ru@TiO ,-rutile and Rug HCI or 0.1 mol/L NaOH. The mixture was then stirred at 50
SnQ-cassiterite have been shown with superior activity for tig for 1 h, washed with deionized water, dried 4t 8 10
reaction, which are _successfullé/ commercialized by Sumitomoand calcined at 35C for 3 h. The obtained product is
and Bayer companies, respectivélyThe Ru catalysts are hereafter denoted as Ru/SnCe-(8.0). Other samples, for
endowed with extraordinary Cl resistance because their Bkample, Ru/SnCe-(5.8), Ru/Sn-(5.8), and Ru/Ce-(8.0),
depth chlorination can be suppressed by selective and sglre prepared following the same procedure, except for their
limiting surface chlorinatidhand moderate metaixygen supports and pH values.

binding energy, ensuring a high redox ability for the Deacony 1 3. Honeycomb Ceramic Coatifigie y, 6.0 g of silica

reactiort® Referring to these bet® we have developed a | (30% Si H: 2.2 3.6) 12.0 f Ru/SnCe-(5.8
Ru/Ti CeQ, catalyst that exhibited remarkable activity an(ggwéer anlgo?nL ofIZB v;/e)r,e Coﬁtin%a(ljly stil:reg a(ta‘z(s. )

stability in the catalytic destruction of 1,2-dichloroethang, g, 1, optain a coating solution. Cordierite honey ceramic

(DCE), tiichloroethylene (TCE), and m-CBHerein, we (i.e., cordierite) was cut into cuboids (22*@2nmmt50

further show that a Ru-decorated BD€D, catalyst is also L ) . . .
mm), dipped into the coating solution, and the excess solution

functional for the ecient destruction of CVOCs. In as bowed owith high-purity air. After 12 h of natural drying

particular, this catalyst is endowed with extraordinar .
versatility for a wide range of VO@sstruction. A selective At '00m temperature, the coating of the sample was repeated

Ru adsorption approach through the Coulomb force wd¥/C more times, which was then dried &t®tor 3 h, and
developed, which rationally tuned the oxidation and@/cined at4S@ for 2 hwith a heating rate of&/min. The

dechlorination centers between Sa@d CeQ, yielding obtained product is hereafter denoted as Ru/SnCe-(5.8,
excellent activity, stability, angDHand HCl-resistances for Honeycomb). The mass fraction of Ru/SnCe-(5.8) powder
the catalytic destruction of multicomponent VOCs. Additionin Ru/SnCe-(5.8, Honeycomb) was measured at approx-
ally, to carry forward industrial applications, a monolithignately 10.0%.

catalyst through the honeycomb ceramic coating of Ru 2.2. Catalyst Characterization and Activity Measure-
catalysts was also developed. Our work illustratesttse e ments. The structural and physicochemical properties of as-

in transferring theoretical basis into realistic possibility and carepared samples were analyzed by using a range of analytical
guide the design and engineering of versatile catalysts for taehniques. Details are illustrated inSthyeporting Informa-

e cient catalytic destruction of multicomponent VOCs frontion. The catalytic activity was measured in a continxexs

industrial exhausts. bed quartz reactor (i.d. = 4 mm) with a thermocouple of K-
type with a programmable temperature controller at the center
2. MATERIALS AND METHODS to accurately measure the reaction temperature. During the

2.1. Catalyst Preparation.2.1.1. Syntheses of CeO measurements, 0.3 g of the powder sample witl6@ #@sh
Nanorods and Cassiterite SpOCeO, nanorods were was loaded into the quartz reactor. The simulated gas mixture
fabricated following previous works.Briey, 1.736 g of  consisted of 500 ppm m-CB (a typical \@Cs) and/or
Ce(NO);:6H,0 and 19.2 g of NaOH were dissolved in 10 andother typical VOCs, 45 mL miN,, and 5 mL mint O,. The
70 mL of deionized water, respectively, which were mixed atufal ow rate of the mixed reactant gas was set at 50 mL
continuously stirred for 30 min. The solution was themmin ! with the weight hour space velocity (WHSV) at
transferred into a Ten-lined stainless-steel autoclave andapproximately 10,000 mltg *. Liquid-phase VOCs were
hydrothermally treated at 100 for 24 h to form Ce©  injected into a vaporizer with a peristaltic pump. All the
nanorods. The _formeq s_olids were recovered by centrifuggtigﬁg,e”nes were electrically heated to ensure complete
and washed with deionized water and ethanol several tim&gporation. The reactants and products were analyzed using
(until the solution was neutral) and then dried at*@0fbr a gas chromatograph (Agilent Technologies 7890A GC,

12 h. Cassiterite SE‘QV%? synthesized also following a agjlent technologies Inc., USA) equipped with a thermal
previously reported methtdBrie y, 2.26 g of SnE2H,0 ~ 5nqyction detector and ame ionization detector. Reaction
and 0.08 g of NaOH were milled for 15 min and mixed wit emperatures were controlled over the range3000C.

