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Copper supported on Engelhard Titanosilicate-2 (ETS-2) showed to be a promising adsorbent
for deep H2S removal (to sub-ppm levels) for gas purification applications at room temperature.
Because of the high external surface area and the cation exchange capacity of ETS-2, Cu ions are
highly dispersed and very accessible to H2S molecules. In this study, H2S column breakthrough
experiments are analyzed by a dynamic model based on the rigorous mass balance equations
applied to the fixed-bed. The proposed model also includes the chemical reaction term, which is
affected by the deactivation of the solid phase. Temperature-programmed desorption tests provided
insight on the material characterization as well as on the relative magnitudes of the H2S-material
interactions.
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1. INTRODUCTION
Sulfidation reactions between metal oxides and H2S are
widely applied in the industrial H2S removal plants in
wide range of working temperatures.1–6 At room tempera-
ture, high surface area materials such as zeolites,7–9 carbon
sorbents,10�11 mesoporous and silica material8�12–15 are fre-
quently used as supports to load metal/metal oxides and
improve H2S uptake by high dispersion of active sites.
Recently, a unique titanosilicate material (ETS-2) was syn-
thesized and loaded with Cu active sites, Cu-ETS-2, for
deep H2S removal (to sub-ppm levels) for gas purifica-
tion applications at room temperature.16�17 Cu-ETS-2 dis-
played the most promising adsorbent in comparison to
a fully developed commercial H2S adsorbent and other
tested metal-exchanged ETS-2. Also, Cu-ETS-2 has the
chemical environment favorable for decomposition of H2S.
Since it has been shown that a transition-metal ion,18–23

metal oxides24 and TiO2 surface
25 enhance H2S adsorption

by facilitating its dissociation to HS− and S− ions, which
may further react and form sulfide products.26

Although several studies focused on the development of
H2S sorbents at low temperatures and measurements of the

∗Author to whom correspondence should be addressed.

breakthrough curves, the column dynamics are still poorly
understood and differ for many of the sorbents studied.
Much progress has been made for the column dynam-
ics and interactions of gases with physisorbents without
any chemical reaction included27–30 and less attention to
chemisorption and surface reactions.31 For H2S compound
less attention was paid to the investigation of the adsorbent
by a dynamic model, which considers both chemisorption
of H2S molecules on the surface and deactivation of the
solid.
In general, textural variations of solid reactants, changes

in active surface area, reactivity of the solid and formation
of a dense product layer over the solid reactant cause a
significant decrease in activity of the solid reactant dur-
ing reaction.32�33 Deactivation models34�35 were reported to
predict the reaction rates of such gas–solid non-catalytic
reactions. However, the models were considering pseudo-
steady state conditions36–42 in which the dynamic deacti-
vation is included in the activity term implicitly.
The objective of this work is to gain a better under-

standing of the transport phenomena occurring during the
adsorption of ppm level H2S on a copper-ETS-2 packed
bed column. Breakthrough adsorption experiments at room
and higher temperatures (up to 250 �C) were performed.
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A continuum mechanics-based model was developed to
support the analysis of experimental data obtained from
dynamic column breakthrough tests. The model includes
the chemical reaction term, which is affected by the
deactivation of the solid phase. Temperature-programmed
desorption (TPD)43–46 experiments of H2S on Cu-ETS-2
provided a further insight of the different H2S-material
interaction energy levels.

2. EXPERIMENTAL DETAILS
2.1. Materials
Synthesis of ETS-2 and the ion exchange procedure to
make Cu-ETS-2 were followed as explained previously.17

The final solid powder was pressed into a binderless dense
disk and then crushed and sieved with the 0.297 mm to
0.595 mm (No. 30 to 50 mesh) fraction for use in the
column dynamic sulfidation test experiments.

2.2. Adsorption Tests
Figure 1 shows a process flow diagram of the experimen-
tal setup for the H2S breakthrough tests. The adsorption
experiment was carried out by flowing a certified H2S +He
gas mixture (Praxair) of known composition (10 ppm H2S)
through the packed bed at different temperatures. The feed
gas inlet flow rate was set up at 100 sccm by using a mass
flow controller (MFC, scaled for 0–700 cc/min gas flows,
Alicat Scientific). Packed-bed properties and test condi-
tions are given in Table I.
The bed exit gas stream was sent to a gas chromato-

graph (GC) equipped with MXT-1 column (Restek) and a
FPD detector to determine the H2S concentration.16 The
H2S mole fraction, y�t�, in the column exit was recorded
as a function of time until the effluent gas H2S composition

Figure 1. Schematic flow diagram of test apparatus.

