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ur from model gasoline by CuAgY
zeolite: equilibrium, thermodynamics and kinetics

Yanfei Lu,a Rijie Wang,a Yue Nan,b Fei Liua and Xiaoxia Yang *a

In this study, the removal of thiophene from cyclohexane using ion-exchanged Y zeolites was

investigated in a batch system by performing static tests. The effects of initial sulphur concentration,

contact time and adsorption temperature on the removal efficiency were studied. Changes to the

adsorbents before and after the adsorption were characterized by ICP-AES, XRD, N2 physisorption,

SEM, and TEM. The highest sulphur adsorption capacity of 60.98 mgS g�1 for CuAgY was achieved at

323 K. The equilibrium data were well fitted by the Sips model and the kinetics of the adsorption

process could be described by the pseudo-second-order model. Thermodynamic parameters were

obtained from the models and indicated that the adsorption was spontaneous and exothermic.

Modeling results also showed that the Marquardt's Percent Standard Deviation (MPSD) and the Sum of

the Squares of the Errors (SSE) provided the best fitting results for isotherm and kinetic models,

respectively. In addition, it was found that CuAgY could maintain 84.5% of the capacity for sulphur

after twice regeneration.
1. Introduction

Fuels with high sulphur content could pose a risk to the envi-
ronment and human health.1,2 This also inhibits their applica-
tion to many elds such as fuel cells which require ultra-low
sulphur content (less than 0.1 ppmw).3 Therefore, developing
effective deep desulphurization methods is necessary and
crucial to satisfy environmental regulations and requirements
for ultra-low sulphur fuels.4–6

Traditional hydrodesulphurization (HDS) is realized under
harsh processing conditions and can effectively remove
sulphur compounds including mercaptan and thioether from
fuel products.7 However, it is ineffective in removing thio-
phene (TP), benzothiophene (BT) and their alkyl derivatives.
In order to effectively remove these compounds, a number of
new desulphurization technologies have been developed,
which include oxidative desulfurization,8,9 biodesulfuriza-
tion,10 extractive desulfurization,11,12 and adsorptive desul-
furization.13–16 Among these technologies, adsorptive
desulphurization was found to be the most promising tech-
nique due to its simplicity in system design and low operating
cost.

So far, various adsorbents have been studied for adsorption
desulphurization such as metal–organic frameworks (MOFs),17
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magnetic alumina,18 active carbon (AC),19,20 clay materials,21

metal oxides,22 and zeolite-based materials.13–16,23–33 Y zeolites
have been extensively studied due to the large surface area,
suitable pore size and thermal stability. The studied Y-based
materials included synthesized zeolite ([Ga]AlY),25 single metal
modied zeolites (AgY, Cu(I)Y, NiY, ZnY, CeY, PdY),26–28 and
bimetal modied zeolites (CuICeIVY, AgCeY, CuZnY,
NiCeY).16,29–31

For single metal modied zeolites, Song et al.14,32 and Yang
et al.26,27,33 investigated the removal of thiophenic compounds
from transportation fuels (diesel, gasoline and jet fuels) by
ion-exchanged Y zeolites with Ag+, Cu2+, Ni2+, Zn2+, Pd2+, and
Ce3+ cation. The results showed that CuIY and AgY
zeolites had relatively high sulphur adsorption capacities of
81.6 mgS g�1 and 28.8 mgS g�1, respectively, by p-complexa-
tion but their adsorption selectivities were adversely impacted
by aromatic hydrocarbons. They also found out that CeIVY had
less impact by aromatic hydrocarbons due to the direct
sulphur–metal (S–M) interaction. Among the studies on
bimetal modied zeolites, Shan et al.16 found out that the
presence of Ce species could enhance the number of Cu+ on
the CuICeIVY surface in comparison with CuIY. The AgCeY,
CuICeIVY and NiCeY had better sulphur adsorption capacity
via both p-complexation and S–M interaction. In addition,
Zhang et al.31 showed that the co-exchanged CuIIZnIIY was
more stable and favorable than AgY in terms of the adsorption
desulphurization performance. The co-exchanged CuIIZnIIY
was different to ZnY in terms of desorbing dibenzothiophene
in higher temperatures, which may be related with the S–M
bonding. Therefore, the bimetal modied Y zeolites have
This journal is © The Royal Society of Chemistry 2017
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Table 1 The three isotherm models evaluated in this study

Isotherms Equations
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a better potential for adsorption desulphurization than single
metal modied Y zeolites due to their high capacity and
selectivity.

