
ORIGINAL PAPER

Process design for gas condensate desulfurization and synthesis
of nano-13X zeolite adsorbent: equilibrium and dynamic studies

Ghasem Bakhtiari1 • Hamid Ghassabzadeh2 • Sayed Javid Royaee2 • Majid Abdouss1 • Mansour Bazmi2

Received: 11 March 2018 / Published online: 8 December 2018
� The Author(s) 2018

Abstract
This paper summarizes the results of a study of adsorption of sulfur compounds from a high-sulfur feed on improved

spherical-shaped nano-AgX zeolite. For this purpose, the nano-AgX zeolite was initially synthesized and improved with

silver compounds such as silver nitrate, and then it was utilized in the adsorption process. In order to investigate the

equilibrium and dynamics of the adsorption process, adsorptive desulfurization of real feed (i.e., sour gas condensate from

the South Pars gas field) was carried out in batch and continuous processes under several operating conditions; a tem-

perature-dependent Langmuir isotherm model was used to fit the equilibrium data. The value of monolayer adsorption

capacity (qm) and adsorption enthalpy DHð Þ were calculated to be 1.044 mmol/g and 16.8 kJ/mol, respectively. Fur-

thermore, a detailed theoretical model was employed in order to model the breakthrough experiments. The results revealed

that an increase in the feed flow rate and 1=T values will cause linear and exponential increase in the total mass transfer

coefficient (ks). Isotherm and dynamic breakthrough models were found to be in agreement with the experimental data.
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1 Introduction

The South Pars gas field in Iran, one of the world’s largest

gas fields, produces huge amounts of gas condensate.

While gas condensate is frequently used as fuel in many

countries, it can contain large amounts of sulfur com-

pounds that are considered to be hazardous and harmful to

the environment. Therefore, gas-producing countries need

to reduce the sulfur content of their produced gas con-

densate to amounts less than 10 ppm, and for this purpose,

a variety of desulfurization technologies have been

introduced.

Nowadays, development of high-performance desulfur-

ization techniques to produce sulfur-free motor fuels has

become one of the important fields of study around the

globe. Among different technologies to remove the sulfur

compounds, the adsorption technology simply employs

adsorbents such as zeolites, silica, carbonaceous material at

low temperature and pressure to reduce the sulfur content;

therefore, it has been an attractive solution for the cus-

tomers due to the very user-friendly operational conditions.

For comparison sake, HDS (hydrodesulfurization), one

of the conventional desulfurization processes employed at

many refineries for sulfur removal from gas oil and gaso-

line, is a process with highly inconvenient requirements

that lead to intensive operating conditions such as high H2

pressure (of about 60–100 bars) and high temperature of

about 250–350 �C (Song 2003). Evidently, HDS technol-

ogy has very high operating costs in comparison with

adsorption technology.

While other technologies such as bio-desulfurization,

extractive desulfurization and oxidative desulfurization

have also been introduced, with the intention of producing

very low sulfur fuels (Song 2003; Tang et al. 2015; Sano

et al. 2004; Li et al. 2004), desulfurization by using an

adsorption process is still more desirable in terms of
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operating conditions and expenditures. For example, bio-

desulfurization needs huge towers and oxidative desulfur-

ization has significant losses in production of the low-sulfur

product.

In this context, the selective adsorption desulfurization

(SADS) technique is a method that is simply based on

employing compounds which adsorb sulfur. Previous

studies have revealed that impregnated and ion-exchanged

zeolites, which are fairly inexpensive and have a high

degree of selectivity, can be used as effective adsorbents

for SADS (Sun et al. 2015; Tian et al. 2010).

In some studies, adsorbents for desulfurization have

been developed using p-complex interactions and

researchers have used transition metal ions, such as Zn2?,

Ag?, Cu?, Ni2? that were impregnated in zeolites, to

selectively remove sulfur compounds from motor fuels

(Song et al. 2014; Hernández-Maldonado et al. 2005). The

desulfurization reaction mechanism indicates that the

interaction between sulfur compounds and transition metal

ions is stronger than that between transition metal ion and

olefins or aromatics. While these p-complex interactions

are capable of desulfurization, it is noticeable that the

existence of a considerable amount of olefin and aromatic

molecules in motor fuels will ultimately result in a

decrease in desulfurization.

