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Abstract

Zn-Co double metal cyanide (DMC) catalysts werepared by varying the initial
amounts of ZnGlto analyze the influence of method of preparationtioe different
copolymerization parameters. Synthesized catalysése analyzed by different
techniques, infrared spectrometry and inductivebyipded plasma optical emission
spectrometry, scanning electron microscopypNysisorption and X-ray diffraction to
determine whether characteristics affect the catabctivity. The copolymers were
characterized by infrared spectrometry and gel pation chromatography. Highly
active catalyst (2.5 kg polymer/g catalyst) wastlsgnaized, low amounts of cyclic
carbonate byproduct were produced (0.4 %) with omadcrystallinity catalysts and

considerable amounts of" K0.4% to 1.0%wt).

Keywords: DMC, carbon dioxide, zinc hexacyanocobaltate, dpgning polymerization,

polypropylene carbonate, polyurethanes

1. Introduction

The world is confronted with a major crisis of clite change due to the increased
evolution of greenhouse gases, with2B®@ing the main contributing [1]. Methane is now
also a threat, due to permafrost defrosting andesyient Chiliberation related to global
warming. In addition, as the current rate of pewoh consumption resources are
predicted to be exhausted within the next centilrgre is a growing effort to develop
new chemical processes using renewable resourtes [this way, CQ have received
much more attention to develop processes for gsassa potential carbon resource [3].

Therefore, C@has not only became into an important C1-carbeddtck because it is



an environmentally benign chemical and a safe radtere, but also because it has
received the attention from an economical pointiefv due to its high purity availability
at relatively low cost, and simplicity to handleom an industrial scale (nontoxic and

nonflammable) [4], [5].

As a kind of potential approach, one of the mosinpsing areas for COIs its
application as a material for polymer synthesis Y®]thout the intention of competing
against natural Cffixation in flora, polycarbonates can be synthegithrough the
technologically viable process of G@xation by coupling C@ and epoxides with the
presence of hetero or homogeneous catalysts [F][9B These final polycarbonate
products have been proposed as low toxicity andidgmdable alternatives for
packaging, engineering polymers and elastomersrf&giving much more attention
because they exhibited good mechanical propeiie®\ppealing economic advantages
come from the use of GOIt is estimated that producing 1 ton of the fipalyol polymer
(POL) product will consume approximately 758 kgpobpylene oxide (PO) (without
including CQ). Otherwise, when CQs included into the formula, polyol carbonate is
produced (PPC) and the PO used is notably redddrd, with a proper catalyst, it can
be easily included a 15 wt % of G@to the PPC with savings up to 228 kg of PO m th
process. As an example, in the Bayer pilot placéted in Leverkusen, Germany, values
above the 30 % CfOncluded into the PPC where obtained and thidehto high OPEX

(operational expenditure) savings. Finally, the actpover carbon footprint is estimated

to decrease in 11-19 % [10]

In this sense, the past three decades it haseattagjreat progress in the fixation of
CQ; into polycarbonates. Since the pioneering worknofie in 1969 using ZnkH>0

as a catalyst [11], many systems have been repamgtdemonstrated effective utilization



of CO» where the importance of a catalyst has never beerestimated [12], [13], [6,

7].

To develop further this promising reaction, varicaglyst systems have been developed
for the synthesis of polycarbonates [8] and mangiss have focused on finding new
catalysts with improved activity and selectivity.[The target is to synthesize a catalyst
fast enough to reduce the reaction time to maketheess technically feasible, but at the
same time slow enough in PO incorporation to gi¥&® €e opportunity to react and
incorporate into the polymer chain. Thereafterumhber of catalysts were developed to
catalyze the copolymerization of @@nd epoxide such as cyclohexene oxide (CHO) and
propylene oxide (PO) [5]. Nevertheless, they areegaly less effective for the
copolymerization of propylene oxide (PO) with £@nd undesired byproducts like
propylene carbonate (PC) are produced [14]. Progylmarbonate is a byproduct that
reduces the atom economy of the reaction, althougler certain circumstances it might
be of help by reducing the polymer viscosity actagya solvent and fostering mass

transfer.

