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The effect of Mn doping on the adsorptive desulfurization performance of 5%Ni/Zn0O adsorbents
was investigated in model gasoline, with thiophene as a sulfur-containing compound, using a
fixed-bed reactor. The 5%Ni/MnO-ZnO adsorbents with different levels of Mn doping were pre-
pared using an incipient wetness impregnation method and characterized by powder X-ray diffrac-
tion (XRD). It was found that the adsorption performances of the 5%Ni/Mn0O-ZnO adsorbents were
considerably improved after Mn doping compared with that of 5%Ni/Zn0O. Moreover, the
5%Ni0/Mn0O-Zn0 adsorbents showed high desulfurization activities after regeneration. Sulfur re-
moval by a 5%Ni0/8%Mn0-Zn0 adsorbent after three reaction-regeneration cycles was 4% higher
than that by a 5%NiO/ZnO adsorbent without Mn doping. The excellent performance of the
5%Ni0/8%MnO0-Zn0O adsorbent in desulfurization, and its regenerability, were attributed to for-
mation of a new compound, ZnMnOs, in the adsorbent; this compound was characterized using XRD.
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Sulfur-containing compounds in gasoline have been receiv-
ing increasing attention because they are the main precursors
of acid rain and have severe negative effects in most gaso-
line-using systems, such as three-way catalysts for auto ex-
hausts [1,2]. More stringent environmental regulations have
been enacted worldwide for oil-refining industries. Since 2011,
the sulfur content of gasoline has been required to be less than
50 mg/kg under the GB 17930-2011 emission limitation. New
strategies for ultra-deep desulfurization have therefore been
explored to meet the urgent need to produce cleaner gasoline
[3-9]. Adsorptive desulfurization (ADS) is one of the most
promising methods [10-14]. Among various adsorbents inves-
tigated, Ni-based adsorbents gave better performance in the
removal of thiophenic sulfur compounds from liquid fuels
[15,16]. The ConocoPhillips Petroleum Company developed the

S-Zorb process for the production of low-sulfur gasoline by
reactive adsorption of sulfur compounds using a solid sorbent
[17-22]. This process preserves the octane number well while
effectively removing sulfur species. Bezverkhyy and coworkers
carried out a series of ADS experiments on Ni-based adsorbents
[23-26]. They found that the initial limiting step is thiophene
decomposition on the metallic Ni of the Ni/ZnO adsorbent,
whereas after partial sulfidation, thiophene diffusion becomes
the rate-determining step. Zhang et al. [27] reported that
Ni/ZnO adsorbents using ZnO with a large surface area and
small crystal grains as the active component showed higher
desulfurization activity and stability.

In our previous work, we systematically investigated the ef-
fect of ZnO particle size on the ADS performance of Ni/ZnO
adsorbents [28]. The results showed that as the ZnO particle
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size decreased, both the desulfurization activities and sulfur
capacities of the Ni/ZnO adsorbents were enhanced. When the
ZnO particle size was less than 8 nm, a small amount of NiZn
alloy formed, and the desulfurization performance improved
significantly. However, nano-sized ZnO particles are easily ag-
glomerated into larger grains in the subsequent regeneration
stage at high temperatures, leading to a sharp decline in the
desulfurization activities and sulfur capacities of the regener-
ated adsorbents. The aim of this work is to study methods for
preventing agglomeration of ZnO particle in the regeneration
stage at high temperatures through Mn doping of ZnO, and to
maintain the ADS activities and sulfur capacities of adsorbents
after multicycle regenerations.

Ni(NO3)2:6H20, Zn(CH3C00)2:2H20, Mn(CH3C00)2-4H20,
oxalic acid, and ethanol (analytical grade) were purchased
from Kermal. The adsorbents were prepared in two steps.
First, Mn-doped ZnO samples were prepared. Mn-doped zinc
oxalate was obtained by slow addition of oxalic acid (0.15
mol/L in ethanol) to mixtures of Zn(CH3C00)2:2H20 (0.10
mol/L in ethanol) and Mn(CH3C00)2-4H20 (0.0105 mol/L in
ethanol), with vigorous stirring for 12 h at room temperature.
The precipitate obtained was filtered, washed, and then dried
at 120 °C. Mn-doped ZnO was obtained by calcining the
Mn-doped zinc oxalate at 500 °C. Ni was supported on the
Mn-doped ZnO by the incipient wetness impregnation meth-
od using Ni(NOs3)z solution as the Ni precursor. A
5%Ni0/8%Mn0-Zn0 sample was prepared by calcination of
Ni(NO3)2/8% MnO-ZnO at 500 °C. In addition, we prepared
5%Ni0/MnO-ZnO samples containing 1%, 2%, 5%, and 12%
MnO, using the same method. The NiO/MnO-ZnO system
sorbents are denoted by 5NxMZO-T (x is the amount of Mn
doping and T is the calcination temperature) in the following
discussion. The NiO/MnO-ZnO samples were reduced in situ
to Ni/MnO-ZnO in a fixed-bed reactor before adsorption.

X-ray diffraction (XRD) patterns were recorded on a
Rigaku diffractometer with a Cu K, radiation source operated
at V =40 kV and [ = 200 mA. XRD patterns were collected
from 20° to 75° at a speed of 5°/min.

Transmission electron microscopy (FEI Tecnai G2 spirit)
was used to characterize the prepared 5SN8MZ0-500 adsor-
bent at an accelerating voltage of 120 kV.

The adsorption experiments were performed in a fixed-bed
reactor at 300 °C under the following operating conditions: Hz
partial pressure 0.4 MPa, liquid hourly space velocity (LHSV) 6
h-1, and Hz/oil ratio of 600. The model gasoline feedstock was
thiophene-containing n-heptane, with a total sulfur concentra-
tion of 500 mg/L. The sulfur content was determined using an
Antek 9000S total sulfur analyzer with a detection limit of 0.1
mg/L.

The sulfuration and regeneration processes were performed
on the adsorbents in a tube furnace reactor, using the following
conditions: sulfuration 10% (v/v) HzS, 25-300 °C at room
pressure; regeneration 10% (v/v) Oz, 25-500 °C at atmospheric
pressure.

The sulfur removal and normalized cumulative effluent
volume (effluent) are expressed by equations 1 and 2, respec-
tively, where co is the sulfur concentration in the feedstock

(mg-S/L), c¢ is the transient effluent sulfur concentration

(mg-S/L) at time t (min), v is the feedstock volumetric flow rate
(ml/min), and Madsorbent is the mass (g) of the adsorbent.

Sulfur removal = (1 - ct/co) x 100% (1)

Effluent = v-t/Madsorbent (2)

Figure 1 shows powder XRD patterns of 5NxMZ0-500 sam-
ples, i.e, samples calcined at 500 °C with different amounts of
Mn doping. The diffraction peaks for the Mn-doped Ni/ZnO
samples are the same as those for the wurtzite phase of
Ni/ZnO, demonstrating that the 5NxMZ0-500 adsorbents re-
tain the ZnO wurtzite phase. However, as the amount of Mn
doping increased, the diffraction peaks of ZnO broadened. This
indicates that the ZnO particle size is modified by doping with
Mn. In order to obtain quantitative information, based on the
full-width at half-maximum of the highest-intensity peak of ZnO
(101), the average particle sizes of the 5NxMZ0-500 samples
were estimated using the Debye-Scherrer formula (Table 1).
The calculated results show that the average particle size of
ZnO was reduced from 30 to 11 nm by Mn doping. As shown in
Table 1, the minimum ZnO particle size was obtained when the
Mn-doping amount was increased to 8%, which implied that
this was the optimum composition for the 5NxMZ0-500 ad-
sorbents.

Figure 2 shows the impact of Mn doping on the desulfuriza-
tion performance of NiO/ZnO. The 5NZ0-500 adsorbent, i.e.,
without Mn doping, only gave a sulfur removal of 49.9% at an
effluent of 60 ml. However, the 5N8MZ0-500 adsorbent gave a
sulfur removal of 82.4% at an effluent of 60 ml, which is 32.5%
higher than the removal achieved by the undoped adsorbent.
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Fig. 1. Powder XRD patterns of 5NXMZ0O samples with different
amounts of MnO doping, calcined at 500 °C.

Table 1
Particle sizes estimated using the Debye-Scherrer formula for 5%Ni0O/
XMnO-ZnO samples calcined at 500 °C.

Amount of MnO (x, %)

Particle size (nm)

0 30
1 26
2 20
5 15
8 11
12 11
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Fig. 2. Effect of Mn doping on desulfurization performance of Ni/ZnO
adsorbents calcined at different temperatures. Adsorption conditions:
H: partial pressure 0.4 MPa, LHSV 6 h-1, Hz/oil ratio 1/600, 300 °C.
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Fig. 3. Desulfurization performance of regenerated 5SN8MZ0-500 for
model gasoline at 300 °C. Adsorption conditions: Hz partial pressure 0.4
MPa, LHSV 6 h-1, Hz2/oil ratio 1/600, and 300 °C.

This result clearly shows that Mn doping effectively increases
the ADS activity.

The effect of Mn doping on the regeneration performance of
the Ni/ZnO adsorbents is shown in Fig. 3. Although we used a
very high sulfur content of 500 mg-S/L to evaluate the ADS
activity of 5N8MZO0-500, it can be seen that the sulfur removal
by the 5N8MZO0-500 adsorbent remained above 60% after
three reaction-regeneration cycles. The 5SN8MZ0-500 adsor-
bent regenerated after one cycle gave a sulfur removal of over
76% at an effluent of 60 ml. The sulfur removal (63.7%) by the
regenerated 5SN8MZ0-500 adsorbent after the third cycle was
4% higher than that by the 5NZ0-500 adsorbent (59.5%) re-
generated after only one cycle. The results show that the
5N8MZ0-500 adsorbent had excellent regenerability in the
desulfurization process. The excellent desulfurization and re-
generation performance of SN8MZ0-500 could be explained by
a change in the structure of the adsorbent. Figrue 4 shows the
XRD patterns of Ni/ZnO and MnsOs (ICDD-PDF 39-1218),
which were prepared using the same method as that used to
prepare the 5N8MZO adsorbent. The XRD pattern of the
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Fig.4. Powder XRD patterns of 5SNZ0-500, 5N8MZ0-500, and MnsOs.

5N8MZO0 adsorbent after Mn doping was complex. A weak dif-
fraction peak (260 = 30.3°) and a shoulder peak (260 = 35.7°)
appeared for the 5SN8MZ0-500 adsorbent. It is clear that the
new peaks are different from those of ZnO or Mns0s, and can be
attributed to ZnMnOs (ICDD-PDF 19-1461). This new structure
may be the reason for the excellent desulfurization activity and
regenerability.

In summary, the optimum Mn-doping amount for the
Ni/MnO-ZnO adsorbents was 8%. The desulfurization perfor-
mances of the adsorbents were improved significantly by Mn
doping. Sulfur removal using the 5%Ni0/8%Mn0-ZnO adsor-
bent was 32.5% higher than that achieved using undoped
5%Ni0/Zn0. Moreover, the 5%Ni0/8%MnO-ZnO adsorbent
showed high desulfurization activity after regeneration. Sulfur
removal using the 5%Ni0/8%MnO0-Zn0O adsorbent after three
reaction-regeneration cycles was 4% higher than that obtained
using the undoped 5%Ni0/Zn0 adsorbent. XRD characteriza-
tion showed that ZnMnOs was formed in the adsorbent after
Mn doping. The ZnMnOs could restrain growth of ZnO nano-
particles in the regeneration process at high temperatures.
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RAE20 = 35. 7B —ANJH I, AR, B H I AT S e A
J& F ZnO B # MnsOg, & 11 7] V1 J& T ZnMnOs
(ICDD-PDF 19-1461). ZnMnOs FI|FZnO4H K ki 1-7F
TR R R RE 58, B 1L ZnOFE AR B BB Th SR 4. LA,

5NBMZO-500M 751 P Jit A v7% 12 P A= o Bt v P A ik 3
P2 1.

25 B RTR, ARSI I Mn )35 256 Ni/Mn-ZnOWE B 551)
f1 Jid i P e 3R AT Bt IR LK Mn 1) 45 2% & A 1E h 8%.
SEG R BAMN [R5 2% 1T DL 2 52 s 5N8MZ O it 7RI bt
e 45 VERE, 7E500 °CHBUbe I, W Bt 71 ZnO g KokL
()P 47042 B 30 nm (A8 & Min ) B 7510) B 311 nm. Min
1 # 2% v BLOK MR RE 2w W B R A B AR M Re
5N8MZ0-500 Wt Fff 71 f Jii i 28 Lt BNZO-500 & & 1
32.5%. L4k, SN8MZO-500 Ff 75134 3 B HE AR 57 1) P2
JL AR i P, — YR T A S irISN8MZO-500 1% B 751 76 kb HE 1
60 miIA 7 75 31 (500 mg/L) s (1 it B AR FE £ 76% LA |,
=K AE S BB S B — A TEMn B 4% 1
5NZO-500M B 751 it 28 i tH 2)4%. XRDFRAE &7~ 1E
Ni/ZnO W B 77 A i N MinJi5 A= i — B 38 1L & 4
ZnMnOg, 1] PA PR | ZnO g 2K ki 1~ 17£ & il B o ik 2 v 56
KK, MR 5 Ni/MN-ZnO W B 5771 f B B vl P A0 P 2R
iR



