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Abstract—A kinetic model for the chlorination of glycerol with hydrochloric acid in the use of acetic acid as catalyst
is presented in this study. The model is based on a comprehensive chlorination mechanism, taking the formation of
1,3-dichloro-2-propanol and 2,3-dichloro-1-propanol into account while ignoring the formation of any intermediate
in the chlorination system. Simulations were carried out under different chlorination conditions to calculate the con-
centrations of the main chemical species in the reaction system. The validity of the model was examined via a com-
parison of the calculated data with the experimental data on the chlorination of glycerol with hydrochloric acid at 363-
393 K. The results show the model is capable of describing the chlorination performance with good agreement with

experimental data.
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INTRODUCTION

1,3-Dichloro-2-propanol (1,3-DCP) is an intermediate for the
production of epichlorohydrin (ECH, 1-chloro-2,3-epoypropane) [1],
which is an important intermediate for the chemical industry [1-3].
Recently, a direct process to prepare 1,3-DCP consisting of the chlo-
rination of glycerol (GLY) with hydrochloric acid (HCI) was devel-
oped [2,3], and the process has been widely applied in the industry.
However, previous studies on the process mainly focused on the
patent data and technical feasibility [1-13].

Recently, we investigated the direct preparation kinetics of 1,3-
DCP from GLY with liquid HCI [14]. In our work, the direct prepara-
tion of 1,3-DCP was carried out in a batch reactor using acetic acid
catalyst (HAC-catalyst) at 363-393 K. In addition, the kinetic model
and its parameters of the process were also obtained, while sug-
gested kinetics was based on a simplified mechanism of the direct
preparation of 1,3-DCP from GLY, together with ignoring the for-
mation of 2,3-Dichloro-1-propanol (2,3-DCP) [14]. Tesser et al.
[15] studied the chlorination kinetics of GLY with gaseous HCI. In
their work, a reaction network was suggested, together with con-
sidering the formation mechanism of 2,3-DCP (Scheme 1). Based
on the network and the formation mechanism of any chemical spe-
cies in the network, a consequent kinetic model using a series of
ordinary differential equations (ODEs) was developed in order to
quantitatively describe the chlorination kinetics at various tempera-
tures 353-393 K.

In this work, a modified mechanism model is developed to de-
scribe the chlorination kinetics of GLY with HCl in the present of
HAC. More specifically, based on the works of Luo et al. [14] and
Tesser et al. [15], a comprehensive chlorination mechanism is sug-
gested to describe the chlorination, and the mass balance equations
are included to improve the performance of the kinetic model, in
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Scheme 1. The chlorination network of GLY with HCL

which the detailed deduction process of the mechanism model is
also provided in this work.

EXPERIMENTAL DETAILS

Corresponding experimental details in this work are the same as
those described in our previous publication [14], and the concen-
trations of GLY, o-MCP, SMCP, 1,3-DCP and 2,3-DCP, efc. are
obtained by gas chromatogram in this work.

CHLORINATION MECHANISM OF GLY
IN THE PRESENCE OF HAC

The chlorination of GLY with liquid HCI, for the production of
1,3-DCP was studied in presence of HAC-catalyst. According to
our previous work [14], it was found that the reaction follows the
S,2 mechanism, together with 1,3-DCP as the main product and
2,3-DCP as the byproduct. As the concentrations of 2,3-DCP is much
less than that of 1,3-DCP, the formation of 2,3-DCP is ignored when
considering the chlorination mechanism in Ref. [14]. In the work of
Tesser and his coworkers [15], 1,3-DCP as the main product and
2,3-DCP as the byproduct were also recorded, and a complicated
reaction network was suggested as Scheme 1. Based on the forma-
tion mechanism of chemical species including 2,3-DCP in the net-
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Scheme 2. The chlorination mechanism of GLY with HCI.

work, a complicated chlorination mechanism and corresponding ki-
netic model were derived in Ref. [15]. There we proposed a com-
prehensive chlorination mechanism by combining the above two orig-
inal works, and the suggested comprehensive mechanism is shown
in Scheme 2, where A, B, Cl1, C2 represent GLY, HAC, glycerol-
1-acetate (1-GLYA), glycerol-2-acetate (2-GLYA) respectively, D
represents water (H,O), E represents HCL, F1 represents csMonochlo-
rohydrin (3-chloro-1,2-propanediol, &vMCP), F2 represents S-Mono-
chlorohydrin (2-chloro-1,3-propanediol, #MCP), G1 represents 3-
chloropropandeiol-1-acetate (o-MCPA), G2 represents 3-chloro-
propandeiol-2-acetate (SMCPA), H1 represents 1,3-DCP, H2 rep-
resents 2,3-DCP.

