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Abstract The hydrolysis mechanism of CS, was studied
using density functional theory. By analyzing the structures
of the reactant, transition states, intermediates, and prod-
ucts, it can be concluded that the hydrolysis of CS, occurs
via two mechanisms, one of which is a two-step mechanism
(CS, first reacts with an H,0, leading to the formation of
the intermediate COS, then COS reacts with another H,O,
resulting in the formation of H,S and CO,). The other is a
one-step mechanism, where CS, reacts with two H,O
molecules continuously, leading to the formation of H,S
and CO,. By analyzing the thermodynamics and the change
in the kinetic function, it can be concluded that the rate-
determining step involves H and OH in H,O attacking S
and C in CS,, respectively, causing the C=S double bond to
change into a single bond. The two mechanisms are
competitive. When performing the hydrolysis of CS, with
a catalyst, the optimal temperature is below 252°C.
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Introduction

CS, is a sulfur-containing organic compound that is often
found in Claus tail gas, petroleum, natural gas, and various
raw gases made from coal [1, 2]. Trace levels of CS, affects
the environment and leads to economic problems within
processes downstream, such as the syntheses of methanol,
ammonia and urea. The detrimental effect that sulfur has
upon many catalysts has been well documented [3]. Apart
from affecting catalysts, the presence of sulfur can also lead
to increased corrosion of the reactors used in refining
processes [4]. The need to remove CS, has become
increasingly important, and some technologies—including
catalytic hydrolysis, oxidation conversion, and hydrogena-
tion conversion [5-9]—have been developed to remove
CS,. Attention has recently focused on the hydrolysis of
CS; due to the mild reaction conditions and relatively few
side reactions involved, as well as the fact that it is
inexpensive [10]. Zou et al. [11] studied the hydrolysis of
CS,, and found that the equilibrium constant for this
hydrolysis logKcs, is 12.0740 at 100 °C, but only 4.5314
at 600 °C. It is thus apparent that using a suitable
temperature range is key to optimizing the conversion rate
during CS, hydrolysis.

In addition, the kinetics of CS, hydrolysis is considered
to be more complicated than the hydrolysis of another
sulfur-containing organic compound, COS [6], so it is
necessary to investigate the process of CS, hydrolysis in
detail. Up to now, there have been some experimental
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studies on the mechanism of CS, hydrolysis. Shangguang
et al. [12] investigated the hydrolysis of CS,, and noted
both a two-step and a one-step mechanism, as shown in
reactions (1) and (2) below, respectively:

CS; + H,O — COS + H,S

1
COS + H,O0 — CO, + H,S ( )

CS; 4+ 2H,0 — 2H;S + COa. (2)

While CS, hydrolysis involves these two mechanisms,
they found that the hydrolysis of CS, to H,S and CO,, not
via the intermediate COS, is the major reaction according to
mathematical analysis and experimental data fitting. How-
ever, other researchers have different opinions in this
regard. CS, hydrolysis has been studied by analyzing the
sulfur-containing compounds in tail gas by Wang et al. [13],
and it was confirmed that CS, hydrolysis first gives rise to
COS, then COS hydrolyzes via hydrogen thiocarbonate,
leading to the formation of H,S. In this process, the
hydrolysis of CS, to COS is the rate-determining step,
while COS to H,S is a fast reaction. This result was backed
by Laperdrix et al. [14] and Sahibed-Dine et al. [15], who
studied the process of CS, hydrolysis using IR. Tong et al.
[6] studied the kinetics of CS, hydrolysis, and their results
agreed with the two-step mechanism mentioned above.
Thus, the predominant mechanism for CS, hydrolysis
remains unknown. With the development of quantum
chemistry, density functional theory (DFT) has proven
capable of providing qualitative and quantitative insights
into reaction mechanisms [16]. The addition of OH
radicals to CS,, and the saddle points for conversion of
CS, to COS, which ultimately leads to the formation of
SO,, have been calculated at the modified G1 level of
theory, and it was found that the addition of OH to a sulfur
atom is more favorable than its addition to the carbon
atom of CS; [17]. A theoretical study of the adduct H+CS,
has been reported by Bohn et al. [18]. The major product
in the reaction of H atoms with CS, has been identified as
trans-HSCS from the matrix infrared spectrum and ab
initio calculations of structure and the infrared spectrum.
The reaction of N and CS, was studied using DFT at the
B3LYP (full)/6-311+G** and CCSD (T)/6-311+G* levels
of theory by Wang et al. [19]. The results showed that the
reaction channel N+CS,—CS+NS is ecasily achieved
because of its low energy barrier, which is in agreement
with experimental observations. Zheng et al. [20] also
investigated the reaction mechanism of the reaction of O
(*P) with CS, using DFT at the B3LYP/6-311++G(d, p)
level of theory. It was concluded that the products of the
reaction of CS,+O(*P) are CS and SO, in good agreement
with experimental observations. Recently, the water-
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catalyzed hydrolysis reaction of CS, in aqueous solution
(6=78.4) has been investigated at the levels of HF and
MP2 with the 6-311++G(d, p) basis set using the
polarizable continuum model (PCM), and the activation
Gibbs free energies in water solution for the rate-
determining steps of 1-6 hydrolysis processes were
obtained by Deng et al. [21]. The hydrolysis of COS was
also studied by Deng et al. [22].

