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Recyclable Cu(1)/ZrSBA-15 prepared via a mild
vapor-reduction method for efficient thiophene
removal from modeled oil

Ce Gao, Qingda An,* Zuoyi Xiao and Shangru Zhai*

Nowadays, processing of ultra-low sulfur fuel oil has been a hot topic of research all over the world;
hence, an efficient adsorption process to tackle this issue is eliciting increasing attention. However, the
preparation of high-performance adsorbents is still a challenge. Herein, zirconium-substituted
mesoporous SBA-15 with highly dispersed active Cu() species has been successfully synthesized by our
group at 493 K via a mild vapor-reduction method. The as-prepared material was characterized by

powder X-ray diffraction (XRD), nitrogen adsorption and desorption, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and UV-vis diffuse reflectance (DRUV) spectroscopy. All
characterization methods demonstrated that the Cu() species were highly dispersed in an ordered
mesoporous framework with short channels rather than piled on the surface. The as-prepared

materials also exhibited an excellent adsorption capacity for thiophene (up to 29.86 mg g~* at 323 K).
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Pseudo-second-order kinetics model and Freundlich isotherm can well describe the adsorption

kinetics and isotherm data, respectively. More remarkably, an ultrasound-assisted treatment can be

DOI: 10.1039/c6ra25368g

www.rsc.org/advances after five cycles.

1. Introduction

With the standards of sulfur content in fuel oil becoming more
stringent, designing effective methods to remove sulfur
compounds in fuel oil has received significant attention from
all over the world."” China has promulgated the V fuel stan-
dards to control the sulfur content in fuel oil to below 10 ppm.
In refineries, traditional catalytic hydrogenation desulfuriza-
tion (HDS) is widely used. Unfortunately, some intrinsic
shortcomings, such as high operating cost, large investment,
and a non-environmentally friendly process, still cannot be
overcome.*”

Over the past few decades, attempts have been made to
develop many non-HDS techniques, including adsorptive
desulfurization, extractive desulfurization, chemical oxidative
desulfurization, biological oxidative desulfurization, and
membrane separation technology.®® However, some of these
new techniques still seem inadequate in removing thiophenic
sulfur compounds, such as thiophene (TP), benzothiophene
(BT), dibenzothiophene (DBT), and their alkyl-substituted
derivatives, from the fuel 0il.>'® In one of our previous
studies, we focused on removing oil using low-cost and efficient
adsorbing materials with a superhydrophobic surface. This
kind of superhydrophobic materials exhibit an excellent

Faculty of Light Industry and Chemical Engineering, Dalian Polytechnic University,
Dalian 116034, China. E-mail: angingda@dlpu.edu.cn; zhaisr@dIpu.edu.cn

This journal is © The Royal Society of Chemistry 2017

effectively employed to regenerate adsorbent, with only a slight reduction in the adsorption capacity

adsorption capacity to adsorb oil from water."* Besides, in
another previous research reported by our group, we used
modified mesoporous materials to achieve ultra-low sulfur fuel
oil, and the results demonstrated that adsorptive desulfuriza-
tion (ADS) is an efficient technique for obtaining ultra-low
sulfur fuel oil.”»** Adsorptive desulfurization (ADS) process
can efficiently remove thiophene, which is difficult to achieve
with the current traditional HDS technology. Therefore, ADS
can be considered as one of the most promising approaches
with distinct advantages, including mild operating conditions
and selective removal of refractory thiophenic sulfur
compounds, over the abovementioned alternative technolo-
gies.'**> However, although ADS possesses significant superi-
ority, the fabrication/selection of efficient sorbents, which is key
to this process, remains a difficult task.

Yang and coworkers developed a class of adsorbents that
relied on m-complexation to selectively adsorb organic sulfur
compounds from commercial fuels.'* However, according to
the adsorption mechanism via direct sulfur-metal (S-M)
interactions, Velu and coworkers found that the adsorbents
exhibited a high selective adsorption for thiophene.'” However,
steric hindrance effects made it difficult to adsorb 4,6-dimethyl-
dibenzothiophene (DMDBT) and other thiophenic compounds.
In view of this phenomenon, researchers believe that these two
theories can be used for the choice of adsorbent. Furthermore,
on the basis of the Lewis acid-base theory, Lewis bases include
most thiophenic sulfur compounds, which can be easily
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attracted to the Lewis acid sites. Inspired by m-complexation
and a Lewis acid-base theory, Yang and coworkers prepared
a series of adsorbents that were able to yield ultra-low sulfur
fuel oil by ion exchange (Ag", Cu'). The adsorption process re-
flected the formation of m-complexation bond and direct
sulfur-metal (S-M) interactions between S-compounds and
metal species.*

Above all, one crucial factor, namely, the choice of adsor-
bent, can greatly influence the adsorption capacity and effi-
ciency. To achieve the ideal state, a variety of adsorbents, such
as ion-exchanged zeolites, metal oxides, metal-organic frame-
works (MOFs), carbon-based materials, and mesoporous mate-
rials, were used in the desulfurization test.”° Amongst these,
ordered mesoporous materials, especially SBA-15, have gained
significant attention due to their large specific surface area,
uniform internal pore structure, controllable pore size, and
expected framework stability. By right of these characteristics,
we prepared a series of ZrSBA-15 materials with short pore
channels by isomorphic substitution, with the aim to design
efficient Cu(i)-based sorbents for removing thiophene (TP) from
modeled oil.**

As for the conversion of supported Cu(u) to Cu(i), the tradi-
tional method is high-temperature autoreduction (HTA), but it
produces an unsatisfactory yield (below 50%) of Cu(r) and
requires quite harsh conditions (973 K, 12 h) that are unsuitable
for SBA-15-based sorbents.”” Qin reported an efficient and
controllable strategy for the conversion of Cu(u) to Cu(r) by mild
vapor-reduction (MVR).>* This strategy introduces a weak
reductant (methanol), which diffuses into the pores and
reduces the Cu(u) species and fabricates a higher yield of Cu()
sites, with no conversion of pure copper, at quite low temper-
atures (493 K, 6 h).>* However, employing this mild yet efficient
method to prepare Cu(i) supported SBA-15-based composites
for thiophene removal during fuel clean-up processes has never
been reported.

Over the past few decades, the organosulfur-adsorbing
sorbents were generally regenerated using thermal methods,
such as a recent report about the preparation of nickel-based
adsorbents for producing ultra-low sulfur fuel oil.* As it is
known, the adsorptive process is generally conducted at room
temperature; if the process of regeneration was conducted at
quite high temperatures, it would have involved a lot of heat,
which possibly would have led to a significant deterioration of
the structures and sintering/aggregation of the active metal
species.*®*” As a result, it is difficult for the process to operate.
Besides, there is limited focus on studying the desulfurization
performance over multiple adsorption-regeneration cycles.
Thus, it is crucial to develop a process for the adsorption of
organic sulfur compounds with a long term ability of adsorp-
tion and regeneration.

Herein, by employing ordered ZrSBA-15 with short pore
channels and a tailored acidic framework as the supporting
matrix, a series of Cu(i)/ZrSBA-15 composites were facilely
prepared by methanol-vapor reduction. The whole preparation
process for Cu(i)/ZrSBA-15 is illustrated in Scheme 1. The
kinetics, three kinds of adsorption isotherms, and the

6606 | RSC Adv., 2017, 7, 6605-6614

View Article Online

Paper

conditions for regeneration related to the properties of our
materials were also investigated in detail.

2. Experimental section

2.1. Materials

All reagents and solvents were of analytical grade and used
without further purification. Block copolymer P123 (EO,y-PO;(-
EO,) was available from Aladdin Chemistry Co., Ltd., China.
Tetraethyl orthosilicate (TEOS, 98%), Cu(NO;),-3H,0, zirco-
nium oxychloride (ZrOCl,-8H,0), urea (CON,H,), and HCI
(37%) were purchased from Sinopharm Chemical Reagent Co.,
Ltd., China. Thiophene (99.5%) and n-octane were purchased
from Kermel Reagent Co., Ltd., China.

2.2. Preparation of ZrSBA-15 (Zr/Si = 0.05)

ZrSBA-15 with a platelet morphology and short mesoporous
channels was prepared via a controllable synthetic method
derived from a procedure reported by Chen et al*® Block
copolymer P123 (5.0 g) was designed as the structure-template
agent and dissolved in water. The silicon source, TEOS
(11 mL), was added dropwise to a well-mixed solution of P123
(5.0 g) and zirconium oxychloride (ZrOCl,-8H,0, 0.8 g) in HCI
(37%, 30 mL) at 313 K. Then, the solution was stirred for about
24 hours, and afterwards, transferred and heated at 373 K for
24 h inside a Teflon-lined autoclave that was used as the aging
vessel. Subsequently, the obtained white crystal-like precipitate
was separated, thoroughly washed with distilled water, and
then desiccated at 373 K for 10 hours. After calcining for six
hours in air at 550 °C, the white supports (ZrSBA-15) were
obtained.

2.3. Preparation of Cu(u)/ZrSBA-15

Cu(NO3),-3H,0 (3.1 mmol) and urea (12 g) were dissolved in
deionized water (200 mL) at ambient temperature to obtain an
aqueous solution, and then ZrSBA-15 (1 g) was added to form
a suspension.”**' The suspension was continuously stirred for 7
hours at 363 K. Then, the precipitate was filtered out, washed
with deionized water, and desiccated at 383 K overnight to
afford the mesoporous material with a 20% copper loading
capacity.

Then, the copper loading amounts were changed to
2.34 mmol, 3.91 mmol, 4.69 mmol, and 5.47 mmol, and the
abovementioned steps were repeated to obtain 15%, 25%, 30%,
and 35% of the mesoporous materials, respectively.

2.4. Preparation of Cu(1)/ZrSBA-15

Cu(u)/ZrSBA-15 (0.1 g) was kept in an autoclave containing
methanol (2.5 mL); there was no simple mixing between the
solid and the liquid. The autoclave was then heated to 493 K and
kept at this temperature for 6 h. After the autoclave naturally
cooled down to ambient temperature, the obtained powder was
immediately transferred outside and residual CH;OH was
removed. The final material was kept in an inert atmosphere.

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Illustration of the possible preparation procedures for the composites and schematic of the adsorption mechanism of TP molecules

on 20% Cu/ZrSBA-15.

2.5. Characterization

A Rigaku D/Max-2500 V/PC powder diffractometer equipped
with Cu-Ka radiation (40 kV, 100 mA) was used to obtain the
XRD patterns. A Quantachrome Autosorb NOVA 2000e analyzer
was used to obtain the N, adsorption-desorption isotherms
at 77 K; the samples were all degassed at 523 K for 2 h before
analyses. The BET method was used to calculate the specific
surface area, and the volume of liquid nitrogen adsorbed was
used to test the total pore volume at a relative pressure of
0.99 Pa. The Barrett-Joyner-Halenda (BJH) method was
used to calculate the pore size distribution (PSD) and the
pore diameter from the desorption branch. The molecular
morphologies were determined by scanning electron micros-
copy (SEM, JSM-6460LV, JEOL, Japan) and transmission elec-
tron microscopy (TEM, JEM-2000EX, JEOL, Japan). X-ray
photoelectron spectroscopy (XPS) was used to analyze the
elemental distribution using the ESCALAB250 Scientific
K-Alpha spectrometer (Thermo VG, USA) equipped with AlKa
X-ray source (1486.6 eV).

2.6. Adsorption test

At an appropriate temperature, we carried out a batch experi-
ment. The modeled fuel with the concentration of TP ranged in
between 35.2 and 352 mg L™ (50-500 ppmw TP). The sorbents
were degassed in a vacuum oven for about 10 hours at 383 K
before adsorption. Then, 0.1 g of adsorbent was scattered with
a 20 mL modeled fuel in a scintillation vial, and then the
mixture was unceasingly stirred for 24 hours until the
adsorption equilibrium was achieved. The adsorbent can be
separated from the solution by filtration, and the remaining
liquid was subsequently analyzed for the vestigial capacity of
TP by a UV-vis spectrophotometer at a wavelength of 231
nanometer (UV-1600 PC, Shanghai Mapada Instruments,

This journal is © The Royal Society of Chemistry 2017

China). The data was obtained by calculating the mean value of
the two experiments.

To investigate the adsorption capacity of the adsorbent
at different temperatures, we employed three adsorption
isotherms, including Langmuir, Freundlich, and Temkin. The
adsorption capacity at equilibrium was calculated according to
the following formula:

(G- C)xV

qe = Co

where g. represents the adsorptive capacity for reaching at
equilibrium (mg g~ '); C, represents the initial concentration of
TP (mg L"), and C, represents the equilibrium concentration of
TP (mg L") in the modeled fuel. V represents the volume of the
modeled fuel (mL).

For the kinetics study, modeled fuel (352 mg L™, 20 mL) was
used as the initial concentration of thiophene and 20% Cu/ZrSBA-
15 (0.1 g) was scattered on it at a constant temperature. The
residual TP concentrations were determined at equal time inter-
vals (3 hours) until reaching the adsorption equilibrium. The
removal efficiency can be calculated by the following formula:

(Co — Co) x 100%

R 1=
emova C.

2.7. The regeneration of adsorbents

We used an ultrasound-assisted method to regenerate the
adsorbents and performed as expected according to the
previous experiments. The adsorbents were separated by filtra-
tion at room temperature and mixed with 20 mL of n-octane by
ultrasound twice.*>** Then, the regenerated adsorbents were
separated from n-octane and dried to obtain a powder. After
finishing the abovementioned steps, the regeneration of
adsorbents was performed.

RSC Aadv., 2017, 7, 6605-6614 | 6607
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3. Results and discussion

3.1. Sample characterization

The wide-angle XRD patterns of the samples, as shown in Fig. 1,
exhibited that the framework of the mesoporous materials is
preserved after incorporating the zirconium and copper species,
as observed after comparing the XRD patterns of SBA-15, ZrSBA-
15, and Cu/ZrSBA-15 samples. Besides, each sample shows
a broad peak at 26 = 24°, which can be attributed to the char-
acteristic peak of silicon dioxide. The peaks with 26 values of
29°, 36° and 42°, 61°, and 73° conform to the crystal planes
of 110, 111 and 200, 220, and 311 of crystal Cu,O and CuO,
respectively.***>*” This means that Cu(i) has been successfully
generated via the efficient, controllable mild vapor-reduction
(MVR) process. On the other hand, the presence of Cu(u)
can be attributed to the partial reoxidation of the reduced
Cu(i) in air.

35% ZrSBA-15

Intensity (a.u.)

10 20 30 40 50 60 70 80
2-Theta (degree)

Fig.1 Wide-angle XRD patterns of the as-prepared samples.
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The N, adsorption-desorption isotherms and pore-size
distribution of the as-prepared materials are depicted in
Fig. 2. Noticeably, on the basis of the IUPAC classification,
Fig. 2A shows that the adsorption isotherms were attributed
to type IV with the existence of H1 hysteresis loops, which
indicates that all samples have the typical features of an ordered
SBA-15. A sharp inflection appears in the adsorption branch
of each isotherm at the relative pressure values of 0.60-0.90,
which indicates that capillary condensation occurs in the
mesopores with a uniform pore size. Note that for the series of
samples prepared using ZrSBA-15 as the matrix, upon
increasing the capacity of Cu(i) loading, the shapes of the H1
hysteresis loops slightly changed. This demonstrates that the
mesoporous structure became slightly rough with the intro-
duction or coating of Cu(i) clusters or layers inside the pore
walls of ZrSBA-15.

On the other hand, the pore size distribution curves with
different pore diameters ranging from 5 to 9 nm are depicted in
Fig. 2B, which indicates the uniform mesopores generated
among the materials prepared by this method.

To have an intuitive understanding of the surface areas
(Sger), pore volumes (Vp), and pore diameters (Dp) for all
materials, the obtained data are shown in Table 1. An obvious
increase in the surface area could be easily observed with the
introduction of zirconium, which means that zirconium had
been successfully introduced by the isomorphic substitution.

Table 1 Textural properties of the as-synthesized materials

Sample Sper (m*> g™ 1) Vp (em® g™ Dyp (nm)
SBA-15 617 1.01 6.4
Zr-SBA-15 1051 1.00 7.3
15% Cu/Zr-SBA-15 455 1.06 6.2
20% Cu/Zr-SBA-15 522 1.14 6.2
30% Cu/Zr-SBA-15 465 0.82 6.2

44 —l— 15% CuZr-SBA15
—@— 20% CuZr-SBA15
—A— 25%, CuZr-SBA15
34 —W¥— 30% CuZr-SBAIS
—@— 35% CuZr-SBAI15

-1

dV(logd) cm'Sg'l nm

Pore diameter (nm)

(A) N, adsorption—desorption isotherms and (B) BJH pore size distributions of the studied samples.

This journal is © The Royal Society of Chemistry 2017
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With the increasing Cu capacity, we observed a gradual decrease
in the surface area, pore volume, and pore diameter, which
might be due to the partial pore roughness upon copper
introduction or coating by the MVR process. Comparatively, it is
shown that the Cu/ZrSBA-15 samples exhibited conflicting
textural characteristics with different copper loading capacity.
For copper loading capacity of 30%, the pore volume and
specific surface area of the material clearly decreased. This can
possibly be attributed to the formation of large aggregates of
copper particles, which require a larger space, leading to
a decrease in porosity, specific surface area, and pore size. On
the other hand, the material with a copper loading of 20%
exhibited a narrower pore diameter than both the materials

x50,000
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with copper loading capacities of 15% and 25%, suggesting that
a copper loading capacity of 20% is appropriate under the
current preparation conditions.

Further information on the morphology and structure of the
materials was obtained by scanning electron microscopy and
transmission electron microscopy. From Fig. 3A and C, it can
be observed that there are some differences between the
morphological features of SBA-15 and ZrSBA-15. Namely, long
parallel channels were still preserved in the rod-like
morphology of SBA-15, whereas short parallel channels
appeared in the hexagonal morphology of ZrSBA-15. Based on
the isomorphic substitution method, Zr(iv) ions replaced the
isomorphic silica molecules during the self-assembly process of

B Microscope|Accelerating Voltage Magnification| N
100 200 kY 20000 x

Fig. 3 SEM and TEM images of the as-synthesized SBA-15 (A and B), ZrSBA-15 (C and D), and 20% Cu/ZrSBA-15 (E-G).

This journal is © The Royal Society of Chemistry 2017
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P123 micelles and TEOS to generate the expected short channel
mesoporous structure.** The TEM images exhibited further
evidence for the mesoporous structure of SBA-15 and short
channels in the ZrSBA-15 structure, as shown in Fig. 3B and D,
respectively. After introducing the active copper species, the
mesoporous material still retained a stable structure, which can
be distinguished from Fig. 3E and F. At the same time, no
aggregation of active components was observed in the TEM
images. Noticeably, this phenomenon clearly shows that the
active component is highly dispersed in the mesoporous
structure. The SEM and TEM images show that the prepared
mesoporous materials exhibited excellent structural unity and
a high dispersion of the active components. These results are
consistent with the results obtained from the XRD patterns and
the N, adsorption-desorption isotherms.

