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Preparation of heteropoly acid quaternary ammonium salt
eco-friendly catalyst for diesel oil deep oxidative desulfurization

© 2024' J' Yanl ORCID: 0009-0005-9429-9297 Z' Wang !
T' Liul ORCID: 0000-0001-6036-32157 Y' Chenhz()R(]ID: 0009-0006-9250-3159°
'Liaoning Institute of Science and Technology,

176, Xianghuai Rd., Benxi, Liaoning, P. R. China, 117004,
*Vyatka State University,

36, Moskovskaya St., Kirov, Russia, 610000,

e-mail: yanjs910@163.com

ORCID: 0000-0003-0487-2247°

Hydrodesulfurization (HDS) is the most widely used method for fuel oil desulfurization, which can easily remove
mercaptan and thiophene from diesel oil, but the removal rate of dibenzothiophene (DBT) and its alkylated derivatives
is low. Compared with traditional HDS technology, oxidative desulfurization (ODS) technology has the advantages of
less investment, mild reaction conditions, and high ODS activity for DBT and its derivatives. Heteropoly acid (salt)/H,0,
system is highly efficient and the oxidation product of hydrogen peroxide is water, making them green catalysts. A new
type of polyoxometalates phase transfer catalyst, [ (C,;H,,(CH,),)N],-HPW VO, , was synthesized through ion exchange
method. [t was applied to the catalytic oxidative desulfurization of model diesel oil using H,0, as oxidant. The influencing
factors of reaction were investigated in detail. The catalyst exhibits the dibenzothiophene conversion rate of 100% and
excellent reusability and retrievability with 99.97% conversion after five times reaction in mild reaction conditions of
n(catalyst)/n(DBT)=1/80,n(H,0,)/n(DBT)=8/1, 50 °C, and atmospheric pressure in 3 h. The catalyst could be quickly
separated and recycled by centrifugation after reaction and hence be promising in the low-sulfur fuel production.

Keywords: oxidative desulfurization, vanadium-substituted phosphotungstic acid, phase transfer catalyst, dibenzothiophene.
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[Tporece rrrpoecyTL@ypusarnmm — HanbosIee MIPOKO NCTTONBL3YEMbII METOJT, TTO3BOJISTIONINT JTIETRO YAATNTE N3 IN3eTHHOTO
TOILIMBA MepRanTan u rrodeH, Ho cropocth yaanenns pudensornodena (JBT) i ero anrkmimpoBaHHLIX IPOU3BOJHLIX HI3KA.
B cpasrernm ¢ BbIecKa3amnbIM, TeXHOTOTHs orncanrennioi gecyanyparmi (OJ1C) mveer mpenMytiiecTsa B BUIe MEHBITIX MH-
BECTUTINT, MSTKITX YCTOBII PeaRIni 11 Boicokoit akrmroctn B otrorenti [[BT m ero mpomssopmnix. Crerema rerepormommRieiora
(conn) /H,0, Beicoko(derTIBHA, 8 TPOAYKTOM OKICICHISA HEePOKCH/IA BOJIOPOJIA ABJISAETCA BOJIA, UTO JlefIaeT e HKOMOTHUCCKH Y-
CTBIM KaTaIim3atopoM. MeTomoM moHHoro 06MeHa CIHHTe3MpPOBAH HOBLIT THIT KATATI3aTopa (Da30BOTO MTEPEHoca TOTMOKCOMETATIIATOB
[(C,,H,,(CH,),)N],-HPW VO, , kotopblii ObL1 HPIMEHEH 1715 KaTaluTHIeCKOil OKICINTeTLHOI ecy Th(ypusaiinm MogeIhHoro
JIUBEILHOTO TOILTIBA € NCIOB30BAHIEM IIePOKCI/A BOLOPOAA B KauecTBe oKkucutesst. [1ogpobo nccienoBanst haktopbl, BIUsIO-
e fa Xoft peakrm. Raranmsarop gemomcrpupyer creres Kornsepeni autensorrodera 100% 1 omIanyio TpuroHocTs st
TTOBTOPHOTO NCTIONTB30BAHIST M BOCCTAHOBIICHIIS TIOC/IE ITATHKPATHO PeakIini B MATKIX yeroBusax: n (karammaarop) /n (JIBT)=1/80,
n(H,0,)/n(JABT)=8/1,50 ‘Cnarmocdeprom asnennu  redene 3 4. Rarannzarop Mozcer GbITh OICTPO OTENEH 1 yTHII3HPOBAH
MeHTPI(YIITPOBAHIEM MOCITE PEARTINH 1 TEPCIIEKTHBEH JITT5T TPOM3BOJICTBA TOTLINBA ¢ HI3KITM COICPIKATIEM CePhI.

