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Abstract

The catalysis of ionic liquids (ILs) in the traditial stirred reactor suffers from insufficient mass
and heat transfer, which always needs a long @atitne and results in a low reaction rate. In this
work, highly efficient synthesis of 1-methoxy-2-pemol via the alcoholysis reaction of propylene
oxide (PO) with methanol was proposed and achielgdthe combination of micro-tubular
circulating reactor with the IL [IM44[Buty] catalyst. Compared with the stirred reacttie rate of
alcoholysis reaction in a micro-tubular circulatirepctor was found to be significantly improved.
The reaction time was remarkably shortened to 2futas from 180 minutes as well as the yield of
1-methoxy-2-propanol reached 92%. Moreover, thetierstudy further demonstrated that the main
reaction rate to 1-methoxy-2-propanol;JKvas about 20 times larger than the side reactats to
byproduct 2-methoxy-1-propanol £Kin the temperature range of 363-383 K. Such caoation of
micro-tubular circulating reactor with IL catalysis believed to be a class of effective process

intensification technique for highly efficient syetsis of 1-methoxy-2-propanol.
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1. Introduction

As a new type of eco-friendly reaction medium amdeg solvent, ionic liquids (ILs) have
received widespread attention in these years owartheir particular properties such as negligible
vapor pressure, wide liquid range, excellent sdilybihigh catalytic activity and good selectivity
[1-3]. The utilization of ILs as catalysts and nmeetliave been successfully implemented in various
chemical processes [4-6]. For example, Rogers .ef7alfound that chloride based ILs could
efficiently dissolve cellulose, and resultant smntcontains as high as 25 wt.% cellulose, which
indicated that ILs were economical and effectiveamparison with traditional methods. Liu et al. [8
found that the isobutane alkylation reaction catadl/by a composite IL could approach a reaction
balance of 20 s at 15 °C. Therefore, the ILs baBg green medium shows a very attractive prospect
for chemical process intensification.

As a type of propylene glycol methyl ether (PGME)methoxy-2-propanol shows a much
lower toxicity and influence on the environment.[Jhus it has been widely used as a versatile
solvent for painting, adhesive, printing inks, eten the chemical industries [10].
1-Methoxy-2-propanol is generally produced by thalaolysis reaction of propylene oxide (PO)
with methanol using base catalysts. Neverthelégsconventional base catalysts such as NaOH and
NaCOs; usually facilitated the formation of byproduct 2tinoxy-1-propanol and resulted to low

catalytic selectivities for synthesis of 1-methd®epropanol. In our previous work [11], we reported



that a tetrabutylphosphonium IL acted as an efiitceatalyst for obtaining PGME with a yield of 93 %
at 6 h compared with other kinds of catalysts [2;15]. Despite the IL possessing excellent
performance, the least of perfection is that th&tik needs a long reaction time (6 h) in the
conventional stirred reactor for the productionlemethoxy-2-propanol. Therefore, the challenge
remains regarding whether a new intensified procassbe developed for highly efficient synthesis
of 1-methoxy-2-propanol.

Recently, the development of microreactor techriekbghas gained widely attention for
chemical reaction engineering owing to the requeetof process intensification and production
platforms [16, 17]. Compared to the traditionalateas, microreactors offer smaller devices volumes,
enhanced mass and heat transfer efficiency, imprgieds over shorter periods of time, increased
process control, greater safety, and flexible pectidn [18-21]. Therefore, these miniaturized
microreactors have good potential to intensify #teoholysis reaction for efficient synthesis of
1-methoxy-2-propanol, which would result in a gegatield in a shorter time.

In this work, three tetrabutylammonium carboxyldtes ([N4s44[CA]) were designed and
synthesized via simple neutralization reactionhédee 1). Then, the combination of micro-tubular
circulating reactor with [Dhsg[CA] IL catalysts was studied for highly efficierdynthesis of
1-methoxy-2-propanol via the alcoholysis of PO witlethanol. The rate of alcoholysis reaction
could be significantly improved as well as the teactime was remarkably shortened to 20 minutes
from 180 minutes with a 92% yield of 1-methoxy-panol, verifying the outstanding superiority
of micro-tubular circulating reactor. Moreover, te#ects of ILs, reaction temperatures, reactant

molar ratios, flow rates, and catalyst loadings thee yield of 1-methoxy-2-propanol were



investigated systematically. A kinetic model foisthlcoholysis reaction in micro-tubular circulatin

reactor was further developed for the correlatibexperimental data.