In the study described in this paper, the two mechanisms
of CS, hydrolysis leading to the formation of H,S and CO,
were studied using DFT. The main aims of our study were
(i) to find the most favorable path for the hydrolysis of CS,
by analyzing the microscopic structural parameters, the
change in the thermodynamic function, and the change in
the kinetic function, and (ii) to obtain the optimal
temperature range for CS, hydrolysis.

Computational methods

A DFT method was adopted and calculations were
performed using the Dmol®> program [23] running in the
Materials Studio 4.0 package. The reactant, intermediates
and products were optimized at the level of the generalized
gradient approximation (GGA) using the Perdew—Wang
1991 (PW91) functional [24] and DND basis set. Unre-
stricted spin was chosen, the total SCF tolerance criteria,
integration accuracy criteria and orbital cutoff quality
criteria were set at medium, and multipolar expansion was
set to octupole. TS search calculations were then carried out
to find a possible transition state structure for each
elementary reaction using the LST/QST method. All of
the structures were calculated at the same level of theory,
and vibration analysis was carried out for each structure to
characterize it as either an equilibrium structure (no
imaginary frequency) or a transition state (one imaginary
frequency whose vibrational mode corresponds to the
reaction coordinate). Meanwhile, the electronic energy
(Eqec) and zero-point vibration energies (ZPVE) were
calculated. TS confirmation calculations were carried out
using the NEB method to confirm that every transition state
leads to the desired reactant and product. All calculations
were performed on a Dell Pentium D PC server system.
In order to evaluate the reliability of the selected
calculation method and parameters, the bond lengths and
bond angles of three sulfur-containing molecules were
calculated, and the calculated and experimental results
[25] are shown in Table 1. The calculated results are in
agreement with the experimental structural parameters, the
largest deviation in the bond angles is 1.323°, and the
deviation in the bond lengths is smaller than 0.0254 A. In
addition, some results relating to the reaction mechanism
were obtained using the above method and parameters in
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= § our previous studies [26—28]. At the same time, the bigger
< |8 basis set, DNP, which is equivalent in accuracy to the 6-
:‘ 31G** Gaussian orbital basis set, was used to calculate the
V‘J = step IM1—IM2 (see Fig. 1). The results show that the
T3 E activation energy is 168.04 kJ mol ' with the DND basis
Nl e set, and 169.01 kJ mol™! with DNP basis set. The rate
constants are —45.19 s ' and —47.14 s~', respectively. This
2 indicates that the DND basis set can meet the requirements
\gﬁ; 5 of the calculation.
©n 2 Results and discussion
2011 33
mhEIS Reaction mechanism
§ The two-step mechanism and one-step mechanism for CS,
= hydrolysis (reactions (1) and (2), respectively) are shown in
A Fig. 1, the optimized geometries for the reactants, inter-
V‘l mediates, transition states, products and their atomic
@) S numbers along the reaction pathways are shown schemat-
V‘J 3 ; ically in Fig. 2, and the imaginary frequency of each
R e transition state and the bonds corresponding to relative
normal vibrations during the process of CS, hydrolysis are
< shown in Table 2.
IR In the two-step mechanism of CS, hydrolysis, first CS,
%) T reacts with an H,O molecule, leading to IM1. IMI1 is the
5 reactant-like intermediate in which two reactant molecules
g " 2 interact with each other by van der Waals forces of strength
g’? gJ? L‘) ;S f 7.49 kJ mol ', and their geometries remain almost the same
8“ as the corresponding free molecules. Then, H and OH in
O H,O attack S and C atoms in CS,, respectively, and the
E § attacked double bond in CS, changes into a single bond.
0;’ 5l The original linear CS, molecule is thus distorted, and a
é)n A hydrogen dithiocarbonate species IM2 is formed via TSI.
2z "" TS1 has one imaginary frequency of —1290.68 cm ',
§ C‘J § corresponding to the stretch mode of O1-C5 and the
g ©o| 3]¢ migration of H3 from O1 to S4. Subsequently, H2 migrates
Z R from O1 to S4, leading to the formation of by-product IM3.
z The bond length of S4-C5 in IM3 is 3.667 A, which shows
B0 = that H,S separates from the original structure and COS is
= 2 e
= S -
i% CSy+H,0 —1M1 151 M2 152 M3 —> H,S+COS
% - Stepl Step2
é U\J 5 f,l:: COS+H,0 Ma— e M5 M6 M H,S+CO,
2, O ~ — Step3 Step4 Step5
E Two-step mechanism
=}
% RS CS,HHL,0 —m M1 — 51 IM2+H,0 —> M8 IS¢, IMQEL
i g 2 Stepl Step6 Step7
E - TS4 TS5
< IM10 H,S+IM5 H,S+IM6 H,S+HIM7— 2H,S$+CO,
o Step4 StepS
% " o . E One-step mechanism
= 8 L‘) \78 = Fig. 1 Mechanisms for the hydrolysis of CS,
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Fig. 2 Optimized geometries 1
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formed. The two product molecules, H,S and COS, interact 0.62 kJ mol!, and their geometries remain almost the
with each other by van der Waals forces of strength  same as those for the corresponding free molecules. The
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Table 2 Imaginary frequency of each transition state and the bonds
corresponding to relative normal vibrations