3.57 g of NaCl. Thereaiter, the mixture was ground for ar‘Othﬁ\rctivity measurement errors were controlled to lower than 3%.

15 min and was calcined at 40Gor 2 h in air to form SnO o . .

. ; o Apparent activation energi ere measured by using an
Finally, the produ'cts were washed with deionized Wat%\rlr)rrr)wenius equation De?aﬁ? &;re given in Sbgportingg
(3*500 mL) and dried at 6T for 8 h. :

: : . Information

2.1.2. lective Ru Adsorption on Mix . -
Oxides. Sglee(?t(i:ve eRu uadsisrgt%no wa(t)s agc%in;(\%ed vizloI a wetThe _catalytlc performance at the monol_lthlc-scale test
impregnation route assisted by the Coulomb force. ThEetérmines the application from lab to practice.yBtiee
potential of zero charges (PZC) of as-preparegr@@orods ~ RW/SnCe-(5.8, Honeycomb) catalyst wasl in a steel tube.
and cassiterite Sp@ere measured at 6.8 and 4.8, respectivel}/¢ used berglass tape to wrap the ceramic body in order to
(seeSupporting Informatidfigure S1). Therefore, pH values Prevent gas from escaping around. Feed gas was composed of
of 5.8 and 8.0 were selected to regulate the Ru adsorptidAgPressed indoor air and thermally vaporized m-CB. The m-
between Cefand Sn@ The Sn@CeO, mixed oxides were CB concentration was 500 ppm and theing rate was 350
fabricated by mixing 9.0 g of Ge@norods and 1.0 g of mL/min. Based on the actual mass of powder loading, the
cassiterite Sndn a ball grinder with a stirring rate of 250 rpm WHSV was calculated at approximately 15,000 nii'g
for 10 h. For the fabrication of the Ru/Si@0, catalyst at ~ Local atmospheric pressure, relative humidity, and temperature
pH = 8.0, 4.0 g of Sp@eO, mixed oxide was added in 100 were recorded hourly to calculate the absolute humidity in the
mL of deionized water and the temperature was maintainedfatd gas during the monolithic-scale test.
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Table 1. Elemental Analyses, m-CB ConversiogiEncies Ty Tqg), Reaction Rates at 16, Activation Energies,), and
Ru Dispersion Rates for Ru-Decorated Samples

sample Ru/SnCe-(8.0) Ru/SnCe-(5.8) Ru/Sn-(5.8) Ru/Ce-(8.0)

RU (wt %) 0.88% 0.91% 0.97% 0.90%
SnQ? (wt %) 8.39% 9.16% 99.03%

CeG? (wt %) 90.73% 89.93% 99.10%

TsdT 902(°C) 132/167 127/166 224/257 140/170

TsdT 90 (°C) 267/312 209/280 279/306 262/312
kigoc(mols g b 4.54% 105 5.81x 10° 2.22x 10° 2.48% 10°
E.%(kJ/mol) 31.68 28.99 78.92 47.57

Ru dispersidn 6.23% 13.59% 8.32% 3.27%

3By XRFPAt 10,000 mL ¢ h * WHSV.%At 60,000 mL ¢ h * WHSV.“By the Arrhenius equation at 60,000 nilhgt WHSV.SBy H, pulse
chemisorption.

0.335nm “RuO, (110)

Sn0, (110)

5 nm

Figure 1(a c) HRTEM images and (d) EDX-mapping of the Ru/SnCe-(5.8) sample (red: Ru element; cyan: Sn element); (e,f) HRTEM images
of the Ru/SnCe-(8.0) sample.