CuIY and AgY as p-complexation adsorbents have been
developed for adsorption desulphurization. However, they
were found not able to meet the requirement of industrial
adsorption applications due to some issues. First, they have
poor desulphurization performance in real oil samples.
Second, aer ion exchange, the Cu(II) in CuY has be converted
Cu(I) under harsh conditions in order to increase its desul-
phurization performance which increases the operating cost.26

Therefore, it would be necessary to develop new bimetallic
adsorbents without these drawbacks. Since Cu and Ag
exchanged Y zeolites are inexpensive and easy to prepare, this
study investigated the adsorption desulphurization perfor-
mance of CuAgY, which was found to have a high desulfur-
ization capacity.

Besides experimental studies, mathematical model anal-
ysis is a practical and efficient way to elaborate the chemical
processes and equipment in detail. Song et al.34,35 investi-
gated the model of adsorption kinetics and adsorption
equilibrium of TP and BT in model fuel on AgCeY and CuI-

CeIVY. They found that the Langmuir isotherm and the
pseudo-rst-order model exhibited the best ts of experi-
mental data, and the intra-particle diffusion was not the rate
controlling step. The results were similar to those for
NiCeY.36 Theoretical and empirical models could be used for
thermodynamics and kinetics of the adsorption at the solid/
liquid interface.

The objective of the current work is to study the removal of
TP by adsorption on CuAgY. Its performance was compared
with NaY, CuY and AgY. The three factors affecting the
adsorption desulphurization performance, the adsorption
time, initial sulphur content and temperature, were investi-
gated. The equilibrium, kinetics and thermodynamic system-
atically properties of adsorption system were studied to
understand the adsorption of TP on CuAgY. In addition, the
regeneration study of the adsorbents was performed and
found that the CuAgY could maintain 84.5% of its capacity
aer twice regeneration.
Langmuir34
qe ¼ KLqmCe

1þ KLCe

(2)

Freundlich30 qe ¼ KfCe
1/n (3)

Sips37
qe ¼ QðbCeÞ1=m

1þ ðbCeÞ1=m
(4)

Table 2 Kinetic models used in this study

Models Equations

Pseudo-rst-order qt ¼ qe(1 � exp(�k1t)) (8)

Pseudo-second-order
qt ¼ k2qe

2t

1þ k2qet

(9)

Intra-particle diffusion qt ¼ kt0.5 + C (10)
2. Experiment
2.1. Materials

Thiophene (Analytical Reagent Grade, 99%), Cu(NO3)2$3H2O
(99%), and AgNO3 (99.8%) were purchased from Tianjin
Guangfu Fine Chemical Research Institute. Cyclohexane
(Analytical Reagent Grade, $99.7%) was purchased from Tian-
jin Yuanli Chemical Corporation. All reagents were used
without further purication. NaY zeolite (SiO2/Al2O3 ¼ 4.8) was
purchased from Nankai University Catalyst Factory.

The model gasoline with different sulphur concentrations
were prepared by dissolving TP in cyclohexane. The
studied sulphur concentrations included: 162 mgS L�1 (M-1),
223 mgS L�1 (M-2), 305 mgS L�1 (M-3), 471 mgS L�1 (M-4),
601 mgS L�1 (M-5), and 770 mgS L�1 (M-6).
This journal is © The Royal Society of Chemistry 2017
2.2. Ion exchange

Prior to the ion exchange, the NaY zeolite was dehydrated in
a muffle furnace heating at a rate of 1 K min�1 to 673 K and
kept at 673 K for 2 h to remove the acid gases, such as CO2,
SO2 and others. Then NaY zeolite was merged in a 0.1 mol L�1

Cu(NO3)2 or AgNO3 solution at 333 K for 12 h. The ratio of the
solution volume (mL) to the mass of NaY (g) was 100 : 1. Aer
the ion exchange was done, the AgY or CuY was ltered and
washed thoroughly with deionized water to remove the
residual cations. The ltered cake was then dried at 383 K for
6 h and calcinated at 773 K for 4 h. Then the cake was ground
into power and stored in a desiccator. The bimetallic zeolites
(CuAgY) were prepared by co-exchanging 5 g of NaY in
a mixed solution of 250 mL 0.1 mol L�1 AgNO3 and 250 mL
0.1 mol L�1 Cu(NO3)2. The procedures were the same as
above. The operations with silver nitrate were performed in
a dark environment due to the light sensitivity of silver
(Table 1).
2.3. Characterization of adsorbents

X-ray powder diffraction (XRD) patterns were obtained with
a MinFlex-600 X/Rigaku Diffractometer equipped with Cu Ka
radiation (l¼ 1.54056 Å) at 40 kV and 15 mA. The patterns were
recorded with the 2q ranging from 5� to 50� at a scanning rate of
5� min�1. The chemical composition of cation-exchange
zeolites was measured by inductively coupled plasma atomic
emission spectrometry (ICP-AES) with a Perkin-Elmer Spec-
trometer. The surface morphologies of the zeolites were char-
acterized by eld emission scanning electron microscopy (SEM,
Hitachi S-4800). Transmission electron micrographs (TEM)
were taken with a Transmission Electron Microscope (JEOL
JEM-2100F). N2 physisorption was measured on a Micromeritics
ASAP 2020 (Micromeritics; USA) using nitrogen adsorption at
77 K (Table 2).
RSC Adv., 2017, 7, 51528–51537 | 51529
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Table 3 Equation of these six different error functions

Error functions Equations

SSE Xn
i¼1

ðqcal � qexpÞi2
(11)

HYBRID 100

n� p

Xn
i¼1

"
ðqcal � qexpÞ2

qexp

#
i

(12)

ARE 100

n

Xn
i¼1

�����qcal � qexp

qexp

�����
i

(13)

MPSD 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� p

Xn
i¼1

�
qcal � qexp

qexp

�
i

2

s (14)

SAE
Xn
i¼1

��qcal � qexp
��
i

(15)

R2
X

ðqcal � qaexpÞ2X
ðqcal � qaexpÞ2 þ ðqcal � qexpÞ2

(16)

Fig. 1 XRD patterns of NaY, CuY, AgY, and CuAgY.

Fig. 2 SEM images (A, C) and TEM images (B, D) of CuAgY before and
after TP adsorption.
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2.4. Batch adsorption experiments

For each experiment, 25 mL of model gasoline was mixed with
0.20 g adsorbent in a 100 mL three-necked, round-bottomed
ask. The ask was agitated with a magnetic stirrer at
a constant speed. A furnace was used to heat the solution to
desired temperatures (30, 40, 50 �C). Model gasoline samples
were taken during the course of adsorption experiments to
obtain kinetic data of the adsorption. Aer the adsorption was
nished, the precipitate was removed by centrifugation and the
supernatant was analyzed (Table 3).

2.5. Determination of the sulphur adsorption capacity

The sulphur concentrations of the model gasoline samples
taken during the adsorption process were measured using a Gas
Chromatograph (GC-6820) equipped with a ame ionization
detector (FID). A DB-FFAP column with a length of 60 m and
inside diameter 0.32 mm was used. The temperatures of the
injector, detector, and oven were set as 200 �C, 250 �C, and
80 �C, respectively.

The amount of sulphur adsorbed at equilibrium
(qe (mgS g�1)) was calculated by:

qe ¼ ðC0 � CeÞV
m0

(1)

3. Theoretical basis of models
3.1. Adsorption isotherm models

Three different adsorption isothermmodels, namely Langmuir,
Freundlich, and Sips, were used to analyze the adsorption
isotherms.

3.2. Adsorption thermodynamics

For adsorption process, the thermodynamic analysis is a key
method to judge whether the adsorption process is
51530 | RSC Adv., 2017, 7, 51528–51537
spontaneous and exothermic or endothermic. The thermody-
namic parameters (DG0, DH0, and DS0) of the studied adsorp-
tion system can be evaluated according to the following
equations:38,39

Cs ���!lim
N

Cs

Ce

¼ Kp (5)

DG0 ¼ �RT ln Kp (6)

ln Kp ¼ �DH0

R
� 1

T
þ DS0

R
(7)

where Kp is dimensionless sorption distribution coefficient. The
value of Kp is equal to the intercept in the plotting ln(Cs/Ce)
versus Cs by extrapolating Cs to zero.39
3.3. Kinetic models

To better understand of the adsorption kinetics, models
including pseudo-rst-order, pseudo-second-order, and intra-
particle diffusion models were used to t the experimental
This journal is © The Royal Society of Chemistry 2017
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Table 4 Chemical and physical properties of various zeolites

Zeolites n(Na)/n(Al)a n(Cu)/n(Al)a n(Ag)/n(Al)a n(Si)/n(Al)a Vmic
b cm3 g�1 SBET

c m2 g�1 Smic
c m2 g�1

NaY 0.97 0 0 2.40 0.333 662 626
CuY 0.19 0.40 0 2.42 0.298 604 562
AgY 0.05 0 0.94 2.41 0.319 607 577
CuAgY 0.02 0.26 0.47 2.43 0.295 591 554

a Measured by ICP. b BET method. c t-plot method.
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View Article Online
data. These models have been widely used to describe the
kinetics of sulphur adsorption on zeolites.34–36
3.4. Error functions

The modelling optimization requires error functions to deter-
mine the goodness of the tting by the models. In addition to
the correlation coefficients (R2), ve different error functions
including the Sum of the Squares of the Errors (SSE), the Hybrid
Fractional Error Function (HYBRID),41 the Average Relative
Error Function (ARE), the Marquardt's Percent Standard Devi-
ation (MPSD),42 and the sum of the Absolute Errors Function
(SAE) were used to evaluate the models.40 Themodel parameters
were evaluated by the solver add-in with Microso Excel by
minimizing the Sum of Normalized Errors (SNE)43,44 of the
curve-tting.
Fig. 3 The adsorption sulphur capacities on NaY, CuY, AgY, and
CuAgY at 323 K.

Table 5 Adsorption capacities of the TP adsorption on various adsorben

Adsorbents Adsorbate/solvent C0 (mg L�1

HYD10B-MS-13X TP/n-hexane 707
Ni/SBA TP/n-octane 407
MnO/AC TP/(n-hexane and toluene) 36
Nickel NPs TP/n-octane 524
HKUST-1/Fe3O4 TP/isooctane 450
AgCeY TP/n-octane 100
CuICeIVY TP/isooctane 381
NiCeY TP/n-octane 703
CuZnY TP/n-octane 351
CuAgY TP/cyclohexane 778

This journal is © The Royal Society of Chemistry 2017
4. Results and discussion
4.1. Chemical and physical properties of various zeolites

XRD analysis was used for identifying changes to the mineral-
ogical structures of the zeolites aer modications. The results
in Fig. 1 showed that all the characteristic peaks of the modied
NaY closely matched with those in original NaY. No additional
phases/peaks were observed. Therefore the crystal structure of
modied zeolites maintained the same. However, the crystal-
linities of these modied zeolites slightly decreased due to
a decrease in the intensity of peaks. Meanwhile, the positions of
the peaks for the modied NaY zeolites were slightly shied to
angles higher than those for NaY, which indicated a reduction
in the d-spacing value due to the Bragg equation. These
ts

) Adsorption mode qe (mgS g�1) Ref.

Batch 4.78 47
Fix bed 7.04 48
Batch/x bed 1.58 49
Batch 25.0 50
Batch 19.8 51
Batch 1.70 34
Batch 38.4 16
Batch 22.4 36
Batch 17.2 31
Batch 60.98 This study

Fig. 4 Effect of contact time on desulphurization on CuAgY at
different temperatures.

RSC Adv., 2017, 7, 51528–51537 | 51531
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Fig. 5 Effect of C0 on adsorption capacity of CuAgY at different
temperatures.
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observations indicated the physical structure of FAU framework
was nearly unchanged. Similar results have been provided in
other literature.45 The SEM and TEM images of CuAgY zeolite
before and aer adsorption were shown in Fig. 2. In general, the
SEM and TEM image of CuAgY showed the presence of crystals
with the irregular cubic shaped structure, smooth and homog-
enous surface morphology without clusters forming. It
Table 6 SNE and error analysis for Langmuir, Freundlich, and Sips at
303 K

SSE HYBRID ARE MPSD SAE

Langmuir
qm (mgS g�1) 49.33 49.09 49.06 49.06 49.06
KL (L mg�1) 0.0542 0.0552 0.0598 0.0598 0.0598
SSE 16.00 16.11 18.93 18.93 18.93
HYBRID 11.40 11.33 13.85 13.85 13.85
ARE 1.845 1.767 1.042 1.042 1.042
MPSD 13.13 13.15 11.46 11.46 11.46
SAE 8.643 8.804 7.993 7.993 7.993
SNE 4.649 4.627 4.344 4.344 4.344

Freundlich
Kf (mg g�1)
(L mg�1)1/n

13.31 12.42 10.00 11.89 13.31

1/n 0.2233 0.2367 0.2769 0.2455 0.2250
SSE 35.94 37.95 67.52 41.25 36.55
HYBRID 32.06 30.15 47.51 30.86 32.62
ARE 3.900 3.181 1.727 2.753 3.947
MPSD 20.15 17.95 19.00 16.59 20.05
SAE 11.57 11.06 13.62 10.72 11.36
SNE 4.045 3.705 4.380 3.568 4.057

Sips
Q (mgS g�1) 52.92 52.31 52.70 61.32 52.28
b (L mg�1) 0.0462 0.0472 0.0468 0.0252 0.0472
1/m 0.780 0.807 0.808 0.599 0.807
SSE 13.14 13.22 13.41 19.93 13.23
HYBRID 12.46 12.35 12.61 19.22 12.35
ARE 1.047 0.950 0.924 0.696 0.950
MPSD 11.92 11.54 11.74 8.74 11.52
SAE 7.149 7.065 7.218 5.349 7.048
SNE 4.299 4.161 4.197 4.139 4.158

51532 | RSC Adv., 2017, 7, 51528–51537
indicated that the adsorbent was very stable. Results of nitrogen
physisorption to determine the physical properties of original
NaY and modied NaY were shown in Table 4. The micropore
volume of CuAgY was 0.295 cm3 g�1, which was lower than that
of NaY. It might be related to the partly collapse of zeolite
structure. This phenomenon was consistent with the XRD
results. ICP-AES was used to obtain the fraction of total silicon,
aluminum, and metal ions. The original NaY and modied NaY
were shown in Table 4. Since metal cations (M) in the zeolites
balanced the negative charge of the aluminum tetrahedron, the
n(mMm+ + Na+)/n(Al) ratio should be 1 : 1 due to the law of
conservation of charge. As shown in Table 4, the ratios of
n(2Cu2+ + Na+)/n(Al), n(Ag+ + Na+)/n(Al), and n(2Cu2+ + Ag+ +
Na+)/n(Al) are all close to 1. However, the n(Si)/n(Al) ratio
increases aer preparation. It indicates that the minority of
framework aluminum dissolves in ion exchange and high-
temperature calcination results in the collapse of zeolite
structure.
4.2. Batch adsorption experimental results

4.2.1. Effect of NaY and modied NaY zeolites. The desul-
phurization performances of the original NaY and modied
NaY zeolites were studied, and the results are shown in Fig. 3. It
was found that the modied NaY zeolites had higher desulfur-
ization removal, which should be due to p-complexation when
Cu or Ag was added.27 Among the modied NaY zeolites, CuAgY
achieved the highest loading of 60.98 mgS g�1. The sulphur
capacity of AgY is 32.00 mgS g�1, which was in good agreement
with the results reported in the literature.46 The adsorption
sulphur capacity of different adsorbents for removing TP in
other literatures are listed in Table 5.