Karouesnte crosa: okucinrensuast gecyabQypanys, Banajnii-saMmenéauas pochoTyHreroBas KIceaora, Karaansarop
(azoBoro nepenoca, beH30THODECH.
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After the combustion of sulfur-containing
compounds in diesel oil, sulfur oxide compounds
(SO,) formed is an important reason of acid rain
and haze. So ultra-low-sulfur diesel, with sulfur
content lower than 10 or 15 ppmw, is applicable
in China, Europe and North America [1-3]. Hy-
drodesulfurization (HDS) is the most widely used
method for fuel oil desulfurization, which can easily
remove mercaptan and thiophene from diesel oil,
but the removal rate of dibenzothiophene (DBT)
and its alkylated derivatives is low. Compared with
traditional HDS technology, oxidative desulfuriza-
tion (ODS) technology has the advantages of less
investment, mild reaction conditions, and high
ODS activity for DBT and its derivatives [1, 2].

Heteropoly acid (salt) catalysts are dual-
function catalysts that are both acidic and
redox in nature, with unique hexagonal cage-
like structures and pseudo-liquid-like behavior
characteristics. The catalytic performance can
be modulated by changing the central atom
and coordination atom, which is beneficial for
catalyst design. Heteropoly acid (salt)/H,0,
system have attracted more attention of many
researchers because they are highly efficient
and the oxidation product of hydrogen peroxide
is water, making them green catalysts [3—6].
However, the heteropoly acid /H,0, system is
carried outin a two-phase system, and the aque-
ous H,0, and sulfur-containing compounds in
fuel have high interphase resistance and low
mass transfer rate, which affects the oxidation
reaction rate and desulfurization effect. The ap-
plication of quaternary ammonium salt phase
transfer catalyst can help transfer the reactants
from one phase to another, reduce the reaction
resistance, and accelerate the reaction rate of the
hetero-phase system [2, 4].

Objects and methods of research

Different heteropoly acid (salt) catalysts
have different oxidative ability [7, 8]. Similarly,
different quaternary ammonium salts have dif-
ferent phase transfer abilities [4]. Our purpose is
to prepare a new type of polyoxometalate phase
transfer catalyst with good amphiphilic and oxi-
dizing properties.In this study, vanadium-sub-
stituted ternary heteropolyacid (H,[PW VO, |)
was first synthesized and then reacted with dif-
ferent proportions of cetyltrimethyl ammonium
bromide (CTAB) by ion exchange method to
obtain a series of phase transfer catalysts with
different compositions. The ODS activity and re-
usability of catalysts, optimum catalyst composi-
tion and reaction conditions were investigated.

H,[PW, VO, | was synthesized according
to the literature [5]. The phase transfer cata-
lysts with different composition were prepared
by ion exchange method. Taking (CTAB) H,
JPW VO, ] for example. 0.8, 0.6, 0.4 and 0.2
mmol CTAB were dissolved in 20 mL distilled
water to form solution A, respectively. 0.55 g
(0.2 mmol) of H,[PW, VO, | was dissolved in
30 mL distilled water to form solution B, which
was added dropwise to solution A and stirred at
50 °C for 5 h, producing milky precipitate. After
cooling at room temperature, it was filtered and
washed with deionized water until Br was not
present. The powder solids were dried at 110 °C
to obtain different compositions catalysts,
which were denoted as (CTAB),[PW VO, |,
(CTAB),H[PW VO, |, (CTAB),H,[PW VO, ],
(CTAB)H[PW VO, ], respectively.

In a typical DBT oxidation experiment, 40 m1L.
of model fuel (1.0 wt.%DBT in n-octane) was
added to a three-neck flask with a magnetic stir-
ring device, and then a certain amount of catalyst
and H,0,. The reaction was carried out in a con-
stant temperature water bath at 50 °C for 1~3 h.
Evaluation of catalyst activity was measured by
DBT conversion. Both raw material and products
were analyzed on Agilent 6890N gas chromato-
graph, equipped with HP-5 capillary column
(30 mx0.32 mmx0.25 um), and FID detector.
Infrared spectra of catalysts were measured
by Beijing Beifen-Ruili WQF-510A FT/IR
spectrometer during the wavenumber range
400-4000 cm ! using KBr pellet.