We further studied the correlation information of the
chemical phase and elemental composition by X-ray photo-
electron spectroscopy and SEM-mapping, respectively. The
information obtained from X-ray photoelectron spectroscopy

Ols A
Cu2p
Cls

Nls Zr3d

/ \SiZs Si2p
v T v T ' T r T r

1000 800 600 400 200 0
Binding Energy (eV)
Cu 2p3/2
Cu0 B
Cu2pl/2
Cu-0 Cu 2p3/2

Cu-N

Ll L) v L) v Ll v L] v ) L]
960 955 950 945 940 935 930 925 920

Binding energy (eV)

Fig. 4 XPS spectra of 20% Cu/ZrSBA-15. (A) XPS survey scan of 20%
Cu/ZrSBA-15; (B) Cu 2p region.
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data demonstrated that the sample (Cu/ZrSBA-15) was
composed of Si, O, C, N, Zr, and Cu (Fig. 4A), indicating that
the expected elements had been incorporated. As shown in
Fig. 4B, four peaks at 931.9, 933.2, 951.7, and 953.2 eV, obtained
from curve-fitting, can be attributed to Cu 2ps,,", Cu 2ps°T,
Cu 2py/,", and Cu 2p;,,>", respectively. In addition, the peak at
940 eV can be attributed to the shaking-up satellite peak
attributed to the interaction of Cu** with N.*’* SEM EDS-
mapping results are shown in Fig. 5. We can clearly observe that
the elements are well distributed, especially for copper, which
demonstrates that the active species had been successfully
introduced in the mesoporous structure via MVR. Furthermore,
the UV-vis diffuse reflectance spectroscopy exhibited two
valence states for copper in Cu/ZrSBA-15, which conformed to
the XPS spectrum. The appearance of Cu(u) could be attributed
to the partial reoxidation of Cu(1) in air.?**”24

Considering the abovementioned characterization results, it
can surely be inferred that the material prepared via the rational
MVR method can exhibit the expected adsorption capacity by
m-complexation and direct coordination (S-M) interaction,
owing to the synergy of the retained ordered mesostructure and
the high dispersion of copper species within it (Fig. 6).

3.2. Adsorptive desulfurization performance of the as-
synthesized samples

The equilibrium adsorption data of Cu/ZrSBA-15 (Cu loading of
20, 25, and 30 wt%) for TP was collected and is displayed in
Fig. 7. As shown in Scheme 1, the adsorption process occurs by
m-complexation and S-M coordination interaction. On the basis
of the two concepts, excellent results were obtained for the
adsorption of TP. Compared to the copper loading capacities of
25% and 30% of the material in the tested adsorbents, the
material with a copper loading capacity of 20% showed the
highest adsorption capacity for TP, reaching 29.89 mg g .
Although the other materials have a higher copper loading
capacity, material with a copper loading of 20% showed

Cu Kal

Kal_2

500nm ' 500nm

Fig. 5 SEM mapping of 20% Cu/ZrSBA-15 for Cu, N, Si, and Zr.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 UV-vis diffuse reflectance spectra of ZrSBA-15 and 20% Cu/
ZrSBA-15.

35
20%Cu/Zr-SBA-15
309 2504Cu/zr-SBA-15
- 30%Cu/Zr-SBA-15
= 254
)
=
% 204
S A
T 154
s
=
=
g 104
<
5
®
0 T T d T T T
50 100 150 200 250

Ce (mg/L)

Fig. 7 Adsorption isotherms for the TP adsorbed over different
adsorbents (mass, 0.1 g; modeled fuel volume, 20 mL; adsorption time,
24 h; adsorption temperature, 50 °C).

a higher adsorption capacity for TP. The lower TP adsorption
capacity in the samples with a higher Cu loading could be
attributed to the higher copper loadings, leading to more steric
hindrance such that not all Cu(1) could interact with the thio-
phenic compounds. Owing to the ordered mesoporous struc-
ture and the high dispersion of the active components,
this material has excellent properties, as illustrated by the
abovementioned results of the XRD patterns, N, adsorption—
desorption isotherms, scanning electron microscopy, and
transmission electron microscopy.

According to formulas (1) to (3), the adsorption data was
fitted by Langmuir, Freundlich, and Temkin adsorption
isotherms (Fig. 8). Because there is no direct connection
between the adsorbate and adsorbent, the Langmuir adsorption
isotherm shows that a monolayer with a homogeneous surface
is formed on the surface of the adsorbent. The Freundlich
adsorption isotherm is an empirical model, which shows that

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Langmuir (A), Freundlich (B), and Temkin (C) isotherms for the
adsorption of TP by 20% Cu/ZrSBA-15 (mass, 0.1 g; modeled fuel
volume, 20 mL; adsorption time, 24 h; adsorption temperature, 50 °C).

adsorption occurs on an uneven surface via a multilayer
adsorption mechanism. In addition, there are direct interac-
tions between the adsorbate molecules and the adsorbent sites.
Ky is the coefficient of Freundlich adsorption isotherm, and the
adsorption intensity coefficient 1/n is used to determine the

RSC Adv., 2017, 7, 6605-6614 | 6611
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intensity and the feasibility of the adsorption. When 1/n is
between 0.1 and 0.5, it can be shown that the adsorption
process is feasible. When 1/n is greater than 2, the adsorption
process is not feasible. For the existence of a strong positive and
negative charge attraction phenomenon, Temkin adsorption
isotherm is the best model. In addition, we also studied the
shape of the adsorption isotherms to determine the feasibility
of adsorption. Ry, is an important adsorption coefficient that is
used to determine whether the adsorbent is suitable for the
current adsorption process. When the value of Ry is equal to 0, it
indicates that the adsorption is irreversible, whereas the value
of R, below 1 indicates that the adsorption process exhibits
a linear trend. When the Ry value is greater than 1, the
adsorption is not feasible. The Ry, value can be calculated by the
following formula (4):

0. = Ke x Con )
0. = Br x In(Kg x C,) 3)
R R @

The coefficients obtained from the Langmuir, Freundlich,
and Temkin isotherms at different temperatures are summa-
rized in Table 2; three models are adopted with a linear fitting
and are shown in Fig. 8A-C. As shown in Table 2, we could
obtain the correlation coefficient (R?) for the three isotherms.
The related coefficients (R*) for the Freundlich adsorption
isotherm are slightly higher than those for the Langmuir
adsorption isotherm, which means that the adsorption process
occurs on the surface of the Cu/ZrSBA-15 material. Besides, due
to m-complexation, TP molecules interact with each other,
which conforms to the Freundlich isotherm. As for the Temkin
isotherm, the corresponding R> coefficients are close to 1,
which means that the adsorption process occurs via
m-complexation and S-M interactions between the adsorbate
and the adsorbent. Upon increasing temperature, the Lang-
muir constant Ki, gradually increased, which means that higher
temperature can promote the adsorption process on the
surface of the material. However, high temperature is not
necessarily suitable for the adsorption process. As shown in
Table 2, the adsorption capacity at 50 °C (51.2 mg g~ ') is higher
than at 60 °C (25.818 mg g '), which means that the adsorbent
experienced thermal decay upon increasing the temperature.

View Article Online

Paper

For comparison purposes, the adsorption capacity results ob-
tained by previous researchers are summarized: Larry
E. Erickson and coworkers used sol-gel-prepared Cu-Al,0;
(Cu content of 3.1 mmol g~') to adsorb TP and the best
adsorption capacity was 4.74 mg g~ '; Li et al. investigated the
adsorption of TP on Cu(1)-HY-Al,O; (Cu content of 1.2 mmol
¢~ "), which achieved an adsorption capacity of 10 mg g~ *; and
Sun et al. used CuSBA-15 (Cu content of 5 mmol g~ ') as
adsorbents to adsorb TP, with an adsorption capacity of
16.83 mg g '. This clearly indicated that the Cu/Zr-SBA-15
material used in the present study possessed a relatively high
adsorption capacity for TP.**™*