In the meantime, other researchers have focused on

selectivity of ion-exchanged zeolites as adsorbents for

sulfur removal from motor fuels (Lin et al. 2011; Bakhtiari

et al. 2016a, b; Wang et al. 2009a, b; Duan et al. 2012; Shi

et al. 2012). Investigation of the sulfur–metal interaction

between the metal ions and the sulfur compounds in zeolite

adsorbents has demonstrated high selectivity of exchanged

zeolites for sulfur compounds (Lin et al. 2011; Bakhtiari

et al. 2016a, b). Furthermore, a study of some exchanged

zeolites with a high capacity for adsorption of sulfur

compounds has revealed that the capacity of the adsorbents

depends on their preparation conditions, and the metal ion

content is an important factor influencing their effective-

ness (Song et al. 2014).

In a nutshell, among several conventional and novel

desulfurization technologies applied to achieve the neces-

sary requirements for clean motor fuels, the adsorption

process is considered as the most attractive solution,

especially for desulfurization under ambient conditions

(Rashtchi et al. 2006; Hasan et al. 2012; Shen 2012).

Nowadays, numerous sorbents, e.g., impregnated or ion-

exchanged zeolites, have been synthesized and studied for

desulfurization of motor fuels (Wang et al. 2009a, b; Yin

et al. 2012; Wang and Yang 2007; Srivastav and Srivastava

2009; Cychosz et al. 2008; Bakhtiari et al. 2016a, b; Duan

et al. 2012; Subhan et al. 2012).

Many sorbents have been evaluated for use in desulfu-

rization processes. It is noteworthy that some interactions

between the active sites of the sorbents and the sulfur

compounds are viewed as an important disadvantage in

desulfurization. Hence, many attempts have been made to

determine the nature of these interactions. In this process,

the interactions are mainly based on two major mecha-

nisms (Duan et al. 2012; Shi et al. 2013), namely direct

sulfur–metal interactions and p-complexation. In compar-

isons made of these two mechanisms, the effects of pore

size of the sorbent on its sulfur removal efficiency have

been neglected. Although some desulfurization studies

have focused on meso- and nano-materials (Khaled 2015;

Sentorun-Shalaby et al. 2011; Chen et al. 2009), the

mainstream focus has been on sulfur removal through

adsorption methods, which have been evaluated for thio-

phene, benzothiophene, dibenzothiophene and their

derivatives. In some cases, experimental studies have

demonstrated CuY zeolite as being a better sorbent for

methyl benzothiophene and benzothiophene than Ag/

MCM-41 used for the adsorption of alkylated benzothio-

phene. Given that CuY zeolite is known to have smaller

pore sizes and lower sulfur capacity, the experiments

indicate that in the case of adsorbents, there is no direct

relationship between desulfurization performance and size

of the pores. Zeolite structures are ideal materials for

studying the relation between the desulfurization factor

through adsorption and the pore size (Chen et al. 2009).

In the present study, AgX zeolite was prepared by liq-

uid-phase impregnation of Ag? into the X zeolite, and then

its adsorption efficiency for sulfur components of hydro-

carbon feed solutions was investigated, with the intention

of modeling the corresponding sulfur adsorption isotherm

and breakthrough data.

2 Experimental

2.1 Preparation of adsorbents

For the separation of sulfur compounds from gas conden-

sate, nanozeolite was used as a nanoadsorbent support

(Fig. 1). In this separation process, various metal–zeolite

adsorbents were used. Single crystals of sodium X zeolite

were synthesized from hydrogel with a 3.4Na2O:Al2-
O3:2.9SiO2:150H2O molar ratio. The XRD pattern of the

nano-X zeolite, dried at 100 �C, is shown in Fig. 2.

Nano-AgX zeolite was prepared by putting nano-X

zeolite into a solution of AgNO3 (Merck, 99.99%) with a

total Ag? concentration of 4.5 wt% and impregnated at

approximately 50 �C for 2 h. The nano-AgX zeolite crys-

tals were dried by increasing the temperature from 25 to

100 �C at a heating rate of 25 �C/h and calcined in a

temperature range from 100 to 437 �C using a heating rate

of 2 �C/min. The system was maintained at this
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temperature (437 �C) for 4 h. Finally, the nano-AgX zeo-

lite crystals were cooled to room temperature and the

crystals were observed to have a light color. Experimental

details and physical characterization of AgX zeolite were

described in the next sections.