3. RESULTS AND DISCUSSION had S;er values of 116.2 and 14.1 gn', respectively, where

3.1. Textural Analyses on As-Prepared Sample®hase thelr_ dry-mixing yielded ey V.all.Je of 90.6 fng *. The
identity and purity of as-prepared samples were analyzed ué ings of Ru seemed not to distinctly chqn@éhand'all
X-ray powder diaction. As shown Bupporting Information ~ Samples displayed a type 1\ absorptiondesorption
Figures S2, S3, all samples exhibited their correspondig§therm with a kitype hysteresis loop in the relative pressure
characteristic peaks for Gg@CPDS no. 43-1002) and/or (F/Po) range of 0.11.0 (Supporting InformatioRigure S4
cassiterite SQIJCPDS no. 41-1445). The iction peaks and Table S1), indicating the characteristics of mesoporous
for CeQ in the Sn@CeO, mixed oxide were slightly shifted Structures and the existence of slit pores (originating from
to a higher 2range, suggesting a shrink of the,C&iGre as  Particles stacking).X-ray uorescence (XRF) analyses
induced by the Sn partial dopant because the incorporation €N rmed approximately 0.8897% Ru in weight for each
a lower atomic radius Sn (1.41 A) would cause the lattice@mple (se€able ), which were relatively consistent with
shrink of Ce@ (atomic radius Ce = 1.83 A). Selective their theoretical values.
adsorption of Ru on the SjCeO, mixed oxides did not 3.2. Con rmation of Selective Ru Adsorption on
yield any characteristic peaks for Ru species, which could $@0,/CeO, Mixed Oxides. According to the PZC values as
ascribed to their low contentsl(0 wt %). BrunneEmmet measured for Ce@PZC = 6.8) and cassiterite SOZC =
Teller (BET) surface area measureme8tpporting In-  4.8), we expected that under pH = 8, the Ru species should
formationTable S1) revealed that Ge#nd cassiterite SpO  randomly adsorb on Ce@nd Sn@ surfaces owing to their
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Figure 2.(a) Ru 3d, (b) Ce 3d, and (c) O 1s XPS pes of Ru-decorated samples: (A) Ru/SnCe-(8.0), (B) Ru/SnCe-(5.8), (C) Ru/Sn-(5.8),
and (D) Ru/Ce-(8.0).

sur cial negative charges, while at pH = 5.8, they shoulthe XRD results (s€ipporting InformatidRigure S2). The
preferentially adsorb on the $Sn&drface. To verify this Ru-decorated samples displayed Rupgdks at 280.8, 218.5,
adsorption feature, high-resolution transmission electrand 282.8 eV, which were ascribed fo Rud*, and REF,
microscopy (HRTEM) was employed. As shovigiare 1 respectively Rigure 2)3>** As shown inSupporting

both the Ru-decorated samples under pH = 8 and pH = 5.BformationTable S2, the Ru/Sn-(5.8) sample exhibited the
exhibited corresponding lattice spacings of 0.313 nm for tieajority of the Rlchemical state with approximately 52.46%
(1112) plane of CePnanorods and 0.265 nm for the (101) of the total Ru, the origin of which could be ascribed to the
plane of cassiterite Sn@he Ru/SnCe-(5.8) was shown with electron transfer from Sn (electronegativity at 1.96) to Ru
signicant ne Ru species on the Sr€birface Figure b), (electronegativity at 22§ In contrast, the Ru/Ce-(8.0)

with an epitaxial growth of the Rudm on top of Sn® sample exhibited less intense By Bdaks (owing to the low
originating from their lattice matchingigbre t,d)>* In content of suwcial Ru) and revealed the majority of*Ru
comparison, the Ru/SnCe-(8.0) sample revealed distinct RuGhemical state with approximately 55.05% of the total Ru. This
particles, with the corresponding lattice spacing of 0.320 mwas unsurprising given the mutual interaction between Ru and
for the (110) plane on Ce(hanorods Figure &,f). We Ce0, that could cause the transformation df @e Ce™,
assumed that thdm form of Ru@ on SnQ could induce  leading to the loss of electrons frorff&ysee Ce 3d XPS in
superior Ru sucial dispersion on the oxide supports. IndeedSupporting InformatiorFigure S6). However, for Ru-
after being subjected tg pllse chemisorption measurementsdecorated mixed oxides, the Ru/SnCe-(5.8) sample yielded
(seeTable ), Ru/Sn-(5.8) revealed a Ru dispersion rate ofapproximately 26.64%°Rwhich was comparatively higher
approximately 8.32%, which is nearly twofold higher than thiditan that of Ru/SnCe-(8.0) (at 21.37%). This furthereckri