As a whole, the mechanism shown in Scheme 2 follows the reac-
tion network shown in Scheme 1 as well as the S,2 mechanism de-
scribed in Ref. [14]. Therefore, the comprehensive mechanism sug-
gested in this work considers the formation mechanism of 2,3-DCP.
Furthermore, it is simpler than that shown in Ref. [15] due to con-
sidering the formation mechanism of the products (i.e., 1,3-DCP
and 2,3-DCP) and ignoring the formation mechanism of any inter-
mediate in the reaction system.

KINETIC MODEL

The kinetic model of the chlorination of GLY established in this

paper is based on Scheme 2 and mass balance equations for the chem-
ical species in the chlorination system.

The following modeling assumptions are made in this paper: [3,
4,14,16] (1) the concentration of HAC is constant due to its cat-
alytic function in the reaction system, (2) the concentration of HCI
is constant and can be obtained according to its saturation in the
organic phase due to its weak/difficult dissolution ability in the or-
ganic phase, (3) the concentration of H,O is constant due to its surplus
in the reaction system, and (4) the quasi-stationary-state assump-
tion is applied. Therefore, according to the reaction steps shown in
Scheme 2, the mass balance equations can be worked out.

For GLY, the following mass balance equation can be derived:

de,
dt

Similar equations can be derived for HAC, 1-GLYA, 2-GLYA, o+
MCP, SMCP, o-MCPA, SMCPA, 1,3-DCP and 2,3-DCP:

:_leACB+k],CC]CD_kZCACB+k2'CC2CD Q)

d—d(-:f =-kic,cstkicecp— ke icp+kscmehtkscacr+keCocr
—kscpics—kecriCstkiCoiCr+KsCoaCr (@)

%:k]CACB_k]'CC]CD_kBCClCE )

d—((-lztgz =kchcE_k;c(,'ZcD_k4c(7205 (4)

dc

d—:] =k;ccicp—kscricy (5)

der =kiCorcr—KkeCrmCp ©

dt

dcg

d;'] =kscrics—kqCaicp @

degy =k4CmCp—ksCoaCp ®

dt

dc

_&f-] = k7CG]CE (9)

dc

WHZ =ksCs2Cp (10)

According to the quasi-stationary state assumption, the following
equations can be obtained:

deg

K =k]CACB—k;CmCD—k:,CClcE:O (11)
dCCz '

T =k,c s~k cccp—kiCercp=0 (12)
d;tm =kscpicp—k;cq0,=0 (13)
dg;;z =keCraCs—KsCs2c, =0 (14)

Eqgs. (15)-(18) can be obtained by solving Egs. (11)-(14):

kic.Cy
kicp+kscy

(15)

Ca=
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kyc,Cp

o et ks (16)
k
Ca1= “S‘I‘E“F‘é‘gé (1’0
7
k,
Cir= “li;écg (13)
8

Therefore, we obtain the following Egs. (19)-(23) by substituting
Egs. (11)(18) into Egs. (1), (5), (6), (9) and (10):

de, k.kiczep kzkécgc[g
. 7 7 =K 1
dt kch+k3c+kch+k4 C 1€ (19)

=<—k,c3—kzcg+

der  kikscsee

dt MCA —kscser=Kyc, —Ksep (20)

dcy, _ k,kycscy

dt —kzrcD+k4cECA_keCECF2=K4CA_Ksch 2y
dc
FHI =kscsen=Kscp (22)
dc

d:[z =keCsCrn=Kscr (23)

where K ==k, c;—koc, (kK cpep/k cptkscy)H(okycen/kcntkics),
Ko=(kkcgerkicptksey), Ki=kscy, Ko=(kokicpe/kycptkicy), K=
ke, the values of ¢, ¢, and ¢;; are constant according to the above
modeling assumptions.

By integrating Eq. (19), we obtain:

k,/t(chD k;/t;’chD
(”"Cﬂ"‘zfﬂ*k,’puafku-c kgz-Dwu-E)
C4=C4°©

=che" 24

where ¢, is the initial value of ¢, at t=0.
From Egs. (24) & (20), (24) & (21), and K-K, we obtain:

dcy

e +ksep=K,c e (25)
dCFz Kt
W +kscp=Kuc o€ (26)

Eqgs. (25) and (26) are linear equations. By integrating Eqs. (25) and
(26), we obtain:

ke KoCuo  kikor

= + 27)
TR © (
ke KuCio ek
= — + 2
Cm€ T Se Cz ( 8)

At t=0, c;=c»=0. Therefore, we obtain: C,=—(K,c,/K,+tK;), C=
— (KK, TK5). Accordingly, Egs. (27) and (28) can be replaced
via Egs. (29) and (30).

_ Kt Ky

CFI_K]+K3(e e’) (29
_ K4CA0 Ki_ Kt

Crn= K+ Ks(e e’) (30)

From Egs. (29) & (22), (30) & (23), and K, K., we obtain:

% _KyKscuo

Klr_ —Kt
dt ~ K+K; (e=e™) S
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gf_g_z _ KyKsc 0

Kit Ky
dt K,+K5(e e) 32)

Eqgs. (31) and (32) are separable equations. By integrating Egs. (31)
and (32), we obtain:

_ KZKSCAO(iﬂ il)
CH]_—K,+K3 K + K +C; (33)

K4KSCAO<eKlr eikgj
=2 syt 4
Cm K+K,\K, T K, C, (34)

At t=0, ¢,;,=c,;,=0. Therefore, we obtain:

C=(K K,/ K HK) (/K )H(/Ks)=—(K/K e, Com(KKse,o/
K HK)((1/K)+H(1/K)=(K/K, ). Accordingly, Egs. (33) and
(34) can be replaced via Egs. (35) and (36).

_ K2K3c,40(9_’<_” B e”“) K,

MTREK K, K/ K 33)
K4K5cA0(eK" e’“sj K,
= ————— —-—+—-—-- — —

CH2 I;l-'_ILS I;] I;5 I;ICAO (36)

Egs. (24), (29), (30), (35) and (36) will be used to describe the
variation of ¢,, C, ¢, Cyy and ¢, with time and temperature. In
addition, the temperature dependence of the rate constants in Egs.
(24), (29), (30), (35) and (36) can be represented with Arrhenius
equation and shown in Eq. (37). Hereinafter, we will examine the
applicability of Egs. (24), (29), (30), (35) and (36) by experimental
data. The values of kinetic parameters can be obtained by least-square
method with the data obtained experimentally.

-EJRT

k(K)=Ae (37

RESULTS AND DISCUSSION
Relating the experimental data shown in Figs. 1-5 with Egs. (24),
(29), (30), (35)~(37), we obtain the model parameters by least-square

method. The obtained mechanism model parameters are listed in
Table 1. The simulated data according to Egs. (24), (29), (30), (35)
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Fig. 1. Comparison between experimental and simulated data of
concentration of GLY vs. time (Experimental conditions:
¢4=2.36 mol-L"; ¢;=0.79 mol-L™"; ¢,,=32.53 mol-L"; c,,=
9.42 mol-L™).
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Fig. 2. Comparison between experimental and simulated data of
concentration of o-MCP vs. time (Experimental conditions:
¢=2.36 mol-L™"; ¢;,=0.79 mol-L"; ¢,,=32.53 mol-L™"; c,,=
9.42 mol-L™").
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Fig. 3. Comparison between experimental and simulated data of
concentration of /-MCP vs. time (Experimental conditions:
¢=2.36 mol-L™"; ¢;=0.79 mol-L"; ¢,,=32.53 mol-L"; c,,=
9.42 mol-L™).

and (36) by using the above model parameters are described in Figs.
1-10.

Figs. 1-10 illustrate that the comparisons between the experimen-
tal concentration and the simulated concentration. As a whole, the
simulated profiles based on the improved kinetic model have good
agreement with the experimental data. The average correlation coef-
ficient of the mechanism model for all experimental data shown in
Figs. 1-10 is about 0.990. The average correlation coefficient of the
model suggested in Ref. [14] for corresponding experimental data
exceeds 0.990. Namely, as a whole, a good agreement exists between
the two model predictions and experimental measurements. Further-
more, we obtain the temperature dependence these model parame-
ters in this present study obtained, which are shown in Figs. 11-15.
The linear correlation coefficients in Figs. 11-15 all exceed 0.990.
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Fig. 4. Comparison between experimental and simulated data of
concentration of 1,3-DCP vs. time (Experimental conditions:
¢,4=2.36 mol-L""; ¢;,=0.79 mol-L"; ¢,,=32.53 mol-L™"; c,,=

9.42 mol-L™").
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Fig. 5. Comparison between experimental and simulated data of
concentration of 2,3-DCP vs. time (Experimental conditions:
¢4=2.36 mol-L"; ¢;,=0.79 mol-L™"; ¢,,=32.53 mol'L™"; c,=
9.42 mol-L™).

Table 1. The obtained kinetic model parameters by least-square
method

Model parameters, ~ Computational ~ Activation energies,

(mol-L™"*min™") equations, k=Ae"*" (KJ-mol™)
K, K,=1542.3¢"°7%7D 47.4
K K,=175.6¢4155D 40.9
K, K,=5.807¢ 512D 36.43
K, K,=40.34¢7'7120 59.6
K K;=27.83¢%D 41.2

In addition, according to Figs. 1-10 and our previous study [14],
we know that our previous model [15] can only predict the con-
centrations of GLY, csMCP and 1,3-DCP. Besides them, the model
can predict the concentration of SMCP and 2,3-DCP. Furthermore,

Korean J. Chem. Eng.(Vol. 27, No. 1)
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Fig. 6. Comparison between experimental and simulated data of
concentration of GLY vs. time (Experimental conditions:
€5=0.79 mol-L"; n;=4 mol; T=393 K).
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Fig. 7. Comparison between experimental and simulated data of
concentration of o-MCP vs. time (Experimental conditions:
€2,=0.79 mol-L'; n,=4 mol; T=393 K).

we also point out that there are different errors between the model
data suggested in this work and the experimental data for different
figures, as shown in Figs. 1-10. For instance, the average deviation
of the mechanism model in Fig. 1 is about 3.06%, and the average
deviation shown in Fig. 10 is about 4.57%.

As the model has been examined, the model and experiment are
used to study the effects of the reaction temperature and the initial
mole ratio of GLY and HCl in the reaction system on the chlorina-
tion kinetics. The results are also shown in Figs. 1-5 and Figs. 6-10,
respectively.

Fig. 1 shows that the concentration of GLY decreases as the reac-
tion temperature increases. In Figs. 2-3 the concentrations of o+MCP,
SMCP seem to increase in the reaction period of 0-100 min and
decrease after that as the temperature increases. Figs. 4-5 show that
the concentrations of 1,3-DCP and 2,3-DCP both increase with the
increase of the reaction temperature. In Figs. 6-10, the simulated
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Fig. 8. Comparison between experimental and simulated data of
concentration of /-MCP vs. time (Experimental conditions:
€20=0.79 mol-L'; n,,=4 mol; T=393 K).
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Fig. 9. Comparison between experimental and simulated data of
concentration of 1,3-DCP vs. time (Experimental conditions:
¢5=0.79 mol-L"; n;=4 mol; T=393 K).

and experimental results all show that the concentrations of the main
chemical species (i.e., GLY, oMCP, SMCP, 1,3-DCP, 2,3-DCP)
in the reaction system increase as the initial mole ratio of GLY and
HCI increases. In addition, we must point out that all records by
Figs. 2-10 in this study reveal that the main product and by-product
of the reaction are 1,3-DCP and o+MCP, respectively. They also
show that the concentration of 2,3-DCP is much less than that of
1,3-DCP, the concentration of SMCP is also less than that of o~
MCP. Even though, SMCP still exists in the reaction system and
its concentration is about 1-2 percent of that of c-MCP. Accord-
ingly, we think that SMCP cannot be ignored in the reaction sys-
tem in the present work.

On the other hand, the concentration histories of the main chem-
ical species in the reaction system are also described in Figs. 1-10.
According to Figs. 1 and 6, we can determine that the concentra-
tion of GLY decreases to its minimum at certain time and remains



A kinetic model for glycerol chlorination in the presence of acetic acid catalyst 71

0.0018
—_— Simulated data 94 o
= A ngng=1:2
S 00015 | Mg Mee=1"
E ° n”:nE°=1 3 06
o * n _:n_=1:4 :
Q 00012 | AQTED
=] L] ”m:”5u=1:5 _
™ =
o X 98
0.0009 ”
5 g
5 - N
= -10.0
s 0.0006
c
8
& 0.0003 -10.2
o
(]
0.0000 - L -10.4 1 | 1 1 |.
0 50 100 150 200 250 0.00255 0.00260 0.00265 0.00270 0.00275
Reaction time (s)/60 TIT

Fig. 10. Comparison between experimental and simulated data of Fig. 13. Temperature-dependent reaction constant (K).
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ately in the reaction system and their concentrations increase to their
maximum at certain time and decrease after that. Furthermore, we
can also obtain the concentrations of 1,3-DCP and 2,3-DCP increase
during the reaction from Figs. 4-5 and 9-10.

CONCLUSIONS

The chlorination kinetics of GLY using HAC-catalyst was inves-
tigated by a mechanism model. A comprehensive chlorination mech-
anism and corresponding mechanism model are suggested to de-
scribe the chlorination reaction. The corresponding mechanism model,
Egs. (24), (29), (30), (35)-(37), is proposed to describe the kinetic
data of the direct preparation of DCP from GLY using HAC-cat-
alyst. The results show that the simulated data meet experimental
data well. Furthermore, the results show that the improved mecha-
nism model can predict more concentrations of species in the reac-
tion system than our previous model [14].
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NOMENCLATURE
A :collision frequency factors
¢, :concentration of GLY in reaction system [mol-L™']
¢, . initial concentration of GLY in reaction system [mol-L™']
¢y :concentration of HAC in reaction system [mol-L™']

Cyp  : initial concentration of HAC in reaction system [mol-L™']
Cei :concentration of 1-GLYA in reaction system [mol-L™']
Ce, :concentration of 2-GLYA in reaction system [mol-L™']
¢, :concentration of H,O in reaction system [mol-L™']

Cpy : initial concentration of H,O in reaction system [mol-L™]

¢; :concentration of HCl in reaction system [mol-L™']
Cp . initial concentration of HCl in reaction system [mol-L™']
¢r  :concentration of &-MCP in reaction system [mol-L™']

Cm :concentration of S-MCP in reaction system [mol-L™']

cs :concentration of &-MCPA in reaction system [mol-L™']

Cg : concentration of S-MCPA in reaction system [mol-L™']

¢ : concentration of 1,3-DCP in reaction system [mol-L™']

¢, :concentration of 2,3-DCP in reaction system [mol-L™']

C, :integral constant

C, :integral constant

C, :integral constant

C, :integral constant

E : activation energies [KJ-mol™']

h,  :total number of reactant molecule of reaction x

kl, k', k, kb, ks, ki, ks, ke, k; and k; : reaction rate constants [mol-L ™
s

January, 2010

K, :reaction rate constant [1 mol-L™"-s7"]

K, K,, K5, K, and K : model parameters for Egs. (24)-(28) [mol-
L's]

n, :initial mole number of GLY in reaction system [mol]

ng :initial mole number of HCl in reaction system [mol]

R :theideal gas constant [8.314 J-mol™-K™']

t : reaction time [s]

T  :absolute temperature [K]

T, :absolute temperature [1 K]
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