Several research groups have pursued this patkwaiaping both homogeneous and
heterogeneous catalysts for £fixation [2, 4] and one of the successful examjées
double metal cyanide (DMC) catalyst [1, 7]. DMC atg$t generally referred to zinc
hexacyanometalate prepared by reaction of zindéaind hexacyanometalate salt [3]
and a complexing agent in some cases [5]. Thespleass are considered to be effective
not only for propylene oxide ring-opening (ROP) batso for CQ-epoxides
copolymerization [6, 7, 9, 13, 14]. The catalysts highly active and give polyether
polyols that have low unsaturation and narrow mabaoweight distribution [6], yielding

biodegradable polycarbonates with a wide potefaigbolyurethane applications [15].



Improvements have made DMC catalysts much moracatite for commercial
manufacture of polyoxypropylene polyols [6]. CopuBlrization of propylene oxide (PO)
and CQ using DMC complex based on 3f@80(CN)]2 has been successfully carried out
by different researchers. Chen et al., 2004 dematesk that ZgfCo(CN)]. enhances the
catalytic activity higher than ZfFe(CN)|.. The study showed that lower temperature
and lower amount of catalyst was favorable for.dfcorporation but propylene
carbonate was produced as co-product [3]. Gao. €2@l2) [13] studied the effect of
molecular weights of the initial polypropylene gy (PPG) on polymerization and the
reaction conditions. Results showed that the catadygtivity changed with carbonate unit
content and molecular weight, it reached 10.0 kgooher/g DMC catalyst, also, the
carbonate unit content varied between 15.3 % arisi%2and the weight ratio of PC was
controlled to less than 8.0 wt %. Li et al. (20[1Y)] studied the copolymerization process
of COr, and PO without initiators. The catalytic activigached 60.6 kg polymer/g DMC
after 10 h. The production of the by-product prepyd carbonate (PC) was between 0.4
to 4.4 wt %, but very high molecular weight copoBmsiwere obtain, being the maximum
in 130000 g/mol, in this sense they confirmed thasevere oxidative degradation
occurred for the low-carbonate-content PPC anddhadtability could be significantly
improved by adding an antioxidant. Zhang et al1@J9] reported a nanomellar Zn-
Co(lll) DMCC catalyst with high surface area forpotymerization. Although the
molecular weight was so high 31800 g/mol, the testilcopolymer has considerable
productivity (6050 g polymer/g Zn),cb2 (72.6%) and low PC (8.5 wt%). Zhou et al.
(2011) 6] reported good results on polymerization with hagistallinity catalysts and
studied the effect of various reaction conditionshsas amount of the catalyst, reaction
time and temperature on the copolymerization. Theiency of catalysts was high, 7488

g polymer/g catalyst and results shown that ingertif CQ into chains is significantly



affected by the amount of catalyst and ambient &atpre. The PC production was
controlled to be less than 5 % while the molartfoacof CQ was more than 30 %. On
the contrary, Sebastian and Srinivas [17] studi&tiCDcatalysts prepared by different
methods and their influence on catalytic activily CHO-CQ copolymerization. They
reported that even with moderate crystallinity amthout co-complexing agents the
catalyst are high active for copolymerization, alS@, adsorption studies revealed that
higher the guest-host interaction higher would be tatalytic activity, providing
polycarbonates with C{ncorporation as high as 86 mol%, average moleoutaght of

20900 g/mol and polydispersity index of 1.8.

Therefore, as far as the copolymerization of PO @@d is concerned, developing a
highly active catalyst system capable of producitggh-molecular-weight
poly(propylene carbonate) (PPC) and low amount®blpproduct is fundamental; under

the control of the percentage of €@corporation [14].