2. Experimental
2.1 Materials

Tetrabutylammonium hydroxide (40 wt.% in water)rabutylphosphonium bromide (purity
99%) and propylene oxide (purity99 %) were purchased from Aladdin (Shanghai, Qhi@sher
reagents such as methanol, acetic acid, propaomcand butyric acid were of analytical grade and
used without any further purification.
2.2 Preparation of [Nasa4][CA] ILs.

[N44s44[Buty] was synthesized by the procedure as foltoji44JOH aqueous solution was
firstly neutralized with equimolar butyric acid lsfirring at room temperature for 6 h. Then, the
prepared IL [Mss44[Buty] was dried under vacuum at 70 °C for 48 hetmninate traces of residual
water prior to use. The synthesis procedure afi{NAce] and [Ni44[Prop] was according to the
case of [Mas4[Buty] [22]. In addtion, [Ra44[Buty] was prepared by the procedure in our prasio
work. [11]. The water content of these carboxyliate was determined with a Karl Fisher titration
and found to be less than 0.10 wt%.

2.3 Synthesis of 1-methoxy-2-propanol in a micro-tubular circulating reactor.

Scheme 2 shows the schematic overview of the expetal setup. The micro-tubular

circulating reactor system (purchased from Daliareikd Chemical Co. Ltd.) includes a

T-micromixer and a spiral pipeline. The T-micromixeas a 0.3 mm (width) x0.3 mm (depth)



cross-section channels. The internal diameter hadength of the spiral capillary reactor are 0.93
mm and 3 m, respectively. The T-micromixer andapripeline reactor was immersed in the oil bath
with a temperature control of + 0.1 °C.

In a typical run, PO (0.3 mol), methanol (1.2 mahd carboxylate IL [his4[Buty] (22.5 mmol)
were charged into a vessel. Then the whole reactiodtiure was pumped into the micro-tubular
circulating reactor pipeline by a liquid chromataginy pump with liquid flowmeter. Running the
micro-tubular circulating reactor for a certain énthe sample was then withdrawn and mixed with a
guantity of internal standand-propanol £99.9%) to quantify the products by an Agilent 7890A
chromatograph equipped with a flame ionization cete(FID). The detailed analysis conditions
were described as follows: the injector and detegetmperatures were 180 and 250 °C, respectively;
the column temperature was increased stepwise@d@pholding at 50 °C for 2 min, increasing to
200 °C at 10 °C mif, holding at 200 °C for 1 min. Then the conversamd selectivity were
calculated according to the area of chromatogragdk pusingn-propanol as an internal standard.
After the reaction is completed, the reaction nm&twas treated in a rotary evaporator to distill of
methanol and 1-methoxy-2-propanol at 80 °C undduced pressure. Subsequently, the residual
mixture was placed in a vacuum oven at 80 °C foh 1@ further remove the residual reactants and

products. At last, the carboxylate IL catalyst cblbé recovered and reused in the next run.

3. Resultsand Discussion
3.1 [Naaa4][CA] ILs-catalyzed alcoholysis reaction in micro-tubular circulating reactor

Three [Ni444[CA] ILs were used as catalysts for synthesis ahdthoxy-2-propanol via the



alcoholysis reaction of PO with methanol in a mitubular circulating reactor. The results are
shown in Figure 1. It was found that these threg4NICA] catalysts showed different catalytic
activities, and the sequence wasy{P[Buty] > [Naas4[Prop] > [Nasaq[Ace]. Among [Nys44[CA]