Transition state Imaginary frequency Bonds corresponding to

(em™h normal vibrations

TS1 —1290.68 H3-01-S4; O1-C5
TS2 —1342.31 H2-01-S4; S4-C5
TS3 —1367.93 H3-01-S4; 01-C5
TS4 —616.76 H2-01-C5

TS5 —1407.03 H2-01-S4; S4-C5
TS6 —1268.34 H9-07-S6; C5-07
TS7 —1258.29 H2-01-S4; C5-S4

corresponding transition state TS2 has a four-membered
ring (H2-S4-C5-01), which has one imaginary frequency
of —1342.31 cm ™" due to the stretch mode of S4-C5 and the
migration of H2 from O1 to S4.

Next, COS is hydrolyzed by another H,O molecule,
resulting in the reactant-like intermediate IM4, in which
there is an interaction energy of 7.10 kJ mol™' between
COS and H,0. H and OH in H,O attack the S and C atoms
in COS, respectively, leading to the formation of a
hydrogen thiocarbonate species IM5. The bond lengths of
O1-C5 and H3-S4 are 1.362 A and 1.368 A, respectively.
In step 4, IM5 then isomerizes to IM6; it can be seen in
Fig. 2 that H2 is deflected, causing the dihedral angle H2—
01-C5-06 to change from 10.925° to —179.699°. Finally,
H2 migrates from O1 to S4, leading to the formation of by-
product IM7 via TS5, which has one imaginary frequency
of —=1407.03 cm™ ! corresponding to the stretch mode of S4—
C5 and the migration of H2 from O1 to S4. In IM7, H,S
and CO, are formed, and there is an interaction energy of
11.10 kJ mol ™! between H,S and H,O.

The one-step mechanism has the same steps as the
two-step mechanism from reactants to IM2. IM2 then
reacts with another H,O molecule, initially producing
IM8, in which there is an interaction energy of
30.16 kJ mol™' between the two molecules. H and OH
in H,O then attack the S6 and C5 atoms in IM2,
respectively, leading to the formation of a tetrahedral
intermediate, IM9, in which the angles O1-C5-S4, S4—
C5-S6, S6-C5-07 and O7-C5-0O1 are 110.350°,
105.336°, 108.758° and 108.269°, respectively (similar
to the angle H-C—H in CHy). Subsequently, H2 in IM9
migrates from O1 to S4 via TS7, which has one imaginary
frequency of —1258.29 cm ™' corresponding to the stretch
mode of S4-C5 and the migration of H2 from Ol to S4.
Meanwhile, an H,S molecule separates from the original
structure, a similar structure to IM5 is formed, and there
is an interaction energy of 6.81 kJ mol ' between the two
molecules. The similar structure to IMS5 is then optimized,
resulting in IMS5 itself. From IMS5 to the final products

CO, and H,S, the one-step mechanism exhibits the same
steps as the two-step mechanism.