Results and discussion

Figure 1 shows FT-IR spectra of
H,[PW VO, |, CTAB, (CTAB) H[PW VO, ]
before and after reaction. In the infrared spectra
of fresh H,[PW, VO, |, there are four character-
istic vibrational bands at 804, 893, 982 and 1080
em™', which are assigned tov, (P-0,),v (M=0,),
v (M-O,-M) andv _(M-O_-M)(M=W, V), respec-
tively.: Those four well-known characteristic
bands prove the presence of Keggin-type het-
eropoly anion (HPA) [5]. In the infrared spec-
tra of CTAB, the absorption peaks at 2920 ¢m™!
and 2849 em™' are attributed to the stretching
vibration of -CH, and -CH,, respectively, while
1475 em™ and 720 cm™ are due to the deforma-
tion vibration peaks of -CH [4]. Moreover the
characteristic peaks of Keggin-type heteropoly
acid and alkyl can be seen from the [R-spectra of
(CTAB) ,H[PW VO, ], indicating that the exis-
tence of quaternary ammonium cation group and
heteropoly anion groups in the obtained phase
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Fig. 1. FT-1R spectra of the samples:
a—H,[PW, VO, ], b-CTAB, ¢ — fresh
(CTAB) ,H[PW VO, ], d — spent
(CTAB),H[PW VO, |

transfer catalyst. Compared with fresh catalyst,
the IR spectra of spent catalyst remained almost
unchanged after the fivefold reaction, indicating
good catalyst stability.

The oxidative desulfurization performance
of different catalysts were evaluated and shown
in Table 1. The conversion rate of DBT in the
absence of catalyst is 3.37%, indicating that the
reaction rate is very slow (Table 1). The DBT
conversions of H,PW O, and H PW VO,
catalysts were 24. 38% and 36 15%, respectively
The low conversions were mainly attributed to
the high mass transfer resistance in the oil-water
two-phase system, which affected the reaction

rate and desulfurization efficiency. Under the
same conditions, the DBT removal rates of
(CTAB),PW 0, and (CTAB),HPW VO, cata-
lysts were 2. 96 times and 2.39 tiines higher than
those of H,PW ,0, and H,PW VO, catalysts,
respectively, indicating that the phase transfer
catalysts reduced the mass transfer resistance of
oil-water two-phase system, and the desulfuriza-
tion efficiency is significantly improved.

Different composition of catalysts also
affects the oxidative desulfurization activ-
ity of DBT, which is probably due to the fact
that different composition leads to different
mass transfer rates (Table 1). The appropriate
n(CTAB)/n(PW, VO, ) ratio is conducive to
the formation of stable emulsion drops and full
contact of reactants, reducing mass transfer
resistance. (CTAB),HPW VO, has the best
catalytic performance.

Table 1 also shows the influence of different
oxygen-sulfur ratio (n(H,0,)/n(S)) on DBT
conversion rate. When oxygen-sulfur ratio is 2,
DBT conversion rate is 82.67%. When the ratio
of oxygen to sulfur was 4:1, the conversion rate
of DBT increased, but not significantly. When
the ratio of oxygen to sulfuris 8:1, the desulfur-
ization rate can reach 99.96% after 3 h, which is
close to the complete reaction.

The influence of catalyst dosage (calculated
by molar ratio of n(catalyst) /n(S)) on DBT con-
version is shown in Table 1. In addition to the
catalyst with a molar ratio of 1/100, the other