ILs, [Nsssq[Buty] catalyzed the alcoholysis reaction to havbe highest vyield of
1-methoxy-2-propanol (92%) at a very short reactivne of 20 minutes in the micro-tubular
circulating reactor. This can be explained thatrmgwvio the electrondonation of alkyl group, the
basicity of carboxylate increases slightly with Ipr@ing the carbon chain length [11, 22]. As a
result, [Nis44[Buty] shows the stronger basicity than,J[Prop] and [Niss4[Ace] have, and thus
the highest yield of 1-methoxy-2-propanol could dshieved. Furthermore, it is found that the
alcoholysis reaction could not take place withtwat tatalyst. When the other basic catalysts such as
[P4444[Buty], sodium butyrate, and NaOH were studiedtfa synthesis of 1-methoxy-2-propanol in
the micro-tubular circulating reactor, the result®wed that these typical basic catalysts exhibited
slow reaction rates and induced relatively low gseht the reaction time varying from 5 to 20
minutes. By contrast, [Maq[Buty] catalyzed the alcoholysis reaction to hav@2% yield at reaction
time of 20 minutes, showing the excellent reactates and high yield.

Figure 2 shows the comparison of catalytic perforceaof [Nis44[Buty] IL in the micro-tubular
circulating reactor and stirred reactor for synihie$ 1-methoxy-2-propanol. The reaction conditions
are as follows: PO (0.3 mol), methanol (1.2 mofitatyst loading (7.5 mol% of PO), and reaction
temperature (383 K). It is obvious that the alcghisl reaction rate was really quickly in the
micro-tubular circulating reactor with a circulaifiow rate of 10 mL/min. In a very short time (5

min), the yield of 1-methoxy-2-propanol could bgrsficantly enhanced to 59%. Increasing the time



to 20 minutes could further result to a 92% yiefdlemethoxy-2-propanol. Nevertheless, as the
reaction time was prolonged to 40 minutes, thedyadl1-methoxy-2-propanol almost kept constant.
For comparison, in a 10 mL stirred reactor witlotate speed of 500 rpm, it must take 180 minutes
to approach 92% yield of 1-methoxy-2-propanol undentical conditions, which is consist with the
previous reported results [11]. This finding shaivat the superiority of micro-tubular circulating
reactor could powerfully intensify the alcoholyseaction efficiency and dramatically decrease the
reaction time from 180 to 20 minutes. That is tg, $he reaction efficiency in the micro-tubular
circulating reactor is nearly 9 times greater thhat in the stirred reactor. The miniaturized
micro-tubular circulating reactor owning the smedlid volume usually contributes to the short
diffusion paths in the fluid stream, and therebgde to the rapid mixing of reactants and very
effective transport to the active sites of cataly@B8-25]. As a result, a high vyield of
1-methoxy-2-propanol can be obtained in the mitwbular circulating reactor within a short period
of time.
3.2 Optimization of reaction conditions

Figure 3 shows the effect of reaction temperaturethee 1-methoxy-2-propanol yield in the
micro-tubular circulating reactor. It was demont&da that the yield of 1-methoxy-2-propanol
increased accordingly with the increase of react®mnperature. For example, when the temperature
was set at 353 K, 1-methoxy-2-propanol was obtaineshly 18% vyield at 20 minutes. Increasing
the temperature to 383 K could further induce a 928 of 1-methoxy-2-propanol at 20 minutes.
This suggests that high temperature is positivethe 1-methoxy-2-propanol yield in the

micro-tubular circulating reactor, whereas the pmes finding indicates that the



1-methoxy-2-propanol yield would decrease at therloigh reaction temperature in the stirred
reactor because of the inefficient contact of reaist with the IL catalyst [11]. Considering thag¢ th
yield of 1-methoxy-2-propanol reached 92% at 20uten, the optimized reaction temperature was
fixed at 383 K for the synthesis of 1-methoxy-2pnool in the micro-tubular circulating reactor.

The effect of initial molar ratio of PO to methanmh the 1-methoxy-2-propanol yield was
studied in the range of 1:1-1:4. As shown in Figlréhe amount of methanol was found to be good
for the yield of 1-methoxy-2-propanol. It was ingied that as methanol consumption increased with
the molar ratio of PO to methanol from 1:1 to 1% 1-methoxy-2-propanol yield improved rapidly
from 20% to 61% at 5 minutes. As a result, the mo&io of 1:4 could obtain the highest
1-methoxy-2-propanol yields in comparison to theeotmolar ratios. Furthermore, after the reaction
time of 20 minutes, the yield of 1-methoxy-2-proplkept mostly unchangeable, suggesting that the
optimal molar ratio for this alcoholysis reacti@nli:4.

Figure 5 shows the effect of circulating flow rate the 1-methoxy-2-propanol yield at a molar
ratio of PO to methanol of 1:4 at 383 K. When tireutating flowrate was changed from 2 to 10
mL/min, the yields of 1-methoxy-2-propanol obvioughcreased from10% to 58% at the reaction
time of 5 minutes. We guess this is because thanmiperformance of PO, methanol, and
[N4444[Buty] in the micro-tubular circulating reactor ¢ceme good at a high liquid flow rate. The
higher flow rate often reduced transfer resistg2é¢, and thereby resulted in a fast reaction rate.
Therefore, it was demonstrated that the suitable flate for this reaction was set to 10 mL/min.

The effect of catalyst loading on the yield of 1lthwxy-2-propanol was studied by setting the

catalyst dosage of [Ppsq[Buty] at 2.5 mol%, 5.0 mol%, 7.5 mol%, and 10 #tobf PO, respectively.



Figure 6 shows that the yield of 1-methoxy-2-pragaincreased gradually with the increase of
catalyst loading. The increase of catalyst amouavided more basic active sites and resulted to
improve the yield of 1-methoxy-2-propanol. Howewehen the amount of catalyst further increased
from 7.5 mol% to 10 mol% of PO, only a slight changvas observed in the vyield of
1-methoxy-2-propanol. This suggests that the furtherease in the amount of catalyst is not very
necessary. In this work, 7.5 mol% of PO was talsetha optimal catalyst loading and used in most
of the alcoholysis experiments.

3.3 Reusability of [Naus][Buty]

The stability and reusability is of importance fevaluation of a catalyst system. Thus, the
reusability of [Nu4sq[Buty] catalyst in the alcoholysis reaction of P@th methanol in the
micro-tubular circulating reactor was also investegl. As depicted in Figure 7, the results showed
that the yield of 1-methoxy-2-propanol had no obgly change after five times. It was also found
that the IR spectra (Figure 8) of reused4®[Buty] after five runs were nearly the same assthof
a fresh catalyst. Therefore, it was demonstrateat the IL [Niaq[Buty] exhibited its good
recyclability in the alcoholysis reaction of PO.

3.4 TheKinetic M odel

The study of kinetics for [IN44[Buty] in the alcoholysis reaction of PO with matiol was
carried out in the temperature range of 363—-383itk veaction time of 20 minutes, PO/methanol
molar ratio of 1:4, catalyst loading of 7.5 mol%gdacirculating flow rate of 10 mL/min. The main

reaction is expressed as:



K
MOH + PO - 1-methoxy-2-propanol

C
The side reaction is:

K
MOH + PO -2 . 2-methoxy-1-propanol

Ao B P 2)
where A, B, C and D are PO, methanol, 1-methoxydbanol, and 2-methoxy-1-propanal,
respectivelyk; andk, are the forward reaction rate constant. Accordmthe elementary reaction
law [27], the rate equations for alcoholysis reawsi (1) and (2) reaction equation are written as:
dCc/ dt = k,C, Cpt (3)
dCp/ dt = k,C,2Ch (4)
where t is reaction timeCa, Cg, Cc, andCp are the molar concentration of methanol, PO,
1-methoxy-2-propanol and 2-methoxy-1-propanol, eesgely. n; and m; are the order of main
reaction with respect to methanol and PO, respagtin, andm, are the order of side reaction with
respect to methanol and PO, respectively. Becdwesedncentration of reactant methanol was much
higher than that required for the alcoholysis of, B@ molar concentration of methanGhj in the
whole process of the reaction, can be considereml @stant. Let,C,* = K;, k,C,? = K,, Egs.
(3) and (4) thus can be further simplified as:
dCc/ dt = K,Cgt (5)
dCp/ dt = K,Cg* (6)
A fourth-order Runge-Kutta method was used to irgegthe Egs. (5) and (6). The reaction rate
constants ; andK5) and reaction ordersng andm) can be estimated according to experimental