2.2 Characterization of adsorbents

The Brunauer–Emmett–Teller (BET) surface areas of AgX

zeolite were calculated from the N2 adsorption isotherms at

-196 �C using a Micromeritics ASAP 2020 surface area

and porosity analyzer. The total pore volume was calcu-

lated from the N2 adsorbed amount at P/P0 = 0.98

(Table 1).

The samples were completely pulverized, and X-ray

diffraction (XRD) patterns were collected using a Bruker

D8 Advance diffractometer with a Cu Ka monochromatic

radiation source, operated at 40 kV and 30 mA, with a scan

speed of 0.05�/0.2 s. Chemical compositions of the adsor-

bents were determined by ICP-AES (Optima 2000DV,

PerkinElmer).

The total sulfur content of the fuel was measured using

an Analytik Jena multi EA 5000 total sulfur analyzer

(TSA) by the pyrolysis method. The detection limit of the

TSA was 500 ppbw. To determine the sulfur content as

well as sulfur speciation, fuel samples were analyzed in an

Agilent GC-7890 unit equipped with an EC-5 capillary

column 30 m(L) 9 0.32 mm(ID) and a flame photometric

detector.

2.3 Preparation of feed

Commercial gas condensate as a real feed was provided

from the Iranian South Pars field. Commercial gas con-

densate with high sulfur concentration (more than 4500

ppmw) was caustic wash treated in 10% NaOH solution for

10 min in a mixer at 1200 rpm. Total light mercaptanes

were converted to mercaptides and transferred to the

aqueous phase and then separated in a decanter. Total

sulfur in the treated condensate measured by total sulfur

device was 3800 ppmw.

Model feed for isotherm tests was provided from thio-

phene in isooctane (concentration 400 ppm).

2.4 Batch experiments

The adsorption isotherm of thiophene on improved adsor-

bent has been obtained by batch adsorption experiments.

The solution consisting of isooctane and 400 ppm thio-

phene was used as a model fuel. The model fuel and the

impregnated adsorbent were mixed in a steel flask in a

shaker-incubator machine for 4 h at 20, 40, 55 and 75 �C.
AgX zeolite was used as a representative zeolite sample.

The model fuel (liquid) was separated from the adsorbents,

and the sulfur concentration in the liquid model fuel was

analyzed by a total sulfur analysis instrument.

The driving force behind all adsorptive liquid processes

is the departure from adsorption equilibrium, so adsorption

isotherms are important data in adsorption processes

(Ghassabzadeh et al. 2010).

Several experiments in batch apparatus were carried out

to analyze sulfur equilibrium concentration versus adsor-

bent uptake. The effect of adsorbent dosage on the

Fig. 1 TEM image of nanozeolite as an adsorbent support
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Fig. 2 XRD patterns of original NaX zeolite

Table 1 Physical properties of

nanozeolite adsorbent
Sample Metal impregnated, % Metal ion L, nm Vt, cm

3/g SBET, m
2/g

Nano-AgX zeolite 5.53 Ag 3.2 0.18 230.16

SBET: BET area, m2/g; Vt: total pore volume, cm3/g; L: average pore size, nm
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adsorption of sulfur components is illustrated in Fig. 3. In

these experiments, the initial condensate volume was

10 mL. As expected, increasing the adsorbent content in

the mixture increases the uptake of sulfur from the con-

densate. Increasing temperature increases the adsorption

amount as shown in Fig. 3. The maximum uptake was 76,

65%, 47% and 45% at 75, 55, 40 and 20 �C, respectively.
Jiang and Ng (2010) and Sari et al. (2007) reported similar

behavior for removal of sulfur components from gasoil

onto NaY zeolite. Song et al. (2015) obtained an increase in

sulfur adsorption capacity of AgY zeolite at higher tem-

peratures. Also, Singh et al. (1988) have used red mud for

the removal of 1-butanethiol from kerosene and diesel oils

in a temperature range from 25 to 45 �C. They concluded

that higher temperatures favor the removal efficiency.