Table 1

Comparison of catalytic efficiency for ODS of DBT on different catalysts

No. Catalyst T, °C t,h | n(catalyst)/n(s) | n(H,0,)m(S) | DBT conversion, %
1 without catalyst 20 3 0 4:1 3.37
2 H,PW 0, 20 3 1/20 4:1 24.38
3 H, PW, 1VO|0 50 31 1/20 4:1 26.15
4 (CTAB),PW 0, 20 3 1/20 4:1 72.26
5) (CTAB)H, PW VO, 50 3 1/20 4:1 62.15
6 (CTAB),H, PW VO“) 50 3 1/20 4:1 83.22
7 (CTAB) , HPW, V(),O 20 3 1/20 4:1 86.41
8 (CTAB) ,PW VO, 20 3 1/20 41 77.68
9 (CTAB)gHPW V() 20 3 1/20 2:1 82.67
10 (CTAB),HPW VO, 20 3 1/20 8:1 99.96
11 (CTAB),HPW VO, 20 3 1/40 8:1 100
12 (CTAB),HPW VO, 20 3 1/80 8:1 100
13 (CTAB),HPW VO, 50 3 1/100 8:1 96.63
14 (CTAB) HPW, VO40 20 2 1/80 8:1 97.86
15 (CTAB),HPW VO, 40 2 1/80 8:1 91.12

10 4 16 | (CTAB),HPW VO, 30 2 1/80 8:1 45.66
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Fig. 3. Diagram of catalytic oxidative desulfurization process of DBT:
a, b, ¢ — before, during, and at the end of the reaction, respectively

catalysts can achieve more than 99% desulfur-
ization after 3 h, so the catalyst with a molar ratio
of 1/80 is selected as the best dosage.

As can be seen from Table 1, temperature
is the key factor affecting the conversion rate of
DBT. The conversion rate of DBT at 30 °C in 2h
is 49.66%. When the reaction temperature was
increased to 40 and 50 °C, the conversion rate of
DBT increased significantly, reaching 91.12%
and 97.86%, respectively. When the reaction
time was increased from 2 to 3 h, the conver-
sion rate of DBT reached 100%, indicating that
the thermodynamic equilibrium was reached
after 3 h. Therefore, 50 °C and 3 h are the best
reaction temperature and reaction time from
the perspective of reaction equilibrium time and
DBT conversion.

The mechanism of the phase transfer
catalytic oxidative desulfurization reaction
can be explained by Figure 2. Heteropolyacid

anion Y and quaternary ammonium cation Q*
exist in the reaction system in the form of ion
pairs. Heteropolyacid anion Y~ is a hydrophilic
group, which is oxidized by H,0, in the aque-
ous phase to become an active peroxy hetero-
polyacid anion Y [O]. Quaternary ammonium
cation Q" is a lipophilic group, which can bring
the oxidized heteropolyacid anion Y [O] into
the oil phase. The sulfur compound DBT in
the oil was catalyzed to become the more po-
lar dibenzothiophene sulfone, and the peroxy
heteropoly anion was reduced to heteropoly
anion and re-entered the water phase, finish-
ing a catalytic cycle.

It is assumed that heteropoly acid (HPA)
anion provided catalytic activity, while quater-
nary ammonium cation provided phase transfer
ability, which not only improved catalytic ac-
tivity, but also facilitated the recovery of cata-
lysts. The oxidative desulphurization process
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of DBT over the phase transfer catalyst was
shown from Figure 3. Al the beginning of the
reaction, the catalyst was solid at the bottom of
the reactor and forms a heterogeneous system
(Fig. 3a). When the reaction temperature was
rised to 50 °C under stirring, the catalyst and
reactants formed a microemulsion system and
behave like homogeneous mixture during reac-
tion (Fig. 3b). At the end of the reaction, the
catalyst was cooled and settled at the bottom
of the reactor (Fig. 3¢). The catalyst could be
quickly separated and recycled by centrifuga-
tion. It was proved that the conversion rate of
DBT hardly changes after five runs, indicating
that the catalyst has good reusability.

Conclusion

[(C,H.,(CH,),)NL,HPW VO, withamphi-
philic and oxidizing properties was synthesized
through ion exchange method . It was proved to
be efficient and reusable phase transfer catalyst
for ODS of DBT. The catalyst exhibits DBT
conversion rate of 100% and excellent reusability
with 99.97% conversion after five times reaction
under mild reaction conditions of n(catalyst)/
n(DBT)=1/80, n(H,0,)/n(DBT)=8/1, 50 °C,
and atmospheric pressure in 3 h. The catalyst
could be quickly separated and recycled by cen-
trifugation after reaction and hence be promising
in the low-sulfur fuel production.

The study was supported by grant from “Phar-
maceulical cleaner production and industrialization
innovaltion team of Liaoning Institule of Science and
Technology”, grant number XKT202304.
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