Table I. Packed-bed properties and operation conditions.

Packed-bed

Adsorbent weight [mg] w = 30
Bed internal diameter [cm] db = 0�38
Bed void fraction �b = 0�37
Packed bed density [g/cm3] �b = 1�1

Operation condition

Temperature [�C] T = 25, 150 and 250
Pressure [kPa] P = 101�3
Gas flowrate [standarda cm3/min] Q = 100

Note: a25 �C and 101.3 kPa.

approached the column inlet yin (H2S breakthrough pro-
files). Blank correction was neglected due to the prompt
H2S response for the empty column including glass
wool.
The spent column was then purged by flowing inert He

(purity: 99.995%, Praxair) through it and simultaneously
was heated at the rate (� = 10 �C/min) up to 500 �C in
order to facilitate the desorption of H2S molecules. Then
it was cooled to near-ambient temperature. For the tem-
perature program, the packed column was heated exter-
nally with a tube furnace (Barnstead Thermolyne-21100)
attached with 4836-Temperature controller (Parr Instru-
ment Company, USA). Another K-type thermocouple was
also inserted inside the tubes to monitor the temperature
at the column exit.
The entire tubing from H2S cylinder to GC was made of

Sulfinert tubes (Restek) to prevent any sulfidation on the
tubing. Flow rate of the GC exit gas was measured using a
bubble flow meter. In order to assure safe laboratory exper-
iments the whole experimental set-up was located inside
the fume hood.
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Figure 2. Illustrating image of a diluted H2S flowing through a packed bed column of copper-ETS-2 including SEM image of Cu-ETS-2. SEM image
Reprinted with permission from [17], S. Rezaei, et al., Chem. Engi. Sci. 123, 444 (2015). © 2017, Elsevier.

3. MASS TRANSPORT MODEL FOR THE
H2S BREAKTHROUGH SIMULATION

3.1. System Modeling
Figure 2 shows a schematic of the system for model-
ing, which is basically described as a diluted H2S stream
flowing through a packed bed column of copper-ETS-2
adsorbent material. For the modeling of H2S adsorption
by a packed-bed of copper-ETS-2, reasonable assumptions
were made, as follows:
(1) One dimensional model. Concentration gradient along
the axial direction of the bed was considered.
(2) Negligible axial dispersion effects.
(3) Ideal gas law was valid in a gas stream of very low
concentration of H2S in He (10 ppm) at the experimental
conditions.
(4) No heat effects were considered. Heat effects asso-
ciated with adsorption and reaction can be considered
negligible in a dilute adsorption regime.
(5) The pressure drop along the bed was negligible. The
pressure drop calculated based on Darcy’s law (dp/dt =
150�1−�b�

2	gv/�2bd
2
p) was less than 1%.47

(6) Mass transfer resistance in the gas phase was
negligible.

With these assumptions, the continuity equation48

applied within the packed-bed for H2S species (i subscript)
can be expressed as:

�b

ci

t

+�b��civ�+�b


qi

t

= 0 (1)

where ci is the H2S concentration in the gas phase
[mol/cm3] and qi is the H2S adsorbed in the solid phase
[mol/g]. v is the interstitial velocity which remains essen-
tially constant at low H2S level and can be taken out of
the divergence. �b is the bed density [g/cm3].

In the interaction associated with H2S removal by the
sorbent Cu-ETS-2, two sequential steps were assumed to
occur.

First, molecules from the gas adsorbs on the copper site
(of an energetically homogeneous sorbent) reversibly:


Cs


t
=−KfCs�1−�+Kb (2)

where parameters Kf and Kb represent the specific rate
constants for the forward and backward chemisorption
reaction, respectively, and  represents the fraction of the
sorption sites on the chemisorbent that are occupied by
the chemisorbed H2S molecules at time t � = qi/q

sat
i ).