2.5 Breakthrough experiments

In the adsorption test, a reciprocating pump with constant

liquid flow was used to provide feed stream to the exper-

imental setup for the adsorption test, as shown in Fig. 4.

The flow rate in the setup was measured by a bypass line

prior to injection to the reactor. Typically, 4.8 g of AgX

zeolite was packed in a stainless steel reactor with an inner

diameter of 10.51 mm and a length of 790 mm. The total

volume of the adsorption bed was 26,578 mm3. An

appropriate particle size of adsorbent was obtained in the

range between 140 and 260 lm. A tubular heat exchanger

was used for heat treatment and temperature maintenance.

Operational temperature for the adsorption process was 20,

40, 55 and 74 �C. In this continuous adsorption test, sulfur

adsorption capacity of the adsorbent reduced over time.

The sulfur concentration of the feed and treated product

after passing through the adsorbent was measured by a total

sulfur analyzer (Analytik Jena multi EA 5000).

Several breakthrough experiments were carried out in

this apparatus. In these experiments, effects of feed flow

rate and adsorption temperature were investigated. In

Fig. 5, adsorption of sulfur (concentration vs. time) is

illustrated. It shows that increasing the feed flow rate will

cause faster breakthrough and a more narrow mass transfer

zone (MTZ). Figure 6 illustrates sulfur adsorption break-

through in four different temperatures. Adsorption iso-

therms revealed that increasing temperature will lead to
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more adsorption of sulfur components. Increasing temper-

ature in breakthrough experiments (Fig. 6) caused MTZ

and gave more time to saturate the zeolite.

3 Results and discussion

3.1 Characterizations

The Ag-impregnated adsorbents were dark, although the

synthesized zeolites before impregnation were completely

white. The XRD pattern for synthesized zeolite is shown in

Fig. 2. Several peaks at 2.2�, 2.80�, 2.9�, 3.3�, 3.8�, 7.6�,
9.0�, 14.1�, 38.1�, 44.3�, 64.5� and 78.3�A are seen in the

XRD pattern. There were no changes in NaX zeolite

crystallinity (synthesized nanozeolite). XRD analysis was

carried out to identify the NaX zeolite structure (Fig. 2).

The NaX zeolite reflections did not demonstrate any sig-

nificant differences in comparison with other NaX zeolites.

XRD analysis revealed that synthesized NaX zeolite has

similar X-ray diffraction intensity to that of 13X zeolite.

There are similar peaks in the present XRD and original

XRD patterns in the literature (Zhang et al. 2013). The

peaks show that the NaX zeolite as an adsorbent support

has kept its original crystal structure. Figure 2 shows the

XRD pattern of this nanoadsorbent support. The position of

peaks and their intensities were similar to the other

reported data by Zhang et al. (2013). It was concluded that

the nanoadsorbent support of NaX zeolite had been

synthesized.

The FTIR spectrum for our nanozeolite is shown in

Fig. 7. There are several peaks, at 667, 751 and 974 cm-1

with a shoulder at 1054 cm-1 for skeletal vibration peaks

and main characteristics as a tetrahedron stretching vibra-

tion peak. T–O is a bending vibration peak at 458 cm-1,

and double 6-ring vibration peak of 563 cm-1 and peak of

3466 cm-1 show the Si–OH on the zeolite structure, and

the main characteristic of peak at 617 cm-1 is for AgX

zeolite. The IR analyses reveal that the synthesized

nanozeolite after silver impregnation shows little change in

the nanozeolite structure. The absorption bands from 1350

to 1450 cm-1 indicate the amorphous zeolite structure of

the samples. These are due to the progress of the amor-

phous phase to crystalline zeolite phase. Amorphous phase

bands are completely weak in NaX zeolite. Only absorption

bands for pure zeolite remained. The FTIR spectra for the

nano-AgX zeolite are shown in Fig. 7 with (ax), and the

FTIR spectra for the nano-NaX zeolite are shown with

(x) in Fig. 7.