In this work, we will address the effect of diffat&Zn/Co initial ratio in the preparation
of five DMC catalysts by testing the catalytic &ty in the copolymerization process,
the cyclic polycarbonate (PC) production and-@0upling. A comprehensive study of
all the catalysts, physical and chemical characdéon has been performed using a

number of different analytical techniques.

2. Experimental

2.1. Materials

Zinc chloride (ZnGl), potassium hexacyanocobaltate (lIB[0o(CN)]2, tert-BuOH

(t-BuOH) and polyethylene glycol (PEG 1000, Mw=1a@Jthol) were used for catalysts



without further purification and purchased from 8aAldrich. Propylene oxide (PQ,
99%, Sigma-Aldrich), polypropylene glycol (PPG 7R&y= 725 g/mol, Sigma-Aldrich)

and CQ were used as received.

2.2. Preparation of DMC catalyst

Different amounts of ZnGland K[Co(CN)]>were used for the DMC'’s preparation
in order to determine the effect of including orretlze other reagent in excess. The
different weighted amounts of both reagents casee® inTable 1, 1.77 g of PEG 1000
were added and used as co-complexing agent. Althtihegstoichiometry of the reaction
iIs 1.5 Zn/Co mol ratio (equation 1), the amountsenehanged to determine how can
influence the excess of one or another metal owlifferent catalyst parameters such as,
catalytic activity, crystallinity, bounding and aagmerization. The catalyst recovered

(g) was the amount of catalyst obtained in each OMgparation (Table 1).

2K53[Co(CN)gl, + 3ZnCl, - Zns[Co(CN)gl, | + 6KClL (eq.1)

Tablel

Amounts of Zn and Co used in the preparation offifferent catalysts and experimental

Zn/Co mol ratio.



DMC ZnCl2(g) K3[Co(CN)sl2(g) Zn/Comol ratio Catalyst recovered (g)

A 0.31 6.94 0.1 0.48
B 0.79 5.78 0.3 1.20
C 1.56 3.86 1.0 2.49
D 2.35 1.93 3.0 1.67
E 2.81 0.77 8.9 0.78

The precise Co(CN)]2amount for each test was dissolved in 80 ml of-Qilivater
and ZnC4 in 210 ml of miliQ water and 50ml of tBuOH. Botblstions were mixed and
vigorously stirred 15 min at 50 °C. After 13 min ®E.000 was added to the mixed
solution, the white suspension was centrifugatearéat 5000 rpm. The isolated slurry
was resuspended with strong stirring during 20 imib00 ml of a t-BuOH: KO (50:50)
solution and it was centrifugated as previous. $tled was resuspended in 100 ml of
100% t-BuOH and stirred for 30 minutes, filteredhfopore PTFE membrane filter, 0.1

pum, Merck Milipore) and dried under vacuum at 50di€ing 30 hours.

2.3. Copolymerization process of CO2 and propylene oxide

Polymerization is a highly exothermic process, amdnaway reaction due to a sudden
polyol formation may occur if PO concentration Iretliquid phase is high (e.g. due to
PO accumulation because of an inefficient agitatido avoid this situation, completely
undesirable that might cause a safety problem oh@eel usually leads to overcooked
polymers, the PO is often added continuously torteetion in a batch (semi-batch

operation) mode.



Batch copolymerizations of different Z&€o(CN)]. (DMCs) and CQ were carried
out in a 350 ml reactor. An initial template polymeas used for catalyst activation and
for a better control of the final molecular weigRPG 725 was used for that purpose,
assuming that the number of moles of polymer wastamt during the reaction and that
all the —OH branches grew equally. The amountse§tarter PPG 725 and of the catalyst
DMC were fixed at 30 g (0.0413 mol) and 40 mg (6188 mol), respectively and placed

in the reactor under continuous stirring and homogs temperature.

Three successive inertizations usingwere carried out at different pressures (5, 15
and 20 barg) to remove all@noieties. The reactor is then heated up to 130fd2mu
vacuum conditions. Once the temperature was ratkedvacuum continued during 30

min to remove moisture in the starting PPG polymer.