3.3. Investigation of the adsorption kinetics

To further study the adsorption mechanism, we studied the
kinetics of the adsorption process. For this study we used the
pseudo-first-order kinetic and pseudo-second-order kinetic
models (Fig. 9). The pseudo-first-order kinetic model indicates
that the adsorption process and the adsorbate concentration
are related, and the pseudo-second-order kinetic model indi-
cates that there are limited adsorption sites. The correlation
coefficient R indicates the correlation between the experimental
data and the two kinetic models. The linear formulas for the
pseudo-first-order and pseudo-second-order kinetic models are
given as follows:

k
log(Q. — 0)) =log 0. — 533 (5)
t 1 t
o " mo’to ©

where Q. and Q, indicate the adsorption capacity of the material
with the 20% loaded copper at the adsorption equilibrium and
at various times, respectively; k; represents the rate constant
for the pseudo-first-order kinetic model (h™'). The values of Q.
and k; can be determined from the intercept and slope of the
linear plot of log(Q. — Q) versus t, respectively. k, represents the
rate constant of the pseudo-second-order model (g mg™—" h™),
which can be obtained from the slope of the linear plot of ¢/Q;
versus t.

Table 3 summarizes the experimental data from the pseudo-
first-order kinetic model and the pseudo-second-order kinetic
model. The Adj. R-square (R?) obtained for the pseudo-second-
order kinetic model is slightly larger than that obtained for
the pseudo-first-order kinetic model. Therefore, according to
the kinetic study, the adsorption mechanism agrees better with
the pseudo-second-order kinetic model.

Table 2 Summary of the parameters calculated from fitting the isotherms to different models

Langmuir constants

Freundlich constants Temkin constants

Temperature Qm

(°C) (mg g™ Ky, Ry, R? Ky 1/n R? By Ky R?

40 38.5 0.009 0.2399-0.4411 0.93476 2.0947 0.4676 0.97545 9.0264 0.0765 0.94044
50 51.2 0.00772 0.2690-0.4792 0.9755 1.8222 0.533 0.95919 12.396 0.05712 0.97316
60 25.8 0.02692 0.0955-0.2088 0.97097 6.17326 0.2387 0.97916 4.6558 0.5459 0.98352
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Fig. 9 Fitting of the TP adsorption over 20% Cu/ZrSBA-15 process to
a (A) pseudo-first-order kinetics and (B) pseudo-second-order kinetics
model (mass, 0.1 g; modeled fuel volume, 20 mL; adsorption
temperature, 50 °C).

3.4. Recyclability and regeneration test

Fig. 10 exhibits the results of the regeneration test for 5 cycles.
After 5 cycles of adsorption, the adsorbent still had an adsorp-
tion capacity of about 20.25 mg g~ '. Therefore, the ultrasound-
assisted theory that we used to regenerate the adsorbent per-
formed as expected. Besides, the material maintained the
hexagonal mesoporous structure after recycling it 5 times and
no distinct metal aggregation could be detected (see Fig. 3G).
Above all, the adsorbent shows the ability of being easily
regenerated, which indicates that the as-prepared adsorbent is
feasible and suitable for the actual situation.

Table 3 Kinetic parameters for the adsorption of TP by 20% Cu/
ZrSBA-15

Pseudo-first-

order Pseudo-second-order
Co(mgL™) Qe(mgg™) k(h") R ky(gmg 'h™") R
352 27.3 0.05021 0.9363 0.00826 0.9574

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Regeneration ability of 20% Cu/ZrSBA-15 after TP desulfur-
ization (mass, 0.1 g; modeled fuel volume, 20 mL; adsorption time,
24 h; adsorption temperature, 50 °C).

4. Conclusion

In general, Cu/ZrSBA-15 shows a good performance of TP
adsorption under the appropriate temperature and atmospheric
conditions. This adsorbent possesses a superior adsorption
capacity for thiophene in the modeled oil of 29.86 mg g~ " at 323
K. The pseudo-first-order kinetic model and Freundlich
adsorption isotherm fit the experimental data very well. Besides,
the experiments show that the adsorbent still has a good
adsorption capacity after 5 cycles. Consequently, for the effi-
cient removal of TP, Cu/ZrSBA-15 is probably the most prom-
ising material for obtaining ultra-low sulfur fuel oil.
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