In these two mechanisms, H migration occurs in every
step. There are two types of H migration: intermolecular H
migration (for example, H in H,O migrates to S in CS,,
COS and IMS8 in steps 1, 3 and 6, respectively), and
intramolecular H migration (see steps 2, 4, 5 and 7). In
steps 2, 5 and 7, the H in the OH group of the intermediate
migrates to S, leading to the release of H,S. It can be
concluded that H migration plays an important role in CS,
hydrolysis. However, it is difficult to determine which of
the mechanisms is more favorable than the other from the
microscopic structure. Therefore, analyses of the thermo-
dynamic and kinetic functional changes during hydrolysis
are needed.

Thermodynamic analysis of CS, hydrolysis

The thermodynamic functional changes for the two mech-
anisms are listed in Table 3. In the two reaction pathways,
the steps in which H,S is released via intramolecular H
migration (steps 2, 5 and 7) have negative Gibbs free
energy changes in Table 3, which shows that these steps are
spontaneous processes under isothermal-isobaric conditions
from a thermodynamic point of view. The steps involving
the combination of two molecules—steps 1, 3 and 6—have
positive Gibbs free energy changes, which shows that these
steps are inhibited under isothermal-isobaric conditions. It
can also be concluded that CS, hydrolysis is a feasible
reaction from a thermodynamic point of view, as the total
ArS:n is positive and the total ArG:11 is negative, which
means that it can occur at room temperature. However,
despite the fact that hydrolysis of the CS, is thermodynam-
ically feasible, the conversion rate within a certain time is
low [29]. Kinetic data are therefore necessary to study the
hydrolysis of CS, further.

Kinetic analysis of CS, hydrolysis

A detailed kinetic analysis of the two mechanisms will be
discussed in this section. According to transition state
theory, the activation enthalpy A.H,”, activation entropy
AS,7 and activation energy E, can be obtained from Eqgs.
3-5, respectively, while the rate constant k can be expressed
as in Eq. 6 [30, 31]:

AH? = H(TS) — H(R) 3)
A,S7. = S(TS) — S(R) (4)
E, = AH? + nRT (5)
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Table 3 The thermodynamic

properties of CS, hydrolysis Steps AcH, (kT - mol’l) AcSy, (J ~mol”™' 'Kil) AGy (kJ : mol’l)
298.15 K 875 K 298.15 K 875 K 298.15 K 875 K
Two-step mechanism
Step 1 40.50 39.96 —34.72 —36.47 50.85 71.88
Step 2 —92.48 —90.51 43.96 48.42 —105.58 —132.88
Step 3 -2.79 =5.75 —42.41 —49.41 9.85 37.48
Step 4 19.92 20.41 4.70 5.77 18.51 15.35
Step 5 —66.75 —64.15 55.46 61.36 —83.29 —117.84
One-step mechanism
Step 1 40.50 39.96 —34.72 —36.47 50.85 71.88
Step 6 3.58 2.72 —32.13 —34.57 13.16 32.96
Step 7 —81.63 —81.02 45.44 47.08 —95.18 -122.22
Step 4 19.92 20.41 4.70 5.77 18.51 15.35
Step 5 —66.75 —64.15 55.46 61.36 —83.29 -117.84
Total —110.10 -110.97 20.10 17.45 —-116.10 —126.26
(=BT () g () cp(S5) (6 iy e i can be seon tht these e .
h \RT RT R : Py

Here, k is the rate constant, 7 is the reaction
temperature, k,, 4, p° and R are Boltzmann’s constant,
Planck’s constant, standard atmospheric pressure, and the
fundamental gas constant, and » is the number of
reactants.

The activation parameters AH,”, ASy7, E,, as well
as the rate constant Ink of every elementary reaction at
the temperatures 298.15 K and 875 K, are shown in

decreasing pathways as the temperature increases. The
activation enthalpy A.H,,” decreases slowly and monot-
onously with increasing temperature. We can also see that
the activation energy of COS hydrolysis is lower than
that of CS, hydrolysis, and the rate constant Ink; of step 1
is larger than the rate constant Ink; of step 3, which
shows that CS, is more difficult than COS to hydrolyze,
in agreement with the results of Huisman [7]. The
activation energy of TSI is the largest and the rate

Table 4 The activation enthalpy, activation entropy, activation energy, and rate constant of each elementary reaction