First, under vacuum conditions (-0.80 barg) thévagtof the catalysts was tested by
two sequential activations at 130°C inserting adiamount of PO. The amount of PO
added for the activations was estimated to be ardid9s of the total PO required if a

3000 g/mol PPC was pursued.

Once the first amount of PO was pumped into thetogdhe following criteria was
followed to determine if the catalyst was activapedperly. The pressure of the reactor
increases due to PO vaporization, up to thermodimanuilibrium. The catalyst takes
typically 10 to 30 min to activate, and after thhg reactor pressure decreases due to PO
consumption. If a peak of temperature followed loljgerease on pressure occurred before
1 hour of the first addition, the catalyst passed &activation test. Otherwise, if the
pressure did not decrease down to the initial viacwonditions, the catalyst did not
activate properly and the experiment was stoppkd.seEcond activation was carried out

under the same conditions as the first one. Finallthird PO addition was performed



with CO; at copolymerization pressure (10 barg) only winencatalyst behaved properly

in the two previous additions.

After the PO batch additions, once the system \atsosary, the temperature was
decreased down to the copolymerization temperatiut®5 °C and PO was pumped in a
continuous way (0.35 ml/min). This PO flowrate mashsider the maximum heat that
the equipment is able to remove by the coolingesysto avoid runaway reactions and
hotspots. After this stage, a continuous flow of.®@s fed into the system during 2 h to
keep the pressure constant. Finally, the pressasestowly released and the system was
kept under a vacuum current of t eliminate the unreacted monomers of PO during 1
hour. Then, the reactor was cooled down and the iopolymerization product was

weighted and prepared for further analyses.

2.4. Characterization of the catalyst

Elemental analyses of Zn (213.857 nm), Co (238882 and K (766.491 nm) were
performed by optical emission ICP (Varian 725-E8fter a previous microwave
digestion of samples (ETHOS SEL Milestone). Infdaspectra from 400 to 4000 ém
were recorded using a Fourier transform infrareelcBpmeter (FT-IR) from Bruker

ALPHA at a resolution of 2 cthand data were taken after 64 scans.

An environmental scanning electron microscope (Epifsls taken by ESEM-FEI-
Quanta 200F after coating with 10 nm gold layera}-diffraction (XRD) patterns and
crystallinity results were obtained on Bruker D&&iver A25 diffactometer using Cu

ceramic tube at 2.2 kW and LynxEye detector.

Microporous and mesoporous of the catalyst werbyaed by nitrogen-physisorption

(Sorptomatic 1900, Carlo Erba Instrument). The dampeparation was as follow, first
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an outgassed burette was weighted, and then Co2B®Y¥IC A was added to the burette
in outgassing conditions during 3h at 150°C and (P@, after that the burette was
weighed to determine the moisture of the samplethadspecific surface area of the

catalyst (mM¥/g) were analyzed

2.5. Characterization of copolymer

Spectroscopic analysis of the polymers were peradrasing FT-IR (Bruker ALPHA)

at a resolution of 2 cthand the data was taken after 64 scans.

The amount by weight of GOncorporated in the polymer chain was determingd b
means of 1 H-NRM (Bruker AV 11l HD 500, 500 MHz, Ise program zg30, waiting time
d1:1s, 120 scans). The sample was dissolved iregdatl chloroform. The relevant
resonances in the 1 H-NMR spectra (based on TM$pnd) used for integration were:
1.05-1.25 (methyl group of polyether moieties, arfdhe resonance corresponds to three
H atoms); 1.25— 1.35 (methyl group of carbonateeti®s in polyether carbonate, area of
the resonance corresponds to three H atoms); héthyl group of cyclic carbonate, area
of the resonance corresponds to three H atoms)ng @kto account the intensities, the

relative concentrations as well as the weight foast were calculated.