The role of pores in the adsorbent structure and their

performance due to surface chemistry and surface complex

formation are very important. The N2 isotherm for the

adsorbent structure for adsorption/desorption at -196 �C is

shown in Fig. 8. This figure shows distribution of pores for

AgX zeolite and NaX zeolite and their isotherms. The

Barrett–Joyner–Halenda (BJH) method showed pores with

uniform distribution. The Brunauer–Emmett–Teller (BET)

method for porous material (for example, zeolite
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adsorbents) provided the surface area in a pressure range of

0.01–0.25 (Fig. 8). Table 1 demonstrates total pore volume

and BET area and pore size in the nanoadsorbent by filling

the nanoadsorbent with liquid nitrogen in boiling operation

conditions. These data (Table 1) explain the fact that the

synthesized X zeolite particles have low crystallinity

meaning that the X zeolite particles have relatively high

total pore volume.

Figure 1 shows a TEM image of the new nanozeolite

and precipitated clusters in nanosize that were synthesized

from hydrogel. Average size for nanocrystals is about 30

nm (Fig. 1).

3.2 Adsorption isotherm evaluation

In the following, the obtained experimental data are used

for estimating adsorption isotherm model parameters. The

adsorption isotherms reveal the specific relation between

the concentration of sorbent and its sorption degree onto

the adsorbent surface at specific temperature.

The Langmuir adsorption isotherm model assumes that

adsorption takes place at specific homogeneous sites within

the adsorbent. This model can be applied successfully in

many monolayer adsorption processes. This isotherm

model can be expressed as:

qe ¼
qm � KL � Ce

1þ KL � Ce

ð1Þ

where qe and Ce are the uptake of adsorbent and adsorbate

concentration in equilibrium; qm is the monolayer adsorp-

tion capacity (mmol/g), and it is a temperature-independent

constant; and KL is the Langmuir adsorption equilibrium

constant (mmol/cc) at a specific temperature. The temper-

ature dependence of adsorption equilibrium constant KL

follows the van’t Hoff equation:

KL ¼ KL:0 � exp �DH0

RT

� �
ð2Þ

A least squares method was used to estimate Langmuir

model parameters using experimental data at different

temperatures. qm, KL:0 and DH were selected as tuning

parameters. Minimization of the least squares objective

function was done by the Nelder–Mead algorithm. Nelder–

Mead is a direct search method based on the simplex

algorithm (Ruthven 1984). Observed results are summa-

rized in Table 2. The final value of the objective function

after minimization was 1.2 9 10-8 which is relatively

small.

In the next step, for verifying isotherm model results, the

average absolute value of relative error (AARE) values

were calculated at different temperatures. AARE is used to

evaluate relative error of model predictions compared to

experimental observed values. AARE is calculated from

following equation:

AARE% ¼ 1

N

XN
i¼1

Predicted value� Experimental valuej j
Experimental value

� 100

ð3Þ

In which N is the number evaluated points. The AARE

values were 5.2%, 13.8%, 6.9% and 5.5% at 20, 40, 55 and

75 �C, respectively. Results of Langmuir isotherm models

along with experimentally observed data are also repre-

sented in Fig. 9. Results reveal good agreement between

Langmuir isotherm prediction and experimental data.

The value of qm is calculated to be 1.044 mmol/g. This

parameter represents maximum theoretical uptake capacity

of adsorbent. A comprehensive coverage of different

adsorbents under different environmental conditions can be

found in the format of several publications. It may be seen

that qm values differ widely for different adsorbents. From

Table 3, it can be concluded that AgX zeolite exhibits good

adsorption capacity toward sulfur components.

3.3 Breakthrough evaluation

In this section, physical phenomena governing break-

through experiments are modeled and related mathematical
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Fig. 9 Isotherm data plot (points: experimental results; lines: Lang-

muir isotherm; Ce: sulfur concentration; qe: adsorption capacity)

Table 2 Isotherm model parameter values for the adsorption of sulfur

components onto AgX

Isotherm T, �C qm, mmol/g KL:0, L/g �DH, kJ/mol

Langmuir 20, 40, 55, 74 1.044 3393.9 -16.84

qm: saturation capacity of adsorbent, mmol/g
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equations are described. The following assumptions are

considered in breakthrough mathematical modeling:

• All sulfur components are lumped into a single sulfur

pseudo-component.

• Only sulfur pseudo-component is adsorbed on AgX

zeolite.