of Ru/Ce-(8.0) (approximately 3.27%). Similar results werthat Ru/SnCe-(5.8) was with more Ru on Sa@d was

also observed in Ru/SnCe-(5.8) and Ru/SnCe-(8.0) samplesonsistent with the HRTEM results. Considering that the
The distinctly varied Ru dispersion and their HRTEMoverlap between C 1s and Ru 3d peaks might cause the XPS
observations both verify our expectation that Ru/SnCe-(5.8gsults dependent on peak deconvolutions, Ru 3gspre@re

was with more Ru on Sptan Ru/SnCe-(8.0). also analyzed. As showrSirpporting Informatiohable S2

3.3. X-Ray Photoelectron Spectroscopy AnalysesX- and Figure S5b, similar amounts of Ru valence states in the
ray photoelectron spectroscopy (XPS) was employed faprresponding samples were observedming the validity
further conrming such an adsorption feature of Ru. As shownf Ru 3d assignments.
in Supporting Informatidfigure S5a and Table S2, full-scans However, for Ce 3d XPS, the 3Ce&hemical state
of XPS indicated the existence of Ru, Ce, and Sn elementsamresponded te® (880.5 eV),v (884.7 eV),l° (898.5
corresponding samples. Among the investigated samples, ¢éi@, andu (903.2 eV) peaks, and ‘Cevas assigned to
Ru/Ce-(8.0) sample exhibited the lowestcsair Ru content  (882.3 eV)yv (888.6 eV)y (898.2 eV)u (900.9 eV)u
(at 0.37 at %), which could be ascribed to its low Ru dispersigf07.5 eV), andi (916.6 eV) peaksF{gure 5).>**° As
as veried by the H pulse chemisorption measurements (seeshown inSupporting Informatioable S2, the Ru/SnCe-
Table ). (5.8) sample yielded a Ceontent at a C&(Ce>" + Ce")

In the Sn@'CeO, mixed oxide, the binding energy (BE) of molar ratio of approximately 27.14%, while Ru/SnCe-(8.0)
Sn 3d XPS was shown to shift to a higher BE range (s@es at approximately 24.70%. For the O 1s XPS, the peak at
Supporting InformatioRigure S6) and those in Ce 3d XPS 529.3 eV was ascribed to lattice oxygen of @Q,) and
shifted to a lower BE range. This further rcoed their that at 531.1 eV belonged to sial chemisorbed oxygen of
mutual interaction by drying mixing and was consistent witBeO, (O o). The peak at 530.8 eV corresponded to the
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Figure 3.(a) H,TPR proles of Ru-decorated catalysts and (b) initi@oHsumption rate plots derived frogTi#R proles. (A) Ru/SnCe-
(8.0), (B) Ru/SnCe-(5.8), (C) Ru/Sn-(5.8), and (D) Ru/Ce-(8.0).
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Figure 4 (a) Light-o curves of m-CB destruction over Ru-decorated samples (500 ppm m-GBN16#a@ce gas, WHSV = 10,000 niL g
h %); (b) Arrhenius plots for the catalytic destruction of m-CB over Ru-decorated samples (500 ppm m,CB, ha#nce gas, WHSV =

60,000 mL ¢ h ); (c) durability tests at 228C and (d) durability tests at 238G for Ru-decorated samples (500 ppm m-CB, 0%, O
balance gas, WHSV = 10,000 mniLhgY).

lattice oxygen of SpdO ) and that at 532.6 eV was supports but also changed the surface nature of their decorated
ascribed to sucial chemisorbed oxygen of SH{O g samples.

(Figure 2).32%C It was noted that the Ru/SnCe-(5.8) sample 3.4. TPR Measurements.To further eyaluate the
exhibited the O, at a molar ratio of 44.50%, which was adsorption feature of Ru species and their resulted redox
higher than thatem the Ru/SnCe-(8.0) sample (at 33. 50/o)ablllty for each sample,-témperature programmed reduction

a (TPR) analyses were performed. As showigine &, Ru/
consistent with their €§Ce*" + C&"*) molar ratio in Ce 3d ~ e. -(8.0) exhibited Hconsumption peaks at approximately
XPS. From the XPS results, we concluded that the variationio8 and 134C, which were ascribed to the reductions of

pH not only tuned the selective adsorption of Ru on oxiddighly dispersed Ru species on Je€derred to as Run
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Figure 5.CB-TPSR prdes of Ru-decorated catalysts. (A) Ru/SnCe-(8.0), (B) Ru/SnCe-(5.8), (C) Ru/Sn-(5.8), and (D) Ru/Ce-(8.0).