Elementary reaction AH,” (kJ mol™") AST (I mol 'K E, (k] mol ™" Ink*

298.15 K 875 K 298.15 K 875 K 298.15 K 875 K 298.15 K 875 K
Two-step mechanism
Step 1 163.08 159.19 —42.92 —51.05 168.04 173.74 —45.19 —0.11
Step 2 80.50 78.08 0.06 —4.36 82.98 85.36 -3.01 19.28
Step 3 137.92 133.24 —43.68 —53.56 142.87 147.79 -35.13 3.16
Step 4 43.91 40.66 —-0.50 -6.22 46.39 47.93 11.68 24.20
Step 5 81.17 78.68 -2.00 —6.64 83.65 85.95 -3.53 18.92
One-step mechanism
Step 1 163.08 159.19 —42.92 -51.05 168.04 173.74 —45.19 —-0.11
Step 6 139.85 135.36 —47.49 —56.97 144.81 149.91 -36.37 2.45
Step 7 73.31 69.83 —6.61 -13.36 75.79 77.10 -0.91 19.33
Step 4 43.91 40.66 —0.50 —6.22 46.39 47.93 11.68 24.20
Step 5 81.17 78.68 —2.00 —6.64 83.65 85.95 -3.53 18.92

* Steps 1, 3 and 6 are second-order reactions: the units are mol ™! dm® s7!; steps 2, 4, 5 and 7 are first-order reactions: the units are s~
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constant Ink; is the smallest in both mechanisms, which
shows that step 1 (IM1—IM2) is the rate-determining
step in both mechanisms. Although a higher barrier of
247.90 kJ mol ! to the proton transfer of H,O to CS, was
obtained with the MP2 method by Deng et al. [21]
compared to the value of 168.04 kJ mol™' obtained in our
calculation, we reached the same conclusion: that the
proton transfer process for the one-water hydrolysis
mechanism of carbon disulfide is the rate-determining
step. The energy barriers for the two mechanisms are
similar, as shown in Fig. 3, which indicates that the two-
step mechanism and the one-step mechanism are parallel
and competitive. Increasing the reaction temperature
favors CS, hydrolysis, as we can see by comparing to
the rate constants at different temperatures in Table 4.
However, the negative total A H°, in Table 3 shows that
CS, hydrolysis is an exothermic reaction, so increasing
the temperature is disadvantageous for this reaction, in
agreement with the results reported in [11]. So what is the
optimal hydrolysis temperature of CS,?

The optimal hydrolysis temperature of CS,

In order to find the optimal hydrolysis temperature of CS,, the
equilibrium constants IgK and the rate constants Ink of the
rate-determining step at different temperatures are shown in
Fig. 4 (these values can be obtained from Egs. 7 [32] and 6),
respectively. It is clear that the equilibrium constant 1gK
decreases monotonously, and the rate constant Ink of the rate-
determining step increases monotonously with increasing
hydrolysis temperature. There is a crossing point at about
525 K, which shows that the optimal temperature is about
252 °C when CS,; hydrolysis is performed without catalysts.
The hydrolysis temperature should be below 252 °C when a
catalyst is used, and the precise temperature range varies
depending on the catalyst, equipment, etc. used. Wang et al.
[13] found that the conversion of CS, reaches 91% at 130 °C
when the catalyst is 5% Ce, 14% K,COj3 and 81% AlyoOs,

Reaction process of one-step mechanism

the space velocity is 21773 h™', the relative humidity is
1.6%, and the CS, concentration is 160 mgS/mS. However,
CS, conversion in the presence of Al,O3 with 6% K,CO;
can reach more than 98% at 160 °C and atmospheric
pressure when the space velocity is 10000 h™" [11].

A,G% (T) = —RT InK® (7)

Conclusions

The process of CS, hydrolysis has been explored using
density functional theory, and two detailed reaction
mechanisms for CS, hydrolysis were presented. Ten
intermediates and seven transition states occur along the
reaction pathways. The results of a thermodynamic
analysis show that CS, hydrolysis can occur at room
temperature, but the reaction rate is very low. The rate-
determining step of the two-step mechanism and one-step
mechanism involves H and OH in H,O attacking S and C

2
204 O o 1gk 0 s A0
" O\o\O —/\ Ink _—

16 4 \o |
144 /A {20
O,

Rate constant Ink

Equilibrium constant IgK
©
1

10 4 /A/ o 1-30
. | N

8 e © 4.0

6 é/ \O ]

4 : -50

T T T T T T T T T T T T T
300 400 500 600 700 800 900
Temperature/K

Fig. 4 The equilibrium constant 1gK and the rate constant Ink at
different temperatures
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in CS,, respectively, so that the C=S double bond changes
into a single bond. The two mechanisms are competitive.
The optimal temperature is about 252 °C when CS,
hydrolysis is performed without a catalyst, and the
hydrolysis temperature should be below 252 °C when a
catalyst is used.
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