Number average molecular weight (Mn) and polydisigrindex (PDI) of polymer

products were calculated from the obtained curvea Waters 1515 size exclusion
chromatograph (SEC) with 2 Agilent PLGel 5 pym miXed(300x7.5) columns, the
temperature of which was set at 35°C using THFohsest. Detection was performed
with a refractive index detector, solvent flow wasmL/min, and calibration was

performed with PS standards.
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3. Resultsand Discussion

3.1. Analysis and characterization of the Co-Zn based catalysts

The method of preparation including temperatureijtypwf feedstock, complexing
agent and the mode of reagents addition has signifieffects on the catalytic activity of
the final DMC [5, 17]. As the DMC catalysts werepared by mixing {Co(CN)]- and
ZnCl, KZn[Co(CN)] or K* can be also formed. The presence of potassiumciouisl

result in a drastic decrease of activity of the DABC

The experimental procedure of the DMC synthesisldeen already developed by
several authors and with different preparation méthtogies such as Chen et al., 2004,
Zhan et al., 2011, Kim et al., 2004, Zhang et2015 et al., Chriciel et al., 2014 or Li
et al.,, 2011 among them [3, 9, 18-21]. Howevet, guew publications studied the effect
of changing the amount of the initial reactantslia, 22]. In order to examine the effects
of how different initial metal concentrations iretbMC can influence its chemical and
morphological characteristics and therefore thabalytic activity, five catalysts were
prepared by changing the concentration of Zradld used for polymerization reactions.
tert-Butanol (tBuOH) was used as complexing agé€w)(to help the retention of Zngl
in the catalyst [5] and the co-complexing agent@@9 PEG 1000, according to Guo et
al., (2014) was used to decrease crystallinityinackase the catalytic activity [7]. Thus,
they play an important role in DMC catalyst andyrapening polymerization (ROP) [13].
The catalyst was prepared following the literat#8]. All samples were analyzed to

determine the differences based on the amounts Gbkand ZnTable 2).

Table?2

Final composition of the different prepared cateymalyzed by ICP.
12



Zn Co Zn/Co K Co Zn

Samples
(% mol/moal) (% mol/mol) mol ratio (mol/g) (mol/g) (mol/g)
A 60% 40% 1.50 0.0008 0.0022 0.0033
B 58% 42% 1.38 0.0007 0.0022 0.0031
C 59% 41% 1.44 0.0004 0.0028 0.0040
D 60% 40% 1.50 0.0003 0.0028 0.0042
E 61% 39% 1.56 0.0001 0.0026 0.0042

FT-IR spectroscopy was used to identify the co@toam and bounding in metal
complexes. Differences on the DMCs can be seerhervibration bands that reveal
differences in bonding characteristics. The baiadl tibes at 2192 cthcorrespond to the

—C=N stretch of the DMC complex ZCo(CN)]2 - xH20(x = 0 ~ 12) in the presence

of CA and co-CA. According to other researchers, [12], the main characteristic
vibration bands that appear in all DMEi¢ 1) are: at 470 crh the Co-C stretching
vibration indicates the presence of a coordinaBetDH in different amounts, 642 ¢
correspond to Co-C bounding, 1199-ttn 3°-C-O stretch, 1372 chio -OH bending
from tBuOH, 1473 to -CH scissoring, 1615 to —OHdlieg form water, 1738 correspond
to the PEG incorporation into the catalyst, 298*+@H stretch and the —OH stretch in

all DMCs vibes from 3661 to 3296 ¢in

The main difference on the FT-IR analysis corresfdorthe synthesized catalysts with
higher amounts of ¥Co(CN)].. Catalysts A and B showed one more vibration kend
2129 cm' (Fig. 1). This band may be caused by the —CN group froenetkcess of

K3[Co(CN)]2 added to the catalyst (AIST spectra database).
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Fig. 1. FT-IR spectra of the Co-Zn catalysts.