At equilibrium, the reaction kinetic rate for the first step
is equal to zero, which describes the Langmuirian mecha-
nism of chemisorption:31

 = bci
1+bci

(3)

where b is the ratio of the specific rate constants for the
forward and backward chemisorption reactions. When the
H2S concentration gradient in the gas phase (Cs) is negli-
gible, the H2S gas phase concentration near the solid phase
(close to the interphase) can be considered essentially the
same as that one in the bulk gas phase (ci).
At low H2S concentrations, the Langmuir isotherm

model Eq. (2) is in the linear form of Henry’s equilibrium
as follows:

qi = kHci (4)

Then, Eq. (1) can be rewritten as:

��b +�bkH�

ci

t

+�bv

ci

z

= 0 (5)

Equation (5) represents a linear adsorption model in a
fixed bed and the mathematical expression is commonly
known as “The Transport Equation.”47�48 This equation and
its solution will be used as a reference point to better
understand the experimental data.
Since many reports indicated the existence of sulfida-

tion reaction of the chemisorbed H2S particles on the
surface,47�48 a second step is considered here for the con-
sumption of H2S molecules due to surface reactions in the
adsorbed phase. This can be expressed as the following
kinetic expression:

ri =−krqia (6)

where kr is the kinetic rate constant.
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Equation (6) considers a deactivation rate term a that
takes into account the change in the surface area and
activity of the solid reactant because of the decomposed
H2S on the surface or further potential of the sulfidation
reaction.31�32 Then, the overall effect of all these factors on
the kinetic rate is expressed by the variation of an activity
term introduced into the rate expression.
Taking into account the existence of chemical reaction,

the continuity equation applied in the fixed-bed can be
reformulated as:

��b +�bkH�

ci

t

+�bv

ci

z

= �bri (7)

This equation means that any change in the H2S con-
centration is associated with the convective mass transport
along the bed and the surface interactions in the adsorbed
phase.
In this work, the change of surface activity and solid

reactant consumption with time is considered proportional
to the activity and species concentration as follows:33�34

da

dt
=−kdcia (8)

where kd is the deactivation constant. Using Eqs. (4), (6)
and (7) the problem to solve is defined through the fol-
lowing PDE equation with the corresponding initial and
boundary conditions:

��b +kH�

ci

t

+�bv

ci

z

= �bKcia

@

⎧⎨
⎩
t = 0 ci = 0 for all z

z= 0 ci = coi for t > 0

(9)

where K is defined as a kinetics parameter (includes the
product of the reaction rate kr and Henry’s constants
kH · coi ) representing the H2S concentration in the column
inlet.

3.2. Numerical Resolution
A numerical method is used to replace the spatial deriva-
tives with an algebraic approximation. This effectively
removes the derivatives from the partial differential Eq. (9)
and reduces to a system of ordinary differential equations
(ODEs). Then this system of ODEs and Eq. (8) can be
integrated simultaneously by standard and well-established
numerical algorithms for initial value ODEs (ode15s in
MATLAB_R2013a). Then an optimization function (fmin-
search) is used to minimize the error between the break-
through model and experimental breakthrough curves.

3.3. Results and Discussion
3.3.1. H2S Breakthrough Concentration

Profiles on Cu-ETS-2
Figure 3 shows the H2S breakthrough experimental results
at different temperatures (25 �C, 100 �C and 250 �C).
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Figure 3. H2S breakthrough curves for Cu-ETS-2 at 25 �C, 150 �C and
250 �C.

The profiles corresponding to the fixed-bed experiments
performed at higher temperatures showed longer break-
through times. This fact suggests that the H2S cap-
ture capacity of Cu-ETS-2 becomes larger at higher
temperature.
The experimental data were first fitted with the lin-

ear fixed-bed adsorption model or “The Transport Equa-
tion” (Eq. (5)). This model considers only an adsorption
interaction without including any chemical reaction term.
Figure 4(a) shows the best fit of experimental data at
25 �C by using the “The Transport Equation.” This model
is less than perfect in fitting the experimental data. The
main issue resides in describing the “dispersion effect”
of the front during the breakthrough lapse. The model
resolution provides simulated breakthrough profiles much
sharper than those obtained from experiments.
Then, the experimental data were fitted using the model

defined by Eq. (9) which includes a chemical reaction term
(Fig. 4(b)). The comparison of Figures 4(a) and (b) shows
that the model including the reaction term (Eq. (9)) better
describes the eluting concentration front at the bed outlet.
In contrast, the adsorption model without chemical reac-
tion (Eq. (5)) provides a sharp concentration front which is
not representative of the H2S breakthrough profile obtained
using a packed-bed of Cu-ETS-2 material. The observed
concentration fronts in these experiments showed “disper-
sion effects” which can be attributed to the chemical reac-
tion step between H2S molecules and the copper sites. The
chemisorption model was able to fit the experimental data
successfully pointing out the importance of the chemical
reaction step in the model formulation.
Figures 4(c) and (d) show the 3D plots, (i.e., H2S con-

centration in ppm vs. bed length z axis and time) cor-
responding to the results of the numerical resolution of
Eqs. (5) and (9) respectively. A sharp concentration front
is shown for the case when no chemical reaction is consid-
ered (Eq. (5)). On the contrary, a concentration front pre-
senting a higher “dispersion effect” was obtained through
the numerical solution of Eq. (9) where a reaction term
was included.
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(a)
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(d)

Figure 4. The experimental data at 25 �C fitted by Eq. (5) (a), Eq. (9) (b). The 3D plots of concentration change with time along the bed at 25 �C,
Eq. (5) (c) and Eq. (9) (d).