• There is no pressure drop across the bed, because bed

dimensions are relatively small.

• The liquid velocity is constant along the bed.

• Liquid density is constant.

• Breakthrough experiments are done in isothermal

conditions.

• Radial distribution of solutes was neglected in the fixed

bed.

• All mass transfer resistances including intra-pellet mass

transfers and the adsorption/desorption reactions are

lumped into a single, overall mass transfer coefficient.

For the liquid phase, the mass balance equation will be

as follows:

vL
oCbk

oz
þ �

oCbk

ot
þ 1� �ð Þqs

oq

ot
� �Dax

o2Cbk

oz2
¼ 0 ð4Þ

where Cbk is the molar concentration of adsorbate (kmol/

m3); vL is the liquid superficial velocity (m/s); e is the bed

interparticle void fraction; qs is the solid bulk density (kg/

m3); q is the adsorbate loading on adsorbent (kmol/kg) at

any time (t) and distance (z). Dax is the axial dispersion

coefficient estimated from the following correlation (Press

et al. 1992):

vLrp

Dax

¼ 0:2þ 0:011
Re

�

� �0:48

ð5Þ

where rp is the adsorbent particle radius (m) and Re is the

particle Reynolds number (
rpqLvL

l ). For the solid adsorbent

phase, the mass balance equation can be expressed as

follows:

oq

ot
¼ ks qe � qð Þ ð6Þ

qe is the adsorbate loading on the adsorbent that would be

at equilibrium with the actual liquid-phase concentration.

The value of qe is calculated from the isotherm model

Eq. (1). ks is the overall mass transfer coefficient (1/s).

Equation (4) is a second-order partial differential

equation (PDE) which is coupled with an ordinary differ-

ential equation (ODE) (6) and an algebraic Eq. (1). Solving

these equations requires initial and boundary conditions.

These conditions are specified as follows:

Cbk z � tð Þjt¼0¼ 0 ð7Þ

q z � tð Þjt¼0¼ 0 ð8Þ

Cbk z � tð Þjz¼0¼ C0
bk ð9Þ

oCbk z � tð Þ
oz

����
z¼L

¼ 0 ð10Þ

A central finite difference discretization method was

used to convert these PDE and ODE equations to a system

of algebraic equations. All these equations were solved

numerically. All properties in Eqs. (4)–(10) are known

apart from ks which should be estimated based on experi-

mental data. KL and qm in Eq. (1) as described in the

previous section are estimated from batch experiment

results. All other physical and chemical properties which

are required in the model are summarized in Table 4.

For tuning the overall mass transfer coefficient (ks), an

objective function, Eq. (11) was defined subject to Eqs. (1)

and (4–6) representing the difference between the simula-

tion results and operating data from the adsorber tube

outlet. The Nelder–Mead optimization algorithm (Ruthven

1984) was employed to minimize the objective function.

min
ks

Xi¼n

i¼1

Cbk z ¼ L � tið Þ � Cexp tið Þ
Cexp tið Þ

� �2
ð11Þ

In this equation Cexp tið Þ and Cbk z ¼ L � tið Þ represent the

measured value and model output at the bed outlet in time

ti, respectively. In Table 4, the final values of the objective

function (11) and tuned mass transfer coefficient (ks) are

reported. In all breakthrough experiments, the observed

objective function values are relatively small and of the

order of 2� 10�4 indicating good agreement between

experimental measured values and model outputs. In

Fig. 10a–g, experimental and model sulfur outlet

Table 3 Comparison of

adsorption potential of various

adsorbents for sulfur component

removal

# Adsorbent Sulfur component qm, mmol/g References

1 AgY zeolite DBT 1.10–1.23 Jiang and Ng (2010)

2 CeY zeolite Thiophene 0.43 Lin et al. (2011)

3 Nanofiber DBTO2 0.26 Ogunlaja et al. (2014)

4 MWCTN DBT 0.73 Khaled (2015)

5 Activated carbon/Al2O3 DBT 2.6 Nazal et al. (2015)

qm: saturation capacity of adsorbent, mmol/g
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Table 4 Optimized equation

results by tuning the mass

transfer coefficient (ks)

# Feed flow rate,

cc/min

Temperature, �C ks, 1/s Objective function values

1 1.8 20 7.90E-05 2.27E-04

2 1.8 40 5.43E-05 8.82E-05

3 1.8 60 3.02E-05 3.00E-04

4 1.8 74 2.56E-05 2.86E-04

5 0.8 40 5.16E-05 2.59E-04

6 2.8 40 6.38E-05 2.11E-04
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Fig. 10 Experimental and model breakthrough curves (Cout: product sulfur concentration, F: feed flow rate)
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concentrations are also compared versus run time. Results

show good agreement of model results with experimental

data.