4.2.2. Effect of contact time. The effect of contact time on
the adsorption capacity of CuAgY was studied. As shown in
Fig. 4, the sulphur adsorption capacity on CuAgY increased at
all temperatures and reached the dynamic balance from 60 min
Table 7 Comparison of the Langmuir, Freundlich, and Sips at different
temperatures

303 K 313 K 323 K

Langmuir
qm (mgS g�1) 49.06 59.80 72.74
KL (L mg�1) 0.0598 0.0338 0.0199
R2 0.9894 0.9911 0.9852
MPSD 11.46 13.74 13.68

Freundlich
Kf (mg g�1)(L mg�1)1/n 11.89 9.30 6.68
1/n 0.245 0.328 0.399
R2 0.9779 0.9435 0.9203
MPSD 16.59 33.63 35.09

Sips
Q (mgS g�1) 61.32 54.12 64.76
b (L mg�1) 0.0252 0.0410 0.0288
1/m 0.5992 1.6435 1.3394
R2 0.9890 0.9955 0.9978
MPSD 8.74 7.78 7.76

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Adsorption equilibrium isotherms on CuAgY at different
temperatures.
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to 180 min. Within the rst 20 min, the adsorption rate was
found to increase with increasing temperature. Increasing the
temperature in the beginning was benecial to heat and mass
transfer, and the interaction between adsorbent and adsorbate.

4.2.3. Effect of initial sulphur concentration. Adsorption
experiments were executed with different initial sulphur
concentrations at 303 K, 313 K, and 323 K to obtain the equi-
librium data of sulphur adsorption on CuAgY in Fig. 5. At all
temperatures, the adsorption equilibrium increased with initial
This journal is © The Royal Society of Chemistry 2017
sulphur concentration due to concentration driving force.
At 313 K, the sulphur capacity on CuAgY increased from
18.61 mgS g�1 to 60.98 mgS g�1.

4.3. Modeling of adsorption isotherms

Five error functions were used to t the experimental data and
SNE was applied to evaluate the best error function for the
Langmuir, Freundlich, and Sips models. The model parameters
and error functions results are summarised in Table 6. MPSD
was accounted as the best error function for estimating the
isotherms due to the minimum SNE as highlighted in bold type
in Table 6. The lowest SNE using the MPSD function were
calculated as 4.344, 3.568, and 4.139 for Langmuir, Freundlich
and Sips models, respectively. The modeling results for all three
models and temperatures are compared in Table 7. The Sips
model has lowest MPSD values and highest R2, which indicate
that the Sips model ts the isotherms of TP adsorption on
CuAgY best. The experimental adsorption data were tted using
the three isotherm models, which are shown in Fig. 6.

4.4. Adsorption kinetics

The kinetics of sulphur adsorption on CuAgY was analyzed with
three widely used kinetic models for adsorption processes
including pseudo-rst-order, pseudo-second-order, and intra-
particle diffusion models. Similar to the analysis of isotherms
above, the ve error functions were used and SNE were evalu-
ated to determine the best error function for the pseudo-rst-
order and pseudo-second-order models. Model parameters
and error functions analysis results are given in Table 8. The
SNE values in bold shown in Table 8 indicated that the SSE error
function was best one for optimizing the kinetics. The param-
eters estimated for different temperatures using the two
kinetics models as well as the SSE and R2 values are shown in
Table 9. It was found that the pseudo-second-order model had
the lowest SSE values and R2 values above 0.99, which indicated
that this model t the uptake curve of sulphur on CuAgY best.
Fittings of experimental data with the pseudo-rst-order and
pseudo-second-order models are demonstrated in Fig. 7 and 8.
The rate constant k2 of the pseudo-second-order model were
0.00286, 0.00301, 0.00271 g mg�1 min�1 for different tempera-
tures and the model predicted qe was close to the actual qexp.
Hence, the pseudo-second-order kinetic model tted the data
better than the pseudo-rst-order model. Furthermore, Fig. 9
shows the tting of the intra-particle model with the kinetic
data. The lines of the intra-particle diffusion model mainly
contained three fractions at all temperatures. It was found that
this model cannot describe the adsorption kinetics of sulphur
of CuAgY. It was observed that the gure lines in the Fig. 9 had
three fractions. The rst fraction indicated the rapid adsorption
of TP molecules on the external surface of CuAgY through the
boundary lm. The second fraction indicated that TP molecules
moved from the external surface to the active intra-particle sites
the rate of which was controlled by the intra-particle diffusion
resulting in a slower uptake rate. The last fraction was the
equilibrium stage there no further adsorption occurred. The
dotted lines of the intra-particle diffusion model did not pass
RSC Adv., 2017, 7, 51528–51537 | 51533
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Table 8 SNE and error analysis for the pseudo-first-order and pseudo-second-order kinetic at 303 K

SSE HYBRID ARE MPSD SAE

Pseudo-rst-order
qe (mgS g�1) 46.91 46.70 47.96 47.96 47.96
k1 (min�1) 0.1065 0.1083 0.1034 0.1034 0.1034
SSE 39.47 39.66 44.50 44.50 44.50
HYBRID 13.85 13.78 15.86 15.86 15.86
ARE 4.233 4.370 4.038 4.038 4.038
MPSD 14.40 14.87 13.74 13.74 13.74
SAE 15.74 16.17 14.60 14.60 14.60
SNE 4.671 4.760 4.751 4.751 4.751

Pseudo-second-order
qe (mgS g�1) 51.66 52.06 52.12 50.95 50.66
k2 (g mg�1 min�1) 0.00286 0.00268 0.00248 0.00285 0.00315
SSE 19.06 19.99 25.95 22.90 21.37
HYBRID 9.744 9.260 10.82 10.35 11.52
ARE 3.408 3.394 3.185 3.325 3.503
MPSD 11.59 11.54 10.83 11.31 11.92
SAE 9.441 9.916 9.829 9.533 9.317
SNE 4.478 4.511 4.748 4.640 4.763

Table 9 Comparison of the pseudo-first-order, pseudo-second-
order kinetic, and Intra-particle models for sulphur adsorption on
CuAgY

Temperature (K)

303 313 323

qexp (mgS g�1) 48.95 54.08 60.98

Pseudo-rst-order
qe (mgS g�1) 46.90 51.83 57.34
k1 (min�1) 0.1065 0.1172 0.1177
R2 0.9819 0.9824 0.9727
SSE 39.47 46.08 88.43

Pseudo-second-order
qe (mgS g�1) 51.66 56.61 62.73
k2 (g mg�1 min�1) 0.00286 0.00301 0.00271
R2 0.9910 0.9960 0.9956
SSE 19.06 9.99 13.70

Intra-particle diffusion
C (mgS g�1) 16.45 19.47 21.29
k (mg g�1 min�0.5) 3.213 3.450 3.871

Fig. 7 Uptake curves of sulphur adsorption on CuAgY fitted by the
pseudo-first-order model.
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through the origin point, which indicated that the intra-particle
diffusion was inuenced by the boundary layer diffusion.28,52
Fig. 8 Uptake curves of sulphur adsorption on CuAgY fitted by the
pseudo-second-order model.
4.5. Adsorption thermodynamics

Thermodynamic parameters including DH0 and DS0 were ob-
tained from the Van's Hoff plot of ln Kp against 1/T shown in
Fig. 10 and the calculated parameters are listed in Table 10. The
negative values of Gibbs free energy change (DG0 < 0) indicated
that the adsorption of sulphur on CuAgY was a spontaneous
process. The value of DG0 became more negative with the
increasing of temperature indicating that the increase of
temperature favored the adsorption. The negative value of DH0
51534 | RSC Adv., 2017, 7, 51528–51537 This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The plot of qt versus t0.5 for sulphur adsorption on CuAgY at
different temperatures.

Fig. 10 Plot of ln Kp vs. 1/T for the estimation of thermodynamic
parameters of sulphur adsorption on CuAGY.