Supporting Informatiomable S3) and large Ru@articles Furthermore, the Ru/SnCe-(5.8) sample exhibited relatively
(Ruy), respectivel- The Ru/Sn-(5.8) sample yielded H lower H, consumption peaks for Rand Ry than the Ru/
consumption peaks at approximately 150 anéiCl#8hich SnCe-(8.0) sample. This indicated that the redox ability of Ru-
corresponded to the reductions of large,RRa@icles (Ry) decorated CeQcould be tuned by varying the pH. We
and highly dispersed Ru species on @), respectively. assumed that the pH at 5.8 with the positive charges gn CeO
Overlapping peak deconvolution cored both the Ru/  could induce a higher Ru dispersion than that at 8.0 (with
SnCe-(5.8) and Ru/SnCe-(8.0) samples with the large RuGhegative charges) because the latter would strongly attract
particles and the Ru species dispersed op &elOSnQ Ru* precursors, leading to Ru@ccumulation and
which were consistent with their HRTEM observations (seaggregation at elevated temperatures. To verify this, we
Figure ). In particular, we noted that peak areasfabricated a Ru/Ce-(5.8) sample, while iscéhsumption
corresponding to the Ru species dispersed on t8a0is, peaks for Ruand Ry were both shifted to lower temperatures
Ruy; and Ry, were much higher in Ru/SnCe-(5.8) than in Ru/ in comparison with Ru/Ce-(8.0) (s&epporting Information
SnCe-(8.0). This further camed the more Ru dispersion on Figure S7), comming the high dispersion of Ru on the £eO
SnQ in the Ru/SnCe-(5.8) sample, consistent with theat pH = 5.8. Such an interaction feature between Ru apd CeO
HRTEM, XPS, and }pulse chemisorption results. was also veed by Raman analyses. As shov@ujiporting
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InformatiorFigure S8, a weak band at approximately 971 cm40% m-CB conversion at Z&Dafter 250 min of aging (see
for Ru O Ce&™** appeared in both Ru/Ce-(8.0) and Ru/ Supporting Informatioffigure S9). However, for the Ru-
SnCe-(8.0) samples. However, this band was absent in the Rigcorated SnpDthey were mainly functional as dechlorination
SnCe-(5.8) sample. Additionally, we had calculated the initieénters as the Ru/Sn-(5.8) sample yielded the lowest HCI and
H, consumption rates, that is, the consumdesd than 25% Cl, on-set desorption temperatures among the investigated
for the rst reduction peak for each sample, aiming to estimasamples (sdeéigure §,d). Wang et al. have indicated that the
their low-temperature reducibifityds shown irFigure B, excellent dechlorination ability of Ru/SsBould originate
the Ru/SnCe-(5.8) sample yielded the highest initial Hfrom their high Ru dispersion and strong &u0,
consumption rate, revealing the best redox ability amonteraction, which inhibited the particle agglomeration at
investigated samples. elevated temperatufés® Herein, we further showed that the
3.5. Catalytic Activity Measurements.Figure &4 shows  epitaxial growth of Ru on Sn@ould also bene the
the light-o curves for the catalytic destruction of m-CB oveitransformation of dissociated Cl into the Cl radical as Ru/Sn-
each sample. Samples wer subjected to a reaction (5.8) not only yielded the lowest on-set temperature for Cl
condition with 500 ppm m-CB, 10% @, balance gas, and desorption but also generated the most dichlorobenzenes via
WHSV = 10,000 mL §h % The Ru/Sn-(5.8) sample yielded the electrophilic chlorination reaction (§égure ®). In
the lowest activity in m-CB conversion, which was unsurprisiegntrast, both the Ru/SnCe-(5.8) and Ru/SnCe-(8.0) samples
given its poor redox ability as vetiby H-TPR analyses (see did not yield dichlorobenzene byproducts at temperatures
Figure 3. Other samples exhibited a nearly identical m-CBigher than 25€C. This is promising as the dichlorobenzenes
conversion eciency, with th@y, (i.e., temperature for 90% have been demonstrated to be the main precursor for dioxin
conversion of m-CB) at approximately 1Z0 However,  formation in the catalytic destruction of \BDCs, which
further kinetic measurements (§eégure $ and Table ) would transfer into chlorophenols, followed by the consol-
under the condition of 500 ppm m-CB, 10%ND balance idation into dioxin§**’ Additionally, the trichlorobenzene
gas, and WHSV = 60,000 mL! ¢ ! indicated that the  byproducts were not observed in all samples.
reaction rate at 16 was with the sequence of Ru/SnCe- H,0O temperature-programmed desorptio®(MPD) was
(5.8) (5.81x 10° mols ! g 1) > Ru/SnCe-(8.0) (4.54 also conducted to evaluate the origin of H for HCI formation.