data. And these parameter values at different testyres are summarized in Table 1. In general, it



was indicated that the main reaction rate to 1-met2-propanol K;) was about 20 times larger
than the side reaction rate to byproduct 2-methbxyepanol K2) in the micro-tubular circulating
reactor in the temperature range of 363-383 K. Whih increase of temperature, the valuekof
improved accordingly, implying that the reactiortergor main reaction can be promoted by
enhancing the temperature. However, for side reactll theK, values were very small and it
suggests that the side reaction can be effectagiypressed in the micro-tubular circulating reactor
Moreover, increasing the temperature also restitedduce them value. Then it is believed that the
concentration of reactant PO has obviously lessaghpn the reaction rate of main reaction, when
the reaction temperature increases gradually.

Moreover, with the reaction rate constaltsandK, at different temperatures, the activation
energies and pre-exponential factors of main readtl) and side reaction (2) were calculated based
on the Arrhenius law by drawing a linear fit betweée K; and 171.

K; = K; ge~Fai/RT (7)

Eq. (7) can be rewritten as:

InK; =InK;y— E;;/RT 8) (

By plotting In K; versus 1T, straight lines were shown in Figure 9. The valwésthe
pre-exponential factork( o, K20) and activation energye{ 1, Ea2) were also listed in Table 2. The
results indicated that all the correlation coeffits B were above 0.99 and then the kinetic
equations (5) and (6) could give a good descriptiote alcoholysis kinetic behavior. Moreover, the
apparent activation energy for main reaction amt seaction were found to be as high as 180

kJ/mol and 176 kd/mol. Then it was demonstratetitthg alcoholysis process was really sensitive to



reaction temperature. This finding is consisterthwhe results of Luo et al [18]. In addition, the
preexponential factors of 1-methoxy-2-propanol gatien was near 80 times higher than that of
byproduct 2-methoxy-1-propanol, which suggested t ththe main reaction rate to
1-methoxy-2-propanol was much greater than the redetion rate. Therefore, it was concluded that
increasing temperature could effectively promote thain reaction rate and thereby improve the

yield of 1-methoxy-2-propanol in the micro-tubutrculating reactor.

4. Conclusions

In summary, the combination of micro-tubular cietiig reactor with the IL [Ma4[Buty]
catalyst was successfully used for highly effici@yinthesis of 1-methoxy-2-propanol via the
alcoholysis of PO with methanol in this work. Theger of alcoholysis reaction in the micro-tubular
circulating reactor was significantly enhanced omparison with that in the stirred reactor. The
reaction time was remarkably shortened to 20 ms;dtem 180 minutes as well as the yield of
1-methoxy-2-propanol reached 92%. Furthermorekihetic model for this alcoholysis reaction can
give a good description of the alcoholysis kindtéhavior in the micro-tubular circulating reactor.
The main reaction rate to 1-methoxy-2-propanol feasd to be about 20 times greater than the side
reaction rate to byproduct 2-methoxy-1-propanolsd#hon the results obtained in this work, it is
concluded that the micro-tubular circulating reacgstem plus the IL [MN44[Buty] catalyst is a
class of effective process intensification techeiqdor highly efficient synthesis of

1-methoxy-2-propanol.
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Table 1. Calculated reaction rate constants and reactioersw@t different temperatures.

) Main reaction (1) Side reaction (2)
Time
(K) K1 K,
1-my Jmy—1 501 My 1-my ymy—1 0 —1 My
(mol*~™t L™~ min™") (mol*~™2 L™27 min™")
363 0.0218 0.7179 0.0010 0.2811
373 0.1004 0.5510 0.0051 0.5592
383 0.4889 0.5233 0.0209 0.3451
Table 2. Kinetics parameters for reactions.
Reaction Kio Eq; (kJ mol))
(mol*~™1 [~ 1 min~1) wt
Main reaction (1) 1.53xfH 180

Side reaction (2) 1.99x1b 176
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Yield of 1-memoxy-2-propanol (%)
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