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Abstract
Adsorbent regeneration is critical for a continuous adsorption–regeneration process and often underestimated. In this work,

the regeneration of bifunctional AgXO@SBA-15 for [O]-induced reactive adsorptive desulfurization of liquid fuel is

reported and further investigated. The spent AgXO@SBA-15 was regenerated in various types of solvents followed by

calcination and tested in multiple desulfurization–regeneration cycles. The effects of regenerate solvents were also

compared systematically. The original and regenerated AgXO@SBA-15 was characterized by X-ray diffraction, trans-

mission electron microscopy, energy-dispersive X-ray spectroscopy, N2 adsorption, X-ray photoelectron spectroscopy and

atomic absorption spectrometry. The recovery of desulfurization capacity using various solvents follows the order of

acetonitrile[ acetone[ ethanol[methanol[water. Owing to the complete reduction of silver species to Ag0 and

severe agglomeration of Ag0, the bifunctional AgXO@SBA-15 demonstrating[ 85% (2.60 mg-S/g) of sulfur removal

dramatically reduced to\ 46% (1.56 mg-S/g) after only 1st-cycle regeneration. It is suggested that polar organic species

strongly adsorbed (or residual) on the spent AgXO@SBA-15, in that case, after solvent wash may contribute to the

accelerated decomposition of Ag? to Ag0 in the following calcination step. The desulfurization capacity decreased rather

mildly in the later regeneration runs. Cautious choice of regeneration conditions and strategies to rational design stabilized

adsorbents is required to avert the adsorbent deactivation.
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1 Introduction

Environment protection is an ongoing subject worldwide

and becomes even urgent with more severe air pollution

nowadays. Among various air pollutants, sulfur oxide

(SOx) is one typical hazard which has adverse effects on

human health and the atmospheric environment (i.e.,

causing acid rain and generating fine particular matter)

(Zhang et al. 2016b; Xia 2008; Mohammadian et al. 2017).

It is estimated that half of the anthropogenic SO2 arises for

the emission from fossil-fuel combustion, including on-

road vehicle sources and off-road mobile sources (Lu et al.

2010; Fan et al. 2009). In such circumstances, clean fuel

research, especially ultra-deep desulfurization of trans-

portation fuels, becomes a more and more important sub-

ject in environmental catalysis. The US Environmental

Protection Agency (EPA) regulated a sulfur content of

30 ppmw in gasoline and 15 ppmw in diesel, and even

lower sulfur content may be required in the future or for

special use. Technically, refineries are facing great chal-

lenges to meet the fuel sulfur specification along with

rather low operating costs and investment for ultra-deep

desulfurization. Hydrodesulfurization (HDS) (Song 2003;

Babich and Moulijn 2003; Song and Ma 2003) at high

temperature ranging from 300 to 400 �C and high hydro-

gen pressure from 3 to 6 MPa converts organosulfur

compounds to hydrogen sulfide (H2S) over CoMo or NiMo
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catalysts. Currently HDS is widely applied in refineries to

remove sulfur from liquid hydrocarbon steams (Xiao et al.

2014). However, HDS achieves less efficiency in the

removal of heterocyclic S-compounds such as benzothio-

phene (BT), dibenzothiophene (DBT) and their derivatives

(González et al. 2016). Therefore, developing alternative

non-hydrotreating approaches which could be used under

ambient conditions and without high hydrogen consump-

tion for effective ultra-deep desulfurization has attracted

much interest (Miao et al. 2016; Sévignon et al. 2005).

Non-hydrotreating technologies, such as catalytic

oxidative desulfurization (Piccinino et al. 2017; Wu et al.

2016; Li et al. 2016a, b), adsorption desulfurization (Lee

and Valla 2017; Qin et al. 2016; Lei et al. 2016),

biodesulfurization (Chaiprapat et al. 2015; Agarwal and

Sharma 2010) and extraction desulfurization (Li et al.

2016a, b; Juliao et al. 2018; Bhutto et al. 2016) have been

reported in the past decade. Among them, HDS coupled

with selective adsorption of organic sulfur compounds has

been considered as one potential technology (Song 2003)

as HDS is efficient for desulfurization of high concentra-

tions of organosulfur compounds, while adsorption can be

advantageous for cleaning up the trace amount of stubborn

organosulfur compounds which are very difficult to remove

by HDS (Xiao et al. 2008, 2010). Reactive adsorptive

desulfurization based on a reduced metal-based sorbent

(namely S-Zorb) was developed by Phillips Petroleum and

has been applied in industry (Gislason 2001). Besides,

physical absorption showed advantages in easy desorption

and recycling (Qiu et al. 2013; Hobson 1973), but hindered

by less adsorption selectivity only targeting organosulfur

compounds.