Fig. 11 Regeneration performance of CuY, AgY, and CuAgY for
sulphur adsorption.
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manifested that the adsorption was exothermic. The negative
entropy DS0 indicated a decrease of randomness at the solid-
solution interface during adsorption.
4.6. Regeneration

The used CuY, AgY and CuAgY were regenerated using air-
calcination at 633 K for 6 h. The capacities of the regenerated
Table 10 Thermodynamic parameters for adsorption of sulphur on
CuAgY

Zeolite
Temperature
(K) Kp

DG0

(kJ mol�1)
DH0

(kJ mol�1)
DS0

(J K�1 mol�1)

CuAgY 303 4.61 �3.83
313 3.53 �3.32 �19.11 �50.43
323 2.88 �2.82

This journal is © The Royal Society of Chemistry 2017
zeolites were evaluated with the M-6. The results shown in
Fig. 11 indicated that CuAgY lost 15.5% of capacity for sulphur
adsorption in model gasoline aer twice regeneration, while
CuY and AgY lost about 58.3% and 47.3% of its capacity,
respectively. This result showed that CuAgY had better regen-
eration performance than CuY and AgY.
5. Conclusions

Compared with the adsorption performance on NaY, CuY,
and AgY, CuAgY could be regarded as a better alternative,
inexpensive, and environmentally benign adsorbent for
removing TP. The types of cations and their exchange degree
of zeolites were the important factors inuencing the
adsorption performance. Experimental results indicated that
CuAgY had a higher adsorption capacity for sulphur
(60.98 mgS g�1 at 323 K) than CuY (34.92 mgS g�1) and AgY
(38.52 mgS g�1) studied in this work, and most other adsor-
bents in the literature. The isothermal equilibria could be
represented by the Sips model using the MSPD error function
and the kinetics of the adsorption process could be described
by the pseudo-second-order model with the SSE error func-
tion. The negative values of DG and DH showed that the
adsorption was spontaneous and exothermic. Aer twice
regeneration, the sulphur adsorption capacity of CuAgY
maintained at 50.65 mgS g�1 (15.5% loss), while the CuY and
AgY lost 58.3% and 47.3% capacity, respectively, which
showed that CuAgY had a good regeneration performance.
Further studies are needed to study the effect of the relative
content of Cu and Ag on CuAgY on the adsorption perfor-
mance. As a bimetallic adsorbent, CuAgY with higher sulphur
capacity and good regeneration presented a valuable refer-
ence for the further research.
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Abbreviations
C0
51536
Initial sulphur concentration (mg L�1)

V
 Volume of model gasoline (L)

m0
 Mass of adding adsorbent (g)

Ce
 Equilibrium concentration of sulphur in model gasoline

(mg L�1)

Cs
 Concentration of adsorbate adsorbed onto the adsorbent

at equilibrium (mg L�1)

qe
 Uptake of the adsorbate by the adsorbent at equilibrium

(mgS g�1)

qm
 Maximum capacity (mgS g�1)

qt
 Uptake of the adsorbate by the adsorbent at time t (mgS

g�1)

KL
 Langmuir equilibrium constant (L mg�1)

Kf
 Freundlich adsorption isotherm constant [(mg g�1)(L

mg�1)1/n]

1/n
 Freundlich constant

Q
 Sips characteristic parameters (mgS g�1)

b
 Sips constant (L mg�1)

m
 Sips constant

Kp
 Sorption distribution coefficient

DG0
 Free energy of sorption (kJ mol�1)

DH0
 Enthalpy changes (kJ mol�1)

DS0
 Entropy changes (J K�1 mol�1)

T
 Absolute temperature (K)

R
 Universal gas constant (8.314 J (mol�1 K�1))

k1
 Rate constant of the pseudo-rst-order model (min�1)

k2
 Rate constant of the pseudo-second-order model (g

mg�1 min�1)

k
 Intra-particle diffusion rate constant (mg g�1 min�0.5)

qexp
 Observation from the batch experiment (mgS g�1)

qcal
 Estimate from the model (mgS g�1)

qaexp
 Average of qexp (mgS g�1)

n
 Number of observations in the experimental isotherm

p
 Number of constants in models

Vmic
 Micropore volume (cm3 g�1)

SBET
 Total surface area (m2 g�1)

Smic
 Micropore surface area (m2 g�1)
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