The fitted parameters based on the model of
Eqs. (5) and (9) are given in Table II. Even though the
transport equation cannot provide a thorough description
of each curve at an individual temperature, however, the
fit of the entire data set at different temperatures resulted
in an increase of kH parameter magnitudes as tempera-
ture increases. The increase trend of the fitted parame-
ter kH suggests a higher affinity of Cu-ETS-2 material
for H2S at higher temperature, which is an indication of
temperature activated chemisorption rather than physisorp-
tion. As temperature increased from 25 �C to 250 �C,
the kH value (represents the magnitude of the chemisorp-
tion interaction of H2S molecule and the copper sites)
also increased. This is consistent with the trend obtained
for the kH values using the “Transport Equation” model

Table II. Fitted parameters for models presented in Eqs. (5) and (9) at
25 �C, 100 �C and 250 �C.

Eq. (5) Eq. (9)

Temperature kH ∗10−6 K ∗10−4 kH ∗10−6

[�C] [cm3/g] [cm3/min ·g] [cm3/g] kd ∗103 [ ]

25 5�36 5�56 1�73 3
150 9�6 16 3�04 2�9
250 19�5 9�39 6�5 1�45

without reaction. The reaction or kinetics parameter K
also increased between 25 �C and 150 �C. However, it
decreased between 150 �C and 250 �C. As temperature
increased from 150 �C to 250 �C, possibly the sulfida-
tion reaction was moderated due to the reduction of active
sites as the resulting sulfide covered the active surface.
The deactivation parameter (kd) follows an expected trend.
At 250 �C with the highest H2S capture capacity, Cu-
ETS-2 has the lowest kd which means it takes longer for
the adsorbent to get deactivated at this temperature. Thus,
when adsorption capacity is higher, adsorbent deactivates
slower (lower kd).

3.3.2. Numerical versus Analytical Resolution for the
Proposed Model

Using method of characteristics, the proposed model given
in Eq. (9) can also be solved analytically as:

c = co
{
ek/kd ·e−kd �1−ekd∝z/v�

}
(10)

where
∝= �b +pbkH

�b
Results show excellent agreement between the break-

through curves using the analytical solution of the proposed
model (Eq. (9)) versus the numerical solution (Eq. (16)),
which provides confidence about the simulation results.
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Figure 5. Temperature program desorption curve of H2S under He with
the heating rate of 10 �C/min.

3.3.3. Desorption Experiments of H2S on
Spent Cu-ETS-2

Figure 5 shows the profile corresponding to the tempera-
ture programmed desorption of H2S from Cu-ETS-2 sam-
ple which was previously saturated at room temperature.
The maximum temperature of 500 �C is selected to prevent
H2S decomposition. It has also been reported that hydro-
gen sulfide decomposition is a highly endothermic process
(�H298 = 20�25 kcal/mol) at temperatures below 527 �C
and its total conversion does not exceed 1.5–2%.49

As temperature increases, H2S molecules are desorbed
and form the desorption peaks at different temperatures.
This indicates that there are adsorption sites with differ-
ent interaction energies on the surface of Cu-ETS-2.50 The
small peak below 150 �C could be assigned to the low
energy interaction sites associated with physisorption sites
on the solid.
Previous reports18–20�22 showed that H2S adsorption on

metallic Cu and copper oxide is accompanied by dissoci-
ation and mainly interacts with the metal centers of the
oxides,24 which proceeds by two stepwise reactions:

Cu+H2Sg −→
Molecular adsorption

�Cu−SH2ads�

−→
Dissociative adsorption

��Cu−SH�ads+Hads�

These steps occur spontaneously and continue by sec-
ond hydrogen separation and further metal sulfide forma-
tion step.26 TiO2 surface, on the other hand, promotes
H2S dissociation according to the large Bronsted acid-
base reaction.25 Thus, at room temperature H2S strongly
adsorbs and disassociates on the Cu-ETS-2 surface; mostly
on metal active sites or very little on the titanate
substrate.
H2S molecules chemisorbed on copper sites requires

more energy for desorption and they start to desorb at
higher temperatures than 150 �C. The presence of consec-
utive peaks as the desorption temperature increases from
150 �C up to 500 �C suggests that copper sites on the sur-
face provide different energy interactions and chemisorp-
tion is a key interaction in the process.

4. CONCLUSIONS
Diluted H2S breakthrough experiments through a packed
bed of Cu-ETS-2 adsorbent were modeled applying the
continuity equation to the system by taking into account
the characteristics of the adsorbent material. The increase
of the H2S breakthrough times as the experimental tem-
perature increased can be explained by the growing
chemisorption interaction as temperature rose from 25 �C
to 250 �C. This was also consistent with the temperature
programmed desorption experiments which showed des-
orption peaks of larger magnitudes at temperatures higher
than 200 �C. A fixed bed model with reaction term was
able to fit the experimental data as well and it could par-
tially explain the breakthrough profiles behavior through
the increasing reaction kinetics with temperature.

NOMENCLATURE
a Deactivation rate term
b Langmuir equilibrium constant
c Concentration in fluid phase

dp Particle diameter
db Bed internal diameter
K Kinetic parameter
kd Deactivation constant
kf Mass transfer coefficient
kH Henry’s constant
kr Reaction rate constant
Lb Adsorbent bed length
P Gas-phase pressure
dP Pressure drop
Q Gas flowrate
q Concentration in solid phase
T Temperature
t Time
w Adsorbent weight
z Distance.

Greek Letters
�b Bed void fraction
 Surface coverage
�b Bed density
	 Viscosity
v Interstitial fluid velocity.
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R. Atencio, M. A. Ramos, and A. Moronta, Microporous and Meso-
porous Materials 168, 111 (2013).

16. S. Rezaei, A. Tavana, J. A. Sawada, L. Wu, A. S. M. Junaid, and
S. M. Kuznicki, Industrial and Engineering Chemistry Research
51, 12430 (2012).

17. S. Rezaei, M. O. D. Jarligo, L. Wu, and S. M. Kuznicki, Chem.
Engi. Sci. 123, 444 (2015).

18. A. N. Startsev, I. I. Zakharov, O. V. Voroshina, A. V. Pashigreva,
and V. N. Parmon, Doklady Physical Chemistry 399, 283 (2004).

19. Y. M. Choi, C. Compson, M. C. Lin, and M. Liu, Chem. Phys.Lett.
421, 179 (2006).

20. I. I. Zakharov, A. N. Startsev, O. V. Voroshina, A. V. Pashigreva,
N. A. Chashkova, and V. N. Parmon, Russian Journal of Physical
Chemistry A 80, 1403 (2006).

21. D. R. Alfonso, Surface Science 602, 2758 (2008).
22. Q. L. Tang, S. R. Zhang, and Y. P. Liang, J. Phys. Chem. C

116, 20321 (2012).
23. S. H. Chen, S. Q. Sun, B. J. Lian, Y. F. Ma, Y. G. Yan, and S. Q.

Hu, Surf. Sci. 620, 51 (2014).
24. J. A. Rodriguez, S. Chaturvedi, M. Kuhn, and J. Hrbek, J. Phys.

Chem. B 5511 (1998).
25. A. Fahmi, J. Ahdjoudj, and C. Minot, Surf. Sci. 352–354, 529

(1996).

26. J. Sun, S. Modi, K. Liu, R. Lesieur, and J. Buglass, Energy Fuels
21, 1863 (2007).

27. S. Guntuka, S. Farooq, and A. Rajendran, Industrial and Engineering
Chemistry Research 47, 163 (2008).

28. Y. Xiao, S. Wang, D. Wu, and Q. Yuan, Journal of Hazardous Mate-
rials 153, 1193 (2008).

29. S. N. Nobar and S. Farooq, Chem. Engi. Sci. 801 (2012).
30. R. Haghpanah, A. Rajendran, S. Farooq, I. A. Karimi, and

M. Amanullah, Industrial and Engineering Chemistry Research
51, 14834 (2012).

31. K. B. Lee, A. Verdooren, H. S. Caram, and S. Sircar, J. Coll. Inter.
Sci. 308, 30 (2007).

32. O. Levenspiel, Chemical Reaction Engineering; An Introduction to
the Design of Chemical Reactors, Wiley, New York (1962).

33. C. H. Bartholomew, Applied Catalysis A: General 212, 17 (2001).
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