Selected ESEM images showed that the amount oeneagffects particle size and
morphology Fig. 2) of the catalyst. The DMCs prepared showed lamedfaherical and
cubical distributions. Lamellar structures thickhesanged from approximately 125nm
for A sample to lowers sizes while ZnGhas increased in the synthesis. E sample
exhibited lamellar structures with thickness of @p@mately 33 nm together with more
spherical agglomerates. It is interesting to nbe more agglomerates and spherical
structures were formed whenZmwas increased in the catalyst recipe; althougfiiaé
Zn/Co ratio was almost the same (Sable 2). In agreement to Lee et al. (2009) [12] this
fact could lead to an aggregation of DMC partidsswell as co-CA acts as protecting
agent. As can be seenfing. 2, catalyst A and B present mostly lamellar and caibi
structures while in C catalyst more agglomerates@amed and cubical structures change
to spherical, finally in D and E catalyst, the ess®f Z#* could lead to thin lamellar
structures surrounded by spherical agglomerateshadould mean that the aggregation

process is completed in these caseg. ).
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Fig. 2. SEM images of DMC catalysts prepared with diff¢ieartial concentrations of

Zn and Co.

The surface properties, crystal structure and altysity values of the synthesized
catalysts were examined by X-ray diffraction. Afltbem were identified as Prussian
blue analogues (characteristic reflections of{@o(CN)]2 * 12 H,O are marked with
lines inFig. 3) [12]. Sample A was characterized by cubic (1423, 24.5, 34.8, 39.2°)
and monoclinic structures (14.5, 20.7, 23.5, 24[97) 24]. This sample presented an

amorphous structure, as it had a pronounced inyereflection at 23.7° [7]. Sample B

15



presented a mixture of cubic and in a lesser extemocyclic structures, the monoclinic
phase characteristic peaks at 20.7 and 23.5° g@dlJdw intensity. Particularly, sample
C showed a cubic lattice structure with no monacygphase together with the highest
crystallinity (50.3%). On the other hand, sampleard E presented also a mixture of
cubic and monoclinic structures, being the monaclstructure more intense in sample
E. The extent of the monoclinic structures was nmiotense at Zn/Co ratios away from

the stoichiometric value.

== Zn;[Co(CN),] - (H,0)p

Csiel e
2567 656 ¢

(A)

B

‘A Intensity (counts)

(D)

(E)

10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70
20 (deg)

Fig 3. X-ray diffraction of the different Co-Zn catalystgharacteristic peak of an

amorphous state.
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3.2 Catalytic test

From our results we can conclude that a propevatabtn of the catalysts only occurred
when ZnC} was in excess on the DMC preparation. This famtideto changes on the

catalyst structure, thus is according with otheeegches [1, 7, 13, 24, 25, Gao, 2012 #8].

In our case, samples D and E activated properlifei@nces on the activation are
exclusively due to the method of preparation. yateD with a molar starting mixture of
Zn:Co:tBuUuOH:PEG formulae 1.0:0.3:30.6:0.1, finishedfirst activation after 40 min
with 7.2 gr of PO added and its second activatias earried out with 2.2 gr of PO and
finished after 80 min. A quicker activation wasrazd out by catalyst E with a molar
starting mixture of 1.0:0.1:25.6:0.1 that activatedch faster, the first activation finished
after 28 min with 7.4 gr of PO and its second atton finished after 52 min with 2.3 gr
of PO addedKig. 4). The catalyst yield is 1.4 kg polymer/g catalpstD sample and 2.5
kg polymer/g catalyst for E. Compared to other &sidthis value is high for 10 barg
(working pressure), other studies have similar lgataactivities working at higher
pressures [17, 18], as an example Chen et al. {28Pdbtained catalytic activities from
1.5 to 2.1 working at pressures of 20 to 45 baceR#y Gao et al. (2012) [13] obtained

a yield of 3.8 (kg/g) working at 40 bar.
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Fig. 4. Catalyst activation. A, B and C no active catalizsgnd E active catalysts. (1)
first catalyst activation, (2) PO consuming stg@¢ second catalