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Abstract

Kinetic modeling of transesterification of propylene carbonate with methanol using Fe-Mn
double metal cyanide catalyst has been investigated based on experimental data obtained
under kinetically controlled conditions in a batch slurry reactor in the 140-200 °C range. A
simple two-step power law model was found to represent the experimental data well. In
addition, a detailed kinetic model based on a molecular level description of the reaction
mechanism is also evaluated to provide better insight into the reaction mechanism. It is found
that a kinetic model based on the following mechanistic steps provides the best description
of the experimental data: (a) activation of methanol by the catalyst to form a methoxy
intermediate, (b) activation of propylene carbonate by interaction with the methoxy
intermediate to form a second intermediate, (c) reaction of the second intermediate with
methoxy species to form a third intermediate which decomposes into the final products
dimethyl carbonate and propylene glycol with regeneration of the catalyst precursor. The
kinetic model along with mechanistic insights from the present study provide rational

guidance for catalyst redesign and process optimization.
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INTRODUCTION

Various strategies for CO, utilization have attracted significant interest in the last decade,
including catalytic conversion of CO, to value added chemicals and fuels.!> CO, can be
catalytically converted to various important industrial products, such as hydrocarbons, cyclic
carbonates,’ organic carbonates,'%-!! carboxylic acids'?>!3 as well as fuel range compounds
including methane, methanol.'#

Dimethyl carbonate (DMC), is an environmentally benign substitute for phosgene, dimethyl
sulfate and methyl halide, and can be produced through a two-step process using CO, as a
starting material (Scheme 1).!5-1¢ Transesterification of cyclic carbonate with methanol has
drawn much attention as a phosgene-free process for making DMC.

Previous studies have focused on the development of various catalysts for the
transesterification of cyclic carbonates with methanol, including sodium methoxide!”, alkali
metals'®, basic metal oxides!> 1°20, ion exchange resins?!, and hydrotalcites??>. Although
homogeneous catalysts display high activity under mild reaction conditions,!” a major
drawback is the usual difficulty in separation and recovery of products and catalysts.
Therefore, the development of heterogeneous catalysts for transesterification continues to
attract research interest.

In 1960s, the General Tire & Rubber Company discovered double metal cyanide complex
has high activity for the ring-opening polymerization of epoxy compounds, cyclic
anhydrides and cyclic sulfides?®>. Ever since then, companies like Arco Chemical
Technology?*, the Dow Chemical Company?®, Shell Oil Company?% have put huge effort into

the development of this type of catalysts. Till now, this kind of catalysts has been
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successfully used industrially in various ring-opening reactions, such as in epoxide
polymerization reactions,”’” and copolymerization reaction of epoxide with CQO,.?7-33
Recently, Fe-Zn double metal cyanide catalyst has been successfully used in
transesterification reaction for the manufacture of biodiesel.3* Additionally, Srivastava and
coworkers have found Fe-Zn to be an excellent heterogeneous catalyst for transesterification
of propylene carbonate with methanol.’> However, the cited reports focus on the structural
properties of different double metal cyanides along with activity testing with very little
information on the kinetics and reaction engineering aspects, which are essential for rational
process development. Although several reports have provided insights into the possible
mode of activation of cyclic carbonate and methanol on metal catalysts,?>-3¢ there is a lack
of reliable information on the mechanistic and kinetic aspects of heterogeneously catalyzed

transesterification of cyclic carbonate.
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Scheme 1 Reaction scheme for production of dimethyl carbonate from CO,

OH

0
J\ + OH Step 2

In our previous work, we reported that Fe-Mn double metal cyanide complex shows a
significantly higher activity for the transesterification of cyclic carbonates with methanol
compared with other double metal cyanide complexes®’. In this work, detailed kinetic
modeling of the transesterification of propylene carbonate (PC) with methanol over Fe-Mn
double metal cyanide is reported. The effects of several experimental parameters, including

temperature (140-200 °C), PC initial concentration (1.1-4.3 kmol/m?), and initial methanol
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concentration (1.2-4.8 kmol/m?) on the intrinsic conversion and product formation profiles
were studied. The data were analyzed with empirical power law models as well as detailed
kinetic models based on molecular description of the various reaction steps of the proposed
mechanisms. A kinetic model involving sequential activation of reactants and intermediates
with catalyst was found to best represent the experimental data. The results have thus
provided better insights into the reaction mechanism and kinetics of this industrially

important reaction system.

EXPERIMENTAL

Materials
Chemicals such as methanol (99.9%), PC (99.7%), DMC (extra dry, 98+%), propylene glycol
(PG, 99.5+%) and mesitylene (98%) were purchased from Sigma-Aldrich. K4Fe(CN)43H,0
(98%) were obtained from Alfa Aesar. All chemicals were used as received without further
treatment. The Fe-Mn double metal cyanide catalysts were prepared using the method
described in previous work.?>

Reactor Setup and Procedures
The kinetic experiments were conducted in a stirred slurry reactor (Parr reactor). The reactor
system consists of a 300 mL reactor equipped with a thermocouple, pressure transducer, gas
inlet and stirring impeller. The temperature, pressure and stirring speed are independently
controlled and monitored with Labview® software through the control module of the reactor
system. In a typical reaction experiment, a methanol-based slurry was charged in the
autoclave with a known amount of catalyst and mesitylene (internal standard). The reactor
was sealed and loaded into the setup. Following this step, 0.69 MPa N, gas was introduced
into the reactor while stirring slowly (~50 rpm). The mixture was then heated to the desired
temperature, after which another reactant, PC, was pumped into the reactor using a HPLC

5
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pump [Scientific Systems, Inc. (SSI) Series [ pump] to the desired initial concentration. After
the mixture reaches the desired temperature, the reaction was initiated by increasing the
stirrer speed to 1000 rpm. During the reaction, liquid samples were withdrawn at different
times to develop concentration-time profiles for the reactants and products. The liquid
samples were analyzed using GC analysis (GC-7860A) equipped with ZB-FFAP capillary
column of 30 m length and a flame-ionization detector (FID), the detail information is

shown in Supporting Information Part 2.

RESULTS AND DISCUSSION

Reaction Kinetics
Detailed kinetic models for PC transesterification were investigated using experimentally
measured concentration-time profiles at different temperatures and different reaction
conditions (Figure 1). These profiles capture the temporal evolution of various products
including intermediates. Typical experiment was repeated twice and values of
substrate/product concentration were measured (see Figure S3 in Supporting Information).

The standard deviation was 3.92%.

Concentration-time profiles. It is clear from the concentration-time profiles that the major
products are DMC and PG, with a smaller but significant amount of the mono transesterified
product, 2-hydroxypropyl methyl carbonate (2-HMC). At 140 °C (Figure 1 a), the
concentration of reactant PC decreased from 1.1 kmol/m? to 0.56 kmol/m? in 3 h.
Concentrations of DMC and PG increased gradually with reaction time, while the formation
of 2-HMC first increased and then decreased to nearly none. As expected, when the
temperature is increased from 140 °C to 200 °C, the formation rates of products show a
significant increase. The various temporal reaction profiles are provided in the Supporting

Information (Part 3, Figures S3-S6). Data from sixteen temporal profiles at four different

6
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temperatures were used for model discrimination and parameter estimation.
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Figure 1 Temporal concentration-time profiles of PC conversion over Fe-Mn catalyst at (a) 140 °C;
(b) 160 °C; (c) 180°C; (d) 200 °C. Reaction conditions: PC: 1.1 kmol/m?3; methanol: 22.2 kmol/m3;
catalyst: 5 kg/m?; 0.69 MPa initial N,.

Analysis of mass transfer effects. Since transesterification reaction involves a liquid-solid
catalytic reaction, liquid-solid and intraparticle mass transfer limitations for the limiting
reactant, PC were considered (since methanol is in large excess). To assess these limitations,
the criteria described by Ramachandran and Chaudhari were used.’® In these criteria,
experimentally measured rates were compared with maximum rates of the mass transfer
steps liquid-solid and intraparticle mass transfer steps. Details of calculations for a few cases
are shown in the Supporting Information (Part 5). The analysis showed that both liquid-solid

and intraparticle mass transfer limitations were negligible confirming that the experimental
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data were obtained in the kinetic regime.

Effect of Initial Substrates Concentration: The effect of initial substrate (PC) concentration
on initial reaction rates is shown in Figure 2 a. As PC concentration increased from 1.1 to
4.3 kmol/m3, the initial reaction rate increased from 0.65 (10-2) to 2.32 (102) kmol/(m?-min)
at 140 °C suggesting first-order dependence of the initial reaction rate with PC concentration.
Similar trends were also observed at the higher reaction rates observed at 160 °C, 180 °C
and 200 °C. The effect of methanol concentration on initial reaction rate shows a similar

trend at 200 °C (Figure 2 b).
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Figure 2 Effects of (a) PC initial concentration and (b) methanol initial concentration on initial
reaction rates. Reaction conditions: (a) methanol, 17.9-22.8 kmol/m?; catalyst, 5 kg/m?; T=140 °C;

0.69 MPa Nj; (b) PC, 9.3-10.8 kmol/m?; catalyst, 5 kg/m?3; T=200 °C; 0.69 MPa N,

Apparent activation energy. The estimated first-order forward reaction rate constants for PC
transesterification at 140 °C, 160 °C, 180 °C and 200 °C, estimated from the slopes of the
regression line in Figure 2 a, were 0.50 min!, 0.79 min!, 1.60 min! and 3.17 min’,
respectively. The activation energy was estimated as 50.4 kJ/mol, with a pre-exponential

factor of 1.07 (10%) min! (See Figure S7 in Supporting Information).

Two-step power law model. Given that a significant amount of intermediate 2-HMC was

formed during the reaction, the following reaction scheme (Scheme 2) was considered for
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the power law model. Since the initial reaction rate is first order in both PC and methanol
concentration, the exponents a and b are fixed at a value of unity (a=b=1). The rate
expressions and batch reactor mass balance equations of each component are given by

Equations (1)-(7).

(o)

O
Y step 1 )J\
a + b CH;OH <=—— > ¢ H3;CO (0}
: ~

propylene carbonate

HO
2-HMC
o
A °
OH
f cu,oH <Lpz> g )J\
€ H,Co 0+ 3 o o~ +h OH
/\ dimethyl carbonate propylene glycol
HO
2-HMC
Scheme 2 Two-step reaction scheme
r1 = k1CpcCymeon — K—1C2 — umc” (H
r2 = k2Cs — imc®Cumeon’ — K —2CpmcCrg” (2)
d[PC]
a — —wr ©)

d[MeOH]

= —oo(r1 +1ry) 4)
d[DMC]

@~ W8T, %)
d[PG]
it (A)hI'2 (6)
d[2HMC]

& = w(cr— erz) (7)

Where, 1; and r, are specific reaction rates for step 1 and step 2, k;, k; and k,, k., are
temperature dependent forward and reversible reaction rate constants for step 1 and step 2,
respectively, and w is the catalyst concentration.

To simulate the experimental concentration-time data, Equations (1)-(7) were solved with
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an optimization routine using Athena Visual Studio software32. For the parameter
estimation and model discrimination, several convergence criteria were used, as summarized
in the Supporting Information (Part 7). Through the parameter estimation, it is found that
when c=d=e=f=g=h=1, the power law fits the experimental data well. Typical results of
experimental and predicted concentration-time profiles for various chemical components are

shown in Figure 3.
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Figure 3 Experimental and predicated concentration-time profiles from two-step power law. Reaction
conditions: PC, 2.25 kmol/m?; methanol, 20.5 kmol/m?; catalyst, 5 kg/m?3; 0.69 MPa N,. (a) 140 °C,
(b) 160 °C, (c) 180 °C, (d) 200 °C, (e) Parity plot of the simulated and experimental concentrations

for the four chemicals. Markers: experimental values; lines: estimated values from power law

A similar procedure was followed for modeling the data from all the 16 experiments at four
different temperatures. As shown in Figure 3 e, the predicted rates are well within £10% of
the experimental rates demonstrating that the empirical power law model can be applied to
predict the temporal concentration-time profiles for reactor design and optimization in the
range of the experimental conditions studied.

Optimized values of the rate parameters are shown in Arrhenius plot in Figure S8 while the
reaction rate constants and activation energies are presented in Table 1. An activation energy
0f47.0+20.2 kJ/mol was observed for the ring opening reaction, the mono-transesterification
of PC with methanol using Fe-Mn catalyst. In contrast, a much higher activation energy (79.6
+ 9.8 kJ/mol) was observed for the second step transesterification of 2-HMC with methanol.
The higher energy barrier of the second step is attributed to the release of ring strain energy
when the ring of PC was broken.*3

Table 1 Values of activation energy and rate constants derived from power law

Rate Constants 140 °C» 160 °C? 180 °Cs 200 °C? E.

11
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k;x10!, (m®min-'-kmol-?) 1.26£0.47  2.42+0.57 5.50£0.61 6.52+0.59  47.0+20.2

k%101, (m*min-'-kmol) 1.76£0.88  4.64+£1.47 4.49+0.63 4.57+0.72 23.7+27.2

ko, (m®min!-kmol?) 0.26+£0.024 0.78+0.049 1.60+0.12 5.38+0.97  79.6+9.8

k., (m%min!-kmol-?) 0.28+0.06  0.60+£0.16  4.29+0.43 12.9+2.89 108.9+14.6

2 Rate constants with 95% confidence level
b Unite of E,: kJ/mol, detailed error analysis is in Supporting Information.

Mechanistic Modelling

Reaction Mechanism and Proposed Models. Transesterification reaction between cyclic
carbonates and methanol generally follows the following main steps: 1) the formation of -
M-0O-CHj; intermediate through the interaction between CH3;0O- from methanol and metal
active center**46, 2) the formation of mono-transesterified product (2-HMC and 1-HP-2-
MC) from activated methanol with PC or with activated PC36 4751; 3) further
transesterification of mono-transesterified product/activated mono-transesterified product
with activated methanol to form the final product DMC and PG. However, a specific
activation sequence of methanol, PC and 2-HMC is not obvious from the general trends
observed.

In our previous work, we found that Mn is the active species while Fe functions as a metal-
dispersing agent and a stabilizer of the cyano-bridged complex ensuring a truly
heterogeneous catalyst.?> 37 Additionally, based on the reaction orders estimated from the
power law model, it is clear that the reaction rate shows a first order dependent on PC,
methanol, 2-HMC, DMC and PG concentrations. Furthermore, from our previous FTIR
test,>” PC is known to be adsorbed on the catalyst. However, it is unclear whether PC is
adsorbed on the catalyst directly or on an active intermediate. To better understand the

reaction activation sequence and the overall mechanism, four kinetic models were evaluated

12
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(Scheme 3) based on different sequential reaction steps. The possible catalytic cycles are
shown in Scheme 5 a. Each model was fitted with all the experimental data and discriminated
based on the predictive ability of the models and the whether the values of the regressed

reaction parameters make physical sense.

| S+ MeOHoI S+ MeOHI |
: I+ PColl [+ PCoII
12 —HMC + S 12 —HMC + S !
! I+ I+ S 2 — HMC + Il :
i III&DMC + PG + S III&DMC + PG + S i
! Model (i) Model (ii) |
: S+ MeOHo! S+ MeOHo! i
S+ PColl S+ PColl :
! I+ eI+ S I+ eI+ S :
: IIIe2—HMC + S IIlo2—HMC + S
I+ 161V + S 2 — HMC + [oIV !
! IVeDMC + PG+ S IVeDMC + PG+ S i
; Model (iii) Model (iv) i