10 °*mols 1 g %) > Ru/Ce-(8.0) (2.48< 10 °mols 1 g 1) > It has been reported that, in thgQHTPD prole, HO
Ru/Sn-(5.8) (2.2 10 ° mols ! g %), and their activation  desorption at the temperatures of ZHD °C (caused by
energies followed an opposite order: Ru/SnCe-(5.8) (28.98urface mobile OH recombination) was more than likely the
kdJ/mol) < Ru/SnCe-(8.0) (31.68 kJ/mol) < Ru/Ce-(8.0) main H proton source for HCI formation in the catalytic
(47.57 kJ/mol) < Ru/Sn-(5.8) (78.92 kJ/mol). Compared to destruction of CIVOCs/*® As shown inSupporting
the state-of-the-art catalysts &ggporting Informatiorable Information Figure S10, the Ru/Sn-(5.8) sample did not
S4), Ru/SnCe-(5.8) had yielded the lovigg#h the catalytic  yield distinct HO desorption peaks at temperatures of 200
destruction of m-CB. 350 °C, but Ru/Ce-(8.0) did. This indicated thatCH
However, after being subjected to stability tests, all sampliissociation providing H protons for HCI formation should be
were deactivated at 225 (seeFigure 4), where the Ru/  mainly taking place on Ru/Cg®@onsistent with Wang etsal.
SnCe-(5.8) sample retained approximately 65% m-Ceport:® However, by comparing the Ru/SnCe-(5.8) and Ru/
conversion after 500 min aging, and Ru/SnCe-(8.0) was &nCe-(8.0) samples, the former yielded sagrily higher
approximately 50%. In contrast, Ru/Ce-(8.0) was rapidli#,O desorption peaks than the latter, and ptag at 200
deactivated after 100 min of aging and eventually retained tB80 °C revealed that the peak area in the Ru/SnCe-(5.8)
m-CB conversion at only approximately 30%. Importantlgample was approximately 63.8% higher than that in the Ru/
further elevating the aging temperature t6@%8sulted ina  SnCe-(8.0) sample. This is unusual as Ru/SnCe-(8.0) had
stable performance for the Ru/SnCe-(5.8) sample, whidheen demonstrated with more Ru on £#@n Ru/SnCe-
retained the 100% m-CB conversion for the 1800 mii5.8), which should have morgCHactivation sites (i.e., Ru/
durability test (seé-igure 4), while other samples still CeG, interface) than the Ru/SnCe-(5.8) sample. Such an
su ered the deactivation. inconsistency was not caused by their surface hydrophobicity
3.6. TPSR MeasurementsTo gain insights into their di erence as static contact angle measurements revealed a
varied performances in the catalytic destruction of m-CB, mimilar contact angle for the two samples $s@@orting
CB temperature-programmed surface reaction (CB-TPSR)formationFigure S11). We assumed that therdnce in
measurements were performed. As showigune a,b, all H,O activation behavior between Ru/SnCe-(5.8) and Ru/
samples generated the majority of @®ing the CB-TPSR  SnCe-(8.0) samples could be partly caused by their varied Ru
measurements, with no obvious CO having been detected. Tdispersion on Cefas veried by B-TPR and the kDO-TPD
Ru/Sn-(5.8) sample exhibited the highest on-set temperatuoé Ru/Ce-(5.8) (seeSupporting Informatiofrigure S10),
for CO, generation, which was unsurprising given its poowhile another cause could be related to thewredit
redox ability as veed by H-TPR analyses and was consistentinterfacial water structure on the surface, as Raman analyses
with its activity measurement (Begure 3. The Ru/Ce-(8.0) (see Supporting Informatiokigure S12) indicated that the
sample yielded an on-set temperature fgrgé@eration of  vibration of surface water molecules on the Ru/SnCe-(5.8)
approximately 20, which was relatively higher than thosesample was shifted to a lower range, suggesting that this sample
of Ru/SnCe-(5.8) and Ru/SnCe-(8.0) (at approximately 150nvas with a more ordered interfacial water structure, which
°C), consistent with their;TPR results. could facilitate the dissociation ¢®Hnto a hydroxide radical
We proposed that the Ru-decorated ,C#©@uld be the owing to the decrease in entropy from a thermodynamic
main oxidation center in Ru/SnCe-(5.8) and Ru/SnCe-(8.0)perspective’>°
samples as our additional experiment by mixing the 10 wt %3.7. HO- and HCI-Resistance and Versatility Meas-
Ru/Sn-(5.8) with Ce®©nanorods only retained approximately urements. Since the industrial emissions of VOCs are
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Figure 6.(a) H,O-resistance of m-CB oxidation over the Ru/SnCe-(5.8) catalyst’at & (b) H,O- and HCl-resistance during m-CB
oxidation over the Ru/SnCe-(5.8) catalyst (500 ppm m-CB, 1 @0 @0l % water vapor when usedadiance gas, and WHSV = 10,000 mL

g 1 h b; versatility test of derent kinds of (c) CIVOCs and (d) routine VOCs over the Ru/SnCe-(5.8) catalyst (500 ppm DCB, TCE, DCM,
ECH,N-hexane, ethyl acetate, toluene, 19%,®alance gas, and 10,000 nilhgh); durability for catalytic oxidation of the mixed m-CB and

(e) N-hexane, (f) ethyl acetate, (g) toluene over the Ru/SnCe-(5.8) catalyst (500 ppm m-CB antlS@Xapefethyl acetate/toluene, 10%

0,, N, balance gas, 10,000 mity?l, 250, 250, and 28Q for N-hexane, ethyl acetate, and toluene, respectively); (h) durahiligleCivity,

and concentrations of 17 toxic dioxins in thgas at 300C during m-CB oxidation over Ru/SnCe-(5.8, Honeycomb) catalysts (500 ppm m-CB,
indoor air balance gas, and 15,000 rhh ¢) (inset: pictures of the monolithic catalyst).

generally with multicomponent pollutants and impurityrecovered, even with the co-existence of 5 vol,36 H
interferences, - and HCI-resistance and the versatility of Furthermore, increasing the m-CB concentration to 2000 ppm
Ru/SnCe-(5.8) were evaluated toward practical applicatiortsad resulted in a decline of m-CB conversion to approximately
As shown irFigure @, the introduction of 5 vol %® had 70%, but such an eiency could be retained within the
induced a slight deactivation in m-CB conversion &C250 investigated period. Durability measurement results indicated
However, such a deactivation could be almost recovered aftesit the Ru/SnCe-(5.8) sample can susta@ &hd HCI

H,O being switched ¢ suggesting that the deactivation waspoisonings at elevated temperatures, and an optimum
caused by the competitive adsorption betwe®nald m- operation temperature for the industrial application of this
CB3%*! Furthermore, corrosive HCl as thal product in the  catalyst is 300°C.

catalytic destruction of G¥OCs might destroy the structure  To verify the versatility of Ru/SnCe-(5.8) for other types of
of the applied catalysts. Therefore, HCl-resistance of R@ VOCS destruction, durability tests at 2&for ortho-
SnCe-(5.8) was also evaluated. As shoWwigumne 6, Ru/ dichlorobenzeneoDCB), TCE, dichloromethane (DCM),
SnCe-(5.8) wasrst subjected to a 4 h aging at 28) and epichlorohydrin (ECH) destruction were conducted. As
followed by the introduction of 1000 ppm HCI. After 3 h ofshown inFigure 6, all the CIVOCs had been steadily
HCI treatment, a distinct decline in the m-CB conversion frordestructed at 250C, except for DCM, the conversion of
100 to 60% was observed. However, on further elevating tiwhich uctuated at approximately 70%. However, further
temperature to 30TC, the conversion eiency was mostly evaluating the temperature to the optimum °€&0DCM
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