Previously, a selective catalytic adsorption desulfuriza-

tion (CADS) approach coupling oxidation with adsorption

for deep desulfurization was proposed (Guo et al. 2012; Li

et al. 2015; Ma et al. 2007). In the CADS process,

organosulfur compounds in fuels were oxidized to sulfox-

ides or sulfones, and then the oxidized sulfur compounds

with higher polarity can be selectively adsorbed on the

adsorbent surface to achieve ultra-deep desulfurization.

The adsorbents served bifunctionally as an oxidation cat-

alyst for thiophenes and as a selective adsorbent for sul-

foxides/sulfones. Ren et al. (2016) investigated CADS of

model diesel using TiO2/SBA-15 under mild conditions,

and high desulfurization capacity of 12.7 mg-S/g was

achieved even at a low sulfur concentration of 15 ppmw-S.

The CADS-TiO2/SBA-15 mechanism involved the oxida-

tion of DBT to DBTO2 by cumene hydroperoxide and the

simultaneous adsorption of DBTO2 by TiO2/SBA-15. Dou

and Zeng (2014) developed a synthetic route to integrate

thin mesoporous silica nanowires and achieved over 99%

conversion of DBT to DBTO2 in model diesel. The

mesoporous silica served as catalyst and adsorbent to

remove organosulfur compounds effectively. Previous

work hinted that CADS via organic peroxides to convert

thiophenic sulfur compounds to sulfones over adsorbent

can be a plausible approach to enhance ADS selectivity for

ultra-deep desulfurization. However, the high cost of

organic peroxides may limit its application in industry,

whereas further development of CADS processes via the

abundant oxygen molecules in air can further push the way

of the real applications of the CADS technology. In such

case, how to activate the oxygen molecules in the air for

the oxidation of thiophenes becomes critical. Xiao et al.

(2013) demonstrated the desulfurization of commercial

diesel by using TiO2–CeO2 mixed-oxide adsorbents with

the addition of air to the fuel and found a strong promoting

effect of air under ambient conditions, but the desulfur-

ization capacity needs to be improved further. Silver

nanoparticles (NPs) also possess the potential to activate

oxygen molecules in the air (Le et al. 2012), while

hexagonal mesoporous silica SBA-15 can serve as a

promising platform for metal NPs because of its high

surface area, large pore size and good stability (Dai et al.

2016; Verma et al. 2015). Beyond that, we recently

demonstrated an [O]-induced reactive adsorptive desulfu-

rization (RADS) approach using bifunctional AgX-

O@SBA-15 adsorbent under ambient conditions. High

desulfurization capacity and selectivity, as well as a high

kinetic rate for deep desulfurization, were achieved (Ye

et al. 2017). However, questions remain on how to regen-

erate the AgXO@SBA-15 adsorbent and how it behaves in

multiple runs.

In this work, the regeneration of AgXO@SBA-15 for

RADS of liquid fuel was explored and further investigated.

The spent AgXO@SBA-15 adsorbent was regenerated by a

solvent washing followed by calcination. The effect of

various solvents was compared and further discussed in

detail. The original and regenerated AgXO@SBA-15

samples were characterized by N2 adsorption, powder

X-ray diffraction (XRD), transmission electron microscope

(TEM), energy-dispersive X-ray spectroscopy (EDS),

X-ray photoelectron spectroscopy (XPS) and atomic

absorption spectrometry (AAS). The deactivation mecha-

nism of AgXO@SBA-15 during regeneration was closely

investigated. The exploration of regeneration and deacti-

vation mechanism disclosed in this work may provide

guidance for cautious choice of regeneration conditions to

avert the adsorbent/catalyst deactivation.
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2 Experimental

2.1 Adsorbent syntheses

The supported AgXO@SBA-15 adsorbents were prepared

by an incipient-wetness impregnation method assisted with

ultrasound. For at least 12 h, 0.5 g SBA-15 (XFNANO

Corp., China) was preheated in 110 �C. Then, 0.1545 g

AgNO3 was dissolved in 1.2 mL deionized water and

added into SBA-15 drop by drop with ultrasonic mixing

while stirring vigorously and with the ultrasound continu-

ing for 30 min after the deposition. After that the sample

was dried at 110 �C for 2 h and calcined at 400 �C for 4 h

ramped at 1.5 �C/min. The as-prepared AgXO@SBA-15

adsorbents were stored in a desiccator before use.

2.2 Model fuels

The model fuels were prepared by dissolving 150 ppmw-S

of benzothiophene (BT, 99%) in n-dodecane (AR,

Guangdong Guanghua Chemicals Co., 99%).

2.3 Desulfurization experiments

The desulfurization experiments were carried out in a batch

reactor under ambient conditions, with 10 cc/min air

flowing continuously for 4 h, and the fuel-to-sorbent ratio

(w/w) was 20. And then the sulfur concentrations in initial

and desulfurized fuels were analyzed by a high-perfor-

mance liquid chromatogram (HPLC) equipped with a UV-

Vis detector at 290 nm for BT and an ODS-C18 column at

the flow rate of 1.0 cm3 min-1. In addition, the adsorption

of BT over AgXO@SBA-15 without air flow was tested for

comparison.

2.4 Regeneration of AgXO@SBA-15

In the regeneration process, the spent adsorbent was

washed with an excess amount of acetonitrile or other

solvents, including deionized water, methanol, ethanol and

acetone assisted with ultrasound for 10 min and then fil-

tered. The solid was dried in 110 �C for 30 min, and a part

of the sample was stored in a desiccator before being tested

in the next desulfurization cycle when another part was

calcined at 400 �C for 4 h ramped at 1.5 �C/min before

being stored. 15% AgXO@SBA-15 samples which were

tested under the RADS system for four consecutive

regeneration cycles were denoted as orig. 0, recy. 1, recy.

2, recy. 3 and recy. 4, respectively.

2.5 Characterization of AgXO@SBA-15

Powder X-ray diffraction (XRD). XRD data were obtained

by a Bruker D8 Advance X-ray diffractometer with Cu Ka
radiation at room temperature with a scan speed of 2 �C/

min and a step length of 0.02� at the range of 5�– 60� (2h).

Transmission electron microscopy (TEM) and energy-

dispersive X-ray spectroscopy (EDS). The morphology and

element mapping of the AgXO@SBA-15 samples were

performed on a JEM-2100F field emission electron

microscope operating at 180 kV with supplied software for

automated electron tomography.

N2 adsorption. N2 adsorption/desorption isotherms were

obtained at - 160 �C on a Micromeritics’ Accelerated

Surface Area and Porosimetry Analyzer 2020 (ASAP

2020) equipped with commercial software for calculation

and analysis. The pore textural properties such as specific

Langmuir surface area and Brunauer–Emmett–Teller

(BET) surface area were obtained by analyzing the N2

adsorption isotherms. The pressure ranges used for the

BET surface area calculations were 0.05\P/P0\ 0.25.

(Based on the three consistency criteria pore volume data

and pore size distribution calculation also were provided by

the ASAP 2020 equipped with the software based on

density functional theory (DFT).) The samples were out-

gassed at 186 �C for 8 h before each measurement.

Atomic absorption spectrometry (AAS). Ag loading was

measured by Z-2000 AAS with 1800 line/mm diffraction

raster and 200 nm wave length, 190–900 wave range. Its

focal distance is 400 mm, the bottom line of the dispersion

rate is 1.3 nm/mm, and spectral bandwidth has four files of

0.2, 0.4, 1.3 and 2.6. The average current value is around

2.5–20 mA.

X-ray photoelectron spectroscopy (XPS) was examined

by a Kratos Axis Ultra DLD XPS spectrometer. The

spectrum of each sample was recorded by monochroma-

tized Al Ka radiation using the binding energy (284.6 eV)

of amorphous C1s as the reference.

3 Results and discussion

3.1 Adsorbent regeneration

In our previous work, the bifunctional AgXO@SBA-15

adsorbent for [O]-induced reactive adsorption desulfuriza-

tion (RADS) was reported, and the desulfurization capacity

reached 2.62 mg-S/g with the addition of air under ambient

conditions (Ye et al. 2017). The RADS mechanism of

AgXO@SBA-15 illustrated that the thiophenic compounds

can be oxidized to sulfones by oxidative nanosize [O]-

retaining AgO on SBA-15 (the AgO transforms to Ag2O
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after desulfurization) in the absence of air or by the

resulting or existing catalytic nanosize Ag2O and Ag (in

small amounts) in the presence of air. The transformed

sulfones adsorbed on the adsorbent through a stronger

R2SO2-Ads H-bonding interaction through the oxygen

atom in sulfones with the silanol groups on the surface of

the silica support, rather than R2S-Ads interaction (Xiao

et al. 2015), resulting in a dramatically enhanced ADS

capacity. In this work, the adsorbent regeneration of AgX-

O@SBA-15 is further investigated for a continuous

adsorption–regeneration process.

Different solvents were applied to wash the spent AgX-

O@SBA-15 without further calcination. Effect of solvents

on RADS capacity of the spent AgXO@SBA-15 is shown

in Fig. 1. By washing the spent AgXO@SBA-15 with dif-

ferent solvents of water, acetonitrile, methanol, ethanol and

acetone, its RADS capacity recovered to 0.75, 1.12, 1.00,

1.02 and 1.10 mg-S/g, respectively. The recovery of

desulfurization capacity using various solvents followed

the order of acetonitrile[ ace-

tone[ ethanol[methanol[water, inconsistent with the

polarity of the solvents, which decreased in the order of

water[ acetonitrile[methanol[ ethanol[ acetone (Li

et al. 2009). Acetonitrile showed the highest recovery,

probably due to the ‘‘like dissolves like’’ principle as sul-

fone can be easily dissolved in acetonitrile, and the low

surface tension enhances mass transfer (Lu et al. 2016). In

the case of water, it is hard to dissolve the residual organic

species from the spent AgXO@SBA-15, as sulfone cannot

be dissolved in water, forming an immiscible mixture (Li

et al. 2009). The pictures of the regenerated AgXO@SBA-

15 after solvent wash are shown in the inset of Fig. 1. As

confirmed, the acetonitrile washing showed the most sim-

ilar color to the fresh material and also demonstrated the

maximum recovery of desulfurization capacity. Therefore,

acetonitrile was chosen as the washing solvent in the later

studies.

Intended to further remove adsorbed species, i.e., sul-

foxides/sulfones, thiophenic compounds, fuel composi-

tions, residue of the polar solvent of acetonitrile on the

spent AgXO@SBA-15, the adsorbent was regenerated by

an acetonitrile wash followed with oxidative air treatment

(Ren et al. 2016; Miao et al. 2015). Figure 2 shows the

desulfurization uptakes of the 15% AgXO@SBA-15 in 4

consecutive RADS-regeneration cycles. The regenerated

AgXO@SBA-15 shows the desulfurization uptakes of 2.60

(original), 1.56, 1.19, 1.06, 1.05 mg-S/g in the first four

cycles, suggesting partial recovery of RADS capacity. The

uptake of AgXO@SBA-15 after calcination followed by

solvent washing (1.56 mg-S/g) is higher than that after

solvent washing only (1.12 mg-S/g), suggesting oxidative

air treatment is effective to further recover desulfurization

sites on the spent AgXO@SBA-15 to some extent. It is

noticeable that after the 1st-cycle regeneration, the desul-

furization capacity of AgXO@SBA-15 decreased nearly

40%, yet the desulfurization capacities of AgXO@SBA-15

after the later consecutive regeneration runs decreased

slightly. The results suggested that the active sites (either

catalytic or adsorptive sites) on the AgXO@SBA-15 for BT

catalytic oxidation adsorption cannot be fully regenerated,

and the deactivation mechanism in different regeneration

runs may vary. The deactivation mechanism in varied

regeneration runs is worthy of further exploration.

Knowing the desulfurization capacity in the RADS

process integrates adsorption capacity of BT and [O]-
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Fig. 1 Desulfurization capacity of the spent AgXO@SBA-15 by

various types of solvent wash. Inset. Pictures of AgXO@SBA-15 after

solvent wash. (RADS conditions: fuel-to-sorbent ratio of 20:1 (w/w),

fuel of 150 ppmw-S BT in n-dodecane, air bubbled in at ambient

conditions)
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Fig. 2 BT desulfurization capacities of the 15% AgXO@SBA-15

adsorbent at 4 consecutive RADS-regeneration cycles. (RADS

conditions: fuel-to-sorbent ratio of 20:1 (w/w), fuel of 150 ppmw-S

BT in n-dodecane, air bubbled in at ambient conditions)
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induced desulfurization capacity of chemically transformed

sulfones (BTO2), the contributions from both parts may

vary with regeneration runs. To understand the decrease in

sulfur uptakes in both parts during regeneration, desulfur-

ization under air ([O]-induced adsorptive desulfurization)

and nitrogen (sole adsorptive desulfurization) was com-

pared. Figure 3 shows the desulfurization capacity of the

regenerated AgXO@SBA-15 in the 1st cycle and 4th cycle

compared to the original fresh one. The original AgX-

O@SBA-15 showed a much lower desulfurization capacity

of 1.71 mg-S/g under nitrogen (sole adsorption) than that

under air ([O]-induced RADS of 2.60 mg-S/g), and the

difference illustrates the contribution from the [O]-induced

desulfurization. After 1st cycle of regeneration, the desul-

furization capacity of AgXO@SBA-15 under air and

nitrogen decreased to a similar value of * 1.6 mg-S/g.

The results suggested the complete loss of [O]-induced

desulfurization capacity only after 1-run regeneration,

referred to DQ1 in Fig. 3. The inference was further sup-

ported by the GC–MS results, as only BT was detected on

the spent AgXO@SBA-15 under air, and no sulfone was

detected either in the eluent (acetonitrile solvent after

washing the spent sorbent) or in the treated fuel. It should

be mentioned that after losing the [O]-induced desulfur-

ization capacity in the 1st run, the adsorption capacity

decreased much more mildly (referred to DQ2 in Fig. 3)

even after multiple regeneration runs. The loss of [O]-in-

duced desulfurization capacity may relate to the irre-

versible loss of the oxidation or catalytic oxidation sites on

SBA-15, i.e., nanosize AgO, AgO2 and Ag particles, while

the loss of adsorption capacity of BT may be caused by the

damaged or reduced amount of adsorption sites, which will

be further characterized in the next session.

3.2 Sorbent characterizations

Figure 4a, b shows the wide and low-angle XRD patterns

of AgXO@SBA-15 samples at four consecutive RADS-

regeneration cycles. No intense diffraction peaks of silver

species were detected on the fresh AgXO@SBA-15, indi-

cating high dispersion of silver nanoparticles. The particle

size of AgXO is calculated to be 3–4 nm (by TEM in

Fig. 5), below the detection limit of the XRD instrument,

as reported in the literature (Zhang et al. 2016a; Perkas

et al. 2013). In sharp contrast, two diffraction peaks at

38.1� and 44.1� appeared in all of the regenerated samples,

corresponding to the reflections of (111) and (200) crys-

talline planes of face-centered cubic (fcc) structure of

metallic Ag0 (JCPDS Card No. 04-0783) (Gu et al. 2011).

The results indicated that the multivalent silver nanopar-

ticles reduced to zero-valence Ag0 after oxidative air

treatment. Moreover, the XRD results suggested that the

particle size of silver increased after regeneration. It should

be noticed that the diffraction intensity of both peaks

increased with increasing runs of regeneration. The

Scherrer equation (Borchert et al. 2005; Ocakoglu et al.

2015) D ¼ 0:89k=b cos h was used to calculate the crys-

talline size (D) of the recycled AgXO@SBA-15, where k, b
and h were X-ray wavelength, FWHM of diffraction peak

and Bragg’s diffraction angle, respectively. Instrumental

broadening was taken into account in the calculation, and

the result is listed in Table 1. Based on the FWHM of

Ag(111) diffraction peaks at 0.295�, 0.284�, 0.280� and

0.269�, the crystalline sizes of the Ag particles in 1–4 runs

became 27.2, 28.5, 28.7 and 30.1 nm, respectively. The

data indicated that the silver particles sharply aggregated

from the average particle size of * 3 to * 27 nm after

1st-cycle regeneration, and further increased slightly after

the latter runs of regeneration.

From the low-angle XRD patterns, the three peaks at 2h
of 0.92�, 1.60� and 1.84� were corresponding to (100),

(110), (200) planes of the hexagonal mesostructure (Dai

et al. 2016), respectively. The results suggested that the

hexagonal order was well maintained, but slight loss of

peak intensity for the low-angle reflections was observed

after multiple runs of regeneration. It was noticed that the

diffraction peaks of the initial AgXO@SBA-15 samples

shifted to higher angle in the recycled AgXO@SBA-15

samples, indicating the decrease in SBA-15 lattice

parameters after oxidative air treatment. Table 1 lists the

interplanar spacings d100 and the unit cell parameter a0 of

AgXO@SBA-15 in multiple runs of regeneration. Slight

decrease in d100 (from 9.6 to 9.3 nm after 4 runs) and a0
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Fig. 3 Desulfurization capacity over AgXO@SBA-15 original and

recycled samples under air and nitrogen. (DQ1: complete loss of [O]-

induced desulfurization capacity after 1-run regeneration. DQ2: mild

decrease in adsorption capacity. Reaction conditions: fuel-to-sorbent

ratio of 20:1 (w/w), fuel of 150 ppmw-S BT in n-dodecane, air and

nitrogen bubbled in at ambient condition)
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(from 11.1 to 10.7 after 4 runs) can be found, and it further

suggested that the mesoporous structure of AgXO@SBA-

15 nanocomposites showed unit cell shrinkage (Ebin et al.

2010; Aronson et al. 1997) with the increase in regenera-

tion cycles. It is believed that the oxidative air treatment

introduced defects that can lead to slight contraction of the

framework. This framework contraction may result from

further silver condensation during regeneration.

To complement the XRD analysis, transmission electron

microscope (TEM) and energy-dispersive X-Ray spec-

troscopy (EDS) were employed to directly observe the

change on Ag crystalline particles of AgXO@SBA-15.

Figure 5a-1, a-2 shows the TEM image of the fresh AgX-

O@SBA-15. Multivalent silver nanoparticles were detec-

ted and dispersed homogeneously in the channel of SBA-

15 supports. The spherical nanoparticles possess d-spacing

of 0.241, 0.216, 0.233 and 0.205 nm, corresponding to the

(111) and (213) planes of AgO, (101) plane of Ag2O and

(200) plane of Ag, respectively. The corresponding EDS

elemental mapping (Fig. 5a-3) shows that the Ag species is

well dispersed in the fresh sample. The particle-size his-

togram (Fig. 5a-4) reveals that the particle size of Ag

nanoparticles displays a normal distribution, and their

average size is 1.65 ± 1.17 nm. In contrast, the images of

AgXO@SBA-15 after 1st-cycle regeneration (Fig. 5b-1,

b-2) reveal that the Ag nanoparticles agglomerated to quite

large spherical particles. The particles possess d-spacing of

0.205 and 0.232 nm, corresponding to the (200) and (111)

planes of Ag0, respectively, with the particle size of silver

species as large as 50.6 ± 8.7 nm. The particle size

detected by TEM is much larger than the calculated value

from XRD, because the particle size calculated by Scherrer

equation is the average size of silver particles and the silver

particles on the surface of AgXO@SBA-15 detected by

TEM are partially agglomerated, as reported in the

literature (Ebin et al. 2010). Besides, the corresponding

EDS elemental mapping (Fig. 5b-3) reveals that the silver

particles on AgXO@SBA-15 are partly aggregated after

regeneration. And silver clusters further aggregated to

larger silver particles of 52.3 ± 13.5 nm after four con-

tinuous regeneration cycles (Fig. 5c-1, c-2). Corresponding

EDS (Fig. 5c-3) showed the silver particles aggregated

more intuitively.

From the result of XRD and TEM/EDS, a conjecture is

that the desulfurization capacity decreased sharply after the

1st-cycle regeneration because the active high-valence

AgO and Ag2O were reduced to zero-valence Ag0 and the

metallic silver nanoparticles aggregated to bigger ones

which resulted in the complete loss of [O]-induced desul-

furization capacity of AgXO@SBA-15. The presence of

Ag0 in regenerated samples was further confirmed in XPS

(Fig. 6), though Ag0 was also detected in the fresh sample

via XPS, which was attributed to the fact that nanosize

silver species in AgXO@SBA-15 are readily reduced to the

elemental Ag0 at high vacuum (10-7 Pa for 6 h pretreat-

ment in XPS, as stated in our previous work) (Ye et al.

2017). In the latter regeneration runs, the desulfurization

capacity decreased slightly, because the mild aggregation

of Ag0 particles resulted in a gentle decrease in adsorption

capacity of BT.

From our previous work, the optimized adsorption

configurations of the possible functionalities of Ag0, Ag2O

and surface silanol group Si–OH were calculated (Le et al.

2012). The fresh AgXO@SBA-15 and, in the presence of

air, BT were transferred to BTO2 by oxidative AgO or

oxygen catalyzed by Ag2O. In this case, BTO2 has a shorter

bond with Si–OH (2.01 Å) than Ag (2.72 Å) or Ag2O

(2.75 Å), suggesting BTO2 preferentially adsorbs on Si–

OH, which explains the enhanced desulfurization capacity

after RADS. On the other hand, the bond distance for BT
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Fig. 4 a Wide and b low-angle XRD patterns of AgXO@SBA-15 at four consecutive RADS-regeneration cycles
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follows the order of Ag2O (2.39 Å)\Ag (2.65 Å)\ Si–

OH (3.43 Å), suggesting BT adsorbs on silver sites pref-

erentially. Hence, in the RADS system, the affinity

between the adsorbents and adsorbates follows the order of

BTO2–(Si–OH)[BT–Ag2O[BT–Ag[BTO2–

Ag[BTO2–Ag2O[BT–(Si–OH). The strong affinity of

BTO2–(Si–OH) resulted in the high desulfurization

capacity of the fresh AgXO@SBA-15. However, after the

regeneration of AgXO@SBA-15, the major silver species

presented on SBA-15 is non-oxidative and bulky Ag0. On

the one hand, the dominant adsorbent–adsorbate affinity

transferred from strong BTO2–(Si–OH) through [O]-in-

duced desulfurization to relative weak BT–Ag0 interaction

through pi-complexation. On the other hand, from the

result of XRD (Fig. 4) and TEM (Fig. 5), the severe

agglomeration of silver species is detected, that is to say,
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the amount of exposed adsorption sites of Ag0 on SBA-15

for BT also decreased, resulting in dramatically decreased

desulfurization capacity after regeneration.

Figure 7a, b shows the nitrogen adsorption–desorption

isotherms and the corresponding pore width distribution of

AgXO@SBA-15 at four consecutive RADS-regeneration

cycles referred to the SBA-15 substrate, with the textural

properties as listed in Table 1. According to the IUPAC

classification (Malakooti et al. 2013), the nitrogen

adsorption–desorption isotherms of SBA-15 and AgX-

O@SBA-15 original and recycled samples belong to typi-

cal IV isotherms, suggesting that all the support SBA-15

and AgXO@SBA-15 samples after regeneration retain

mesoporosity with two-dimensional hexagonal structures

(George et al. 2005). However, Type H1 loops are observed

on the AgXO@SBA-15, while an H2 hysteresis loop is

observed in SBA-15 (Kruk and Jaroniec 2001). In fact, an

H1 hysteresis loop was often reported for the materials that

consisted of agglomerates or compacts of approximately

spherical particles arranged in a fairly uniform way (Sing

et al. 1985), and H2 hysteresis loops were observed for

materials with relatively uniform channel-like pores (Kruk

and Jaroniec 1997), which correspond to the silver

impregnation and agglomeration after regeneration of

AgXO@SBA-15 and mesoporous channels of SBA-15,

respectively. Meanwhile, the adsorbed N2 amounts

decreased after loading AgXO on SBA-15, but only a

gentle decline was observed in AgXO@SBA-15 in four

consecutive regenerations, suggesting that the porosity of

AgXO@SBA-15 remained almost the same with only a

slight decline.

As shown in Table 1, SBET of SBA-15 and AgX-

O@SBA-15 in multiple runs is 723.6, 489.2, 473.7, 447.0,

428.9 and 413.2 m2/g, respectively. BET surface area

decreased sharply after silver impregnation and only

slightly after regenerations. A similar trend was observed

in the decrease in pore volumes of SBA-15 and AgX-

O@SBA-15 in multiple runs, corresponding to 1.15, 0.72,

0.72, 0.69, 0.68 and 0.66 cm2/g, respectively. Considering

that both the SBET and the sulfur adsorption capacity

decrease gradually, a linear fitting between SBET and sulfur

adsorption capacity is presented in Fig. 8. Except the fresh

AgXO@SBA-15, sulfur adsorption capacity (Q) decreases

with SBET of AgXO@SBA-15 in latter runs of regeneration,

which can be fitted to Q = 0.0087 9 SBET–2.62 with cor-

relation coefficients (R2) of 0.84. The decreased SBET in

multiple runs can be associated with the agglomeration of

silver particles, while retaining similar pore sizes (Fig. 7b).

Metal leaching is another concern for multirun regen-

eration, which was studied with AAS (Butler et al. 2015).

Silver content of AgXO@SBA-15 in multiple runs was

measured as 15.0%, 15.2%, 15.4%, 15.5% and 15.6%,

respectively (Fig. 9), suggesting no leaching of silver

species after cycles of regeneration. It can be noted that the

silver amount even increased slightly after cycles of

regenerations. One conceivable explanation is the

Table 1 Textural properties of 15% AgXO@SBA-15 at 4 consecutive

RADS-regeneration cycles

Entry d100 a0 SBET VBJH DBJH
a wb

1 9.61 11.12 489.24 0.72 5.53 5.57

2 9.54 11.04 473.71 0.72 5.58 5.42

3 9.52 11.02 447.03 0.69 5.60 5.40

4 9.50 11.00 428.90 0.68 5.66 5.34

5 9.32 10.72 413.22 0.66 5.99 4.71

SBET, specific surface area (m2/g); VBJH, pore volume (cm3/g); DBJH,

pore diameter (nm); a0, cell parameters (nm); d100, interplanar spac-

ing (nm); w, wall thickness (nm)
aCalculated from the desorption branch

bw ¼ a0�DBJH a0 ¼ 2d100=
ffiffiffi
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reduction of AgO/Ag2O on the fresh sample to metallic

Ag0 of AgXO@SBA-15, resulting in the loss of oxygen

atoms, and the decrease in the background denominator, so

the overall content of Ag element increased. Theoretically,

the complete reduction of AgO and Ag2O to Ag would

result in the increase in Ag content to 15.7% and 15.3%,

respectively (Zvereva and Trunova 2012).

From the above analysis, the deactivation mechanism of

AgXO@SBA-15 after regeneration can be deduced. After

the 1st-cycle regeneration, high-valence AgO/Ag2O

reduced to zero-valence Ag0 after oxidative air treatment,

and much larger aggregated Ag0 particles, resulting in the

complete loss of oxidation capacity of AgXO@SBA-15,

and the affinity between the adsorbates and adsorbents

decreased. Meanwhile, the adsorption affinities as well as

the amount of adsorption sites decreased after 1st cycle of

regeneration, resulting in sharply decreased desulfurization

capacity. In the latter regeneration cycles, the further

aggregation of Ag0 particles and the mild decrease in SBET

of AgXO@SBA-15 resulted in the gradual slight decrease

in the desulfurization capacity in the latter regenerations.

Nevertheless, the specific factors leading to the reduction

or agglomeration is worthy to be further explored.

3.3 Effect of regeneration steps

Considering the severe deactivation of AgXO@SBA-15 in

the first regeneration, further work was carried out to

ascertain which step or steps in regeneration made the

deactivation occur. Figure 10a shows the desulfurization

capacity of AgXO@SBA-15 samples with different
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regeneration treatments, and corresponding XRD patterns

of the resulting samples are shown in Fig. 10b. The

regenerated sample was tested in desulfurization under air

and nitrogen, and their sulfur capacities are 1.12 mg-S/g

and 0.87 mg-S/g, respectively. The one under air exhibited

higher desulfurization capacity than that under nitrogen,

suggesting portion of catalytic sites for sulfur oxidation

recovered after the acetonitrile solvent washing. The cor-

responding XRD patterns (sample solvent wash) show that

no Ag diffraction peak was detected, indicating that indi-

vidual operation of a solvent washing would not lead to the

agglomeration of silver particles. However, the solvent

itself is likely to remain and block the active sites on the

adsorbent surface, resulting in reduced desulfurization

capacity. Hence, the step of followed-up calcination is

necessary to remove the residual species in common

regeneration. However, the desulfurization capacity

recovered only 46% after calcination (1.56 mg-S/g), indi-

cating that AgXO@SBA-15 deactivated during calcination.

To rule out the possibility of the deactivation of AgX-

O@SBA-15 in longer calcination time, the re-calcination

of the fresh AgXO@SBA-15 sample without desulfuriza-

tion test (sample re-calcine) was conducted and the

desulfurization capacity reached up to 2.52 mg-S/g, 97%

of the desulfurization capacity of the AgXO@SBA-15 fresh

sample, suggesting that the loss of desulfurization capacity

may not relevant with the calcination time of AgXO@SBA-

15.

In fact, well-dispersed Ag2O and nanosize Ag can be

observed after desulfurization from the result of TEM (Le

et al. 2012), which ruled out the possibility of the reduction

and agglomeration of silver particles during desulfuriza-

tion. In the meantime, the corresponding XRD patterns of

AgXO@SBA-15 samples with different regeneration

treatments show that no Ag diffraction peak was detected

in the sample solvent wash and re-calcine, indicating that

neither individual operation of solvent wash nor calcination

contributes to the agglomeration of silver particles. It is

likely that the decomposition and agglomeration of Ag? to

Ag0 may occur during the thermal regeneration step, only

in the presence of the polar organic compounds remaining

on the AgXO@SBA-15 after solvent washing, as silver/

silver oxide attracts N-containing organic solvents easily,

i.e., ammonia solutions or cupric ammine (Starovoytov

et al. 2007; Guan 1994; Yoon et al. 2003), which further

accelerates the reductive decomposition of silver species,

and the Ag0 is more likely to accumulate on the silica

surface. For comparison, instead of organic solvents, the

desulfurization capacity of the spent adsorbent regenerated

by deionized water wash followed with oxidative air

treatment was tested and the desulfurization capacity was

only 0.83 mg-S/g, lower than that from acetonitrile. This is

likely due to the fact that water can hardly remove the

residues adsorbed on the spent AgXO@SBA-15. Therefore,

the choice of regeneration solvent must be cautious and is

under further investigation.

Figure 11 shows the schematic diagram of the deacti-

vation mechanism of AgXO@SBA-15. In the process of

RADS, the active high-valence AgO oxidized BT in the

model fuel and as well the Ag2O species also acted as the

oxidation catalyst to transform BT into BTO2 in air. As the

transformed BTO2 has a stronger affinity for AgXO@SBA-

15 than BT, thus BTO2 and a small amount of BT were

adsorbed onto AgXO@SBA-15 through BTO2–(Si–OH) or

BT–Ag2O interaction, etc. After desulfurization, the active

high-valence AgO was consumed, and more Ag2O and a
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small amount of Ag0 were present well dispersed on the

surface of the spent AgXO@SBA-15, as shown in Fig. 11a.

In the first step of solvent washing in regeneration, BTO2

and BT, some organic compounds (as shown as ‘‘residue’’

in Fig. 11) as well as alkanes, the alcohols by-products and

the washing solvent itself (acetonitrile), etc., may be

residual or adsorbed on the spent AgXO@SBA-15 after

solvent washing (Fig. 11b), which also blocked the active

sites on AgXO@SBA-15 for completely reversible RADS.

As shown in Fig. 11c, with the surrounding organic species

over AgXO@SBA-15, the decomposition of Ag2O accel-

erates and the agglomeration of Ag0 occurs during calci-

nation up to 400 �C.

4 Conclusion

The regeneration of AgXO@SBA-15 for fuel desulfuriza-

tion was investigated in this study. The recovery of

desulfurization capacity using various solvents follows the

order of acetonitrile[ acetone[ ethanol[methanol[
water. It was noticeable that after the 1st-run regeneration,

the desulfurization uptake of AgXO@SBA-15 decreased to

46% (1.56 mg-S/g), but the decrease is much milder in the

latter regenerations. The deactivation mechanism in mul-

tiple cycles and during each regeneration step was further

examined. XRD and TEM results suggested that high-va-

lence AgO/Ag2O in the fresh AgXO@SBA-15 altered to

zero-valence Ag0 after the 1st-run regeneration and

aggregation of nanosize silver particles occurred, resulting

in the complete loss of oxidizability of Ag species that

oxidize BT to the corresponding sulfones with high

adsorption affinity to the AgXO@SBA-15. Polar organic

compounds strongly adsorbed (residual) on the spent

AgXO@SBA-15 after solvent washing may contribute to

the decomposition of Ag? to Ag0 and silver aggregation

during the second thermal regeneration step. Further mild

aggregation of Ag0 particles and gentle decrease in SBET of

AgXO@SBA-15 were noted in the regenerated AgX-

O@SBA-15 in the latter cycles, which likely contribute to

the gradual decrease in adsorption capacity of BT. Cautious

choice of regeneration conditions and strategies to rational

design stabilized adsorbents may reduce the adsorbent

deactivation.
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