Scheme 3. Proposed kinetic models for transesterification of PC with methanol on Fe-Mn catalyst
For model (i), methanol is first activated by Fe-Mn complex (S stands for the active sites) to
form the intermediate 1.3% 35 Then, PC reacts with intermediate I to form intermediate II,30- 3>
followed by decomposition of intermediate II into the mono-transesterified product, 2-HMC,
while releasing the catalytic site for further reaction. Further, intermediate II reacts with
another activated methanol (intermediate 1) to form intermediate III followed by
decomposition into product DMC and PG. The only difference between model (i1) and model
(1) is in step (4), where 2-HMC is assumed to react with activated methanol (intermediate I).
For model (iii), methanol is first activated by Fe-Mn complex to form the intermediate I;3*
35 simultaneously, PC is activated to form intermediate II?°. Then, intermediates I and II react
to form intermediate III followed by its decomposition into mono-transesterified product 2-
HMC and catalyst. Intermediate III further reacts with another activated methanol
(intermediate I) species to form intermediate IV which decomposes into the products DMC

and PG. The only difference between model (iv) and model (iii) is in step (5), where the 2-

13
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HMC is assumed to react with activated methanol (intermediate I).
Rate Equations and Batch Reactor Equations. The rate equations for each of the individual
steps of the four models are summarized in Scheme 4. The corresponding batch reactor

model equations are summarized in Table S1 in Supporting Information.

! r1=ki[S][MeOH] — k _4[I] r1=ki[S][MeOH] — k _y[I] ;
| ry = ka[I][PC] — k _,[I1] ry = ka[I][PC] — k _,[I1] !
: T3=k3[11] —k_3[HMC][S] T3=k3[11] —k_g[HMC][S] :
| ry = ky[H1][1] — k _4[111][S] ry = ky[HMC][1] — k _4[111] |
i rs = ks[lII] — k _s[DMC][PG][S] rs = ks[I1I] — k _s[DMC][PG][S] |
! Model (i) Model (ii) i
i 71 = ka[S][MeOH] — k _4[1] 71 = ka[S][MeOH] — k _4[1] :
' 1o = ko[S][PC] — k _,[II] 1o = ko[S][PC] — k _2[II] E
5 r3 = ka[[][I1] =k _[I1][S] r3 = ks[I][11] =k _3[111][S] !
: T'4=k4[111] —k_4[HMC][S] T4:k4[111] —k_4_[HMC][S] i
| rs = ks[HII][1] — k _s[IV][S] rs = ks[HMC][I] — k _s[IV] !
! r6 = ke[IV] —k _s[DMC][PG][S] r6 = ke[IV] —k _s[DMC][PG][S] 5

Scheme 4. Rate equations for various steps in each model

For all the four kinetic models, no specific step was assumed as rate-determining, which
allows the evaluation of rate parameters for each reaction step including those involving
catalytic intermediate species.

The initial conditions are:

at t=0, [PC]=[PC]o, [MeOH]=[MeOH],, [DMC]=[PG]=[2-HMC]=0, [S]=C,, [1]=[I]=[11]=
[IV]=0,

where, [PC]y, [MeOH]y, Cy represent the initial concentrations of PC, methanol and catalyst
precursor, respectively. For solving these ODEs, reasonable initial guesses were provided
for the rate constants with ranges determined from the power law model. The ODEs were
solved using Athena Visual Studio. Identical convergence criteria and constraints were used
as those used in the power law models.

Model validation. To show the feasibility of the mechanistic model for the description of the

transesterification of PC with methanol developed above, an additional set of data was used

14
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to compare with predictions by the model. The operating conditions of this experiment were
differed from other experiments in this work used for fitting parameters. The aim of this
experiment was to demonstrate that Model (i) can be used to predict concentration-time
profiles over wider range of conditions. Figure 4 illustrates temporal concentration-time
profiles for the additional experiment, with the symbols representing the experimental results
and lines representing the predicted results using Model (i). A comparison between the

experimental and predicated data indicates a high accuracy of Model (i).

10.0

T 2

8.0 M L 1.6
¢ PC X MeOH ]
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=
¥}

A DMC m 2-HMC
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Figure 4 Experimental and predicated concentration-time profiles for the validation experiment.
Reaction conditions: T=200 °C, PC, 9.8 kmol/m?; methanol, 3.58 kmol/m?; catalyst, 5 kg/m?3; 0.69
MPa N,.

Proposed Mechanism Based on Model Discrimination. The main observations of the data
regression using models (i1)—(iv) are summarized in Table 2. The estimated parameters are
shown in Table 4 [for model (i)] and in the Supporting Information Tables S1-S3 [for models
(11)—(iv)]. Model (i) parameters were deemed to be acceptable based not only on the quality
of fit with the experimental data but also on realistic parameter values. As summarized in
Table 3, the fit with other models yielded parameter values whose signs and /or magnitudes
cannot be reconciled with typical values for these parameters.