The results in Table 4 show that by increasing the

adsorption temperature at a constant feed flow rate (1.8 cc/

min), the total mass transfer coefficient was decreased. The

values of ln ks versus 1=T are plotted in Fig. 11. It illus-

trates that there is a linear relationship between ln ks and

1=T . Hence, an empirical correlation between the total

mass transfer coefficient and adsorption temperature can be

expressed as the following equation:

ks ¼ ks0e
� E

RT ð12Þ

From Fig. 11, the values of ks0 and E in Eq. (12) are

calculated to be 4.050 9 10-8 (1/s) and -18.53 (kJ/mol),

respectively. A negative value of E in this equation means

that an increasing temperature will lead to a smaller mass

transfer coefficient (ks). A lower mass transfer coefficient

means a lower mass transfer rate. Also, as presented in

isotherm evaluations, increasing temperature will cause a

higher adsorption capacity. Higher adsorption capacity and

lower mass transfer rate will lead to a wider mass transfer

zone (MTZ) in breakthrough curves which is in agreement

with experimental results in Fig. 6.

Figure 12 illustrates that increasing the feed flow rate at

constant temperature has slightly increased the total mass

transfer coefficient. A higher mass transfer rate will lead to

a more restricted MTZ which is in agreement with obser-

vations in Fig. 5: A higher flow rate causes a fast break-

through and a narrow MTZ.

4 Conclusion

In this research, adsorption of sulfur components on AgX

zeolite has been studied. Experiments were carried out in a

batch container that showed increasing adsorption tem-

perature will lead to more uptake of sulfur components.

The maximum sulfur uptake was about 76% at 74 �C.
A Langmuir adsorption model was used to model adsorp-

tion isotherm data. Good agreement between the model and

experimental data was obtained. The presented Langmuir

model is capable of predicting isotherms of sulfur

adsorption on AgX zeolite in the range of 20–74 �C. Our
experimental results and calculated adsorption enthalpy

(DH[ 0) revealed that the adsorption of sulfur compo-

nents on AgX zeolite is an endothermic process.

In addition to adsorption equilibrium studies, break-

through evaluations were carried out in a dynamic

adsorption apparatus. Adsorption temperature and feed

flow rates were investigated in these studies. Conservative

mass transfer equations were applied to model concentra-

tion of the sulfur components in the column outlet. In the

represented model, all mass transfer resistances were

lumped into an overall mass transfer coefficient (ks). An

objective function was defined to tune the overall mass

transfer coefficient based on experimental results. Good

agreement between the model output and experimental data

was obtained. Results of the model showed that the

breakthrough time of the sulfur removal would occur in the

range of 36–138 s from the beginning of the adsorption

process. Increasing the feed flow rate will lead to a faster

breakthrough. Total mass transfer coefficient values were

calculated at different adsorption temperatures. The results

emphasized that the overall mass transfer coefficient was

correlated with an empirical exponential equation

(ks ¼ ks0e
� E

RT). Also, the increasing feed flow rate caused a

slight increase in the mass transfer coefficient as expected.

Experimental results and the model results revealed that
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low feed flow rates and high adsorption temperature will

cause a wide MTZ in breakthrough curves.

Finally, it was concluded that nano-AgX zeolite was

successfully synthesized. The experimental results

demonstrated that nano-AgX zeolite could effectively

adsorb sulfur compounds from the gas condensate feed.

Isotherm investigations revealed high performance for the

sorption of sulfur compounds on the nanoadsorbent.

Mathematical models were studied for investigation of

different factors affecting the dynamic behavior of

adsorption to adsorbents. The mass transfer coefficient and

the factors influencing it were investigated and reported.
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