Table 2 Basis for Discrimination of Models (i)-(iv)

15
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Models

Model Discrimination Basis

Model 1

Model i1

Model iii

Model iv

Best fit with experimental data

Rate constants (k; and k_4) decrease with increasing temperature, and
95% confidence level > 120% for k, and k.,

Negative k| at 160 °C, the constants do not agree with Arrhenius Equation

95% confidence level > 120% for k4 at 160 °C, activation energy of step 4 > 400 kJ/mol

A schematic description of the mechanism represented in Model (i) is presented in Scheme

5 b as a complete catalytic cycle. The kinetic parameters obtained from fitting Model (i) with

experimental data are listed in Table 3. The activation energy values for each step are

estimated from the Arrhenius Equations (Supporting Information Figure S9). Additionally,

a comparison of predicted and experimental data at different temperatures is also shown in

Figure .

The excellent match between the experimental and predicated results at various

reaction conditions indicates that the proposed reaction mechanism in Scheme 5 represents

the transesterification of PC and methanol satisfactorily.
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Figure 5 Experimental and predicated concentration-time profiles from the micro kinetic model.

Reaction conditions: PC, 2.25 kmol/m?3; methanol, 20.5 kmol/m?; catalyst, 5 kg/m?3; 0.69 MPa N,. (a)

140 °C, (b) 160 °C, (c) 180 °C, (d) 200 °C, () parity plot

Table 3 Rate constants and activation energy for each reaction step

Rate Constants 140 °Ca 160 °C? 180 °Cs 200 °C? E.p
k%1072, (m*min!-kmol ") 0.51£0.01 1.2240.06 2.79+0.06 4.81+0.11 61.7+£2.7
k<104, (min) 2.15+0.31 5.11£0.20 8.15+0.52 14.0+1.04  49.6+7.8
k;x104, (m*min-'-kmol ) 2.80+£0.26  7.18+0.27 1.24+0.82 17.20+0.85 49.1+5.1
k,*x10®, (min') 0.48+£0.10 2.11+£0.0.06 4.28+0.50 6.26+0.17 68.8+11.3
k;x1072, (min") 1.21£0.10 2.56+£0.04 8.13x1.25 9.50+0.70  60.0+8.4
k3, (m*min'-kmol ") 2.32+0.19 3.98+0.69 6.85+1.36 8.34+0.67 35.8+10.8
k4x107, (m*min-!-kmol!) 1.84+0.25 5.06+£1.30 8.17+0.46 16.80+2.39 58.0+13.9
k4x10, (m*min-'-kmol!) 0.68+0.20 1.66+£1.36 1.99+0.33 2.48+0.39 33.4+44.2
ksx10-3, (min!) 0.23£0.06  0.90+0.21 2.96+0.48 5.16+0.68 86.2+14.8
ks, (m® kmol?'min') 3.17£0.62 8.23+5.67 9.20+1.59 18.68+2.78 44.29+37.3

aRate constants with 95% confidence level
b Unit of E,: kJ/mol, the detail error calculation is in Supporting Information.

CONCLUSION

A detailed kinetic study for transesterification of PC with methanol using Fe-Mn double

metal cyanide revealed that both a two-step empirical power law model and a mechanistic

model based on transesterification mechanism were found to fit the experimental data well.
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Four mechanistic models based on different activation sequence of methanol, PC and 2-
HMC were also considered. Through model discrimination based on the quality of fit
between experimental and model-predicted data as well as the realism of the parameter
values, it was concluded that methanol was first activated by the catalyst to form intermediate
I, which then reacts with PC to form intermediate II. Next, the intermediate II reacts with
activated methanol (intermediate I) to form intermediate I1I, which decomposed into to DMC
and PG, the major products. These results provide valuable insights into the reaction
pathways underlying transesterification. The kinetic model is useful for rational reactor

design and further optimization of this industrially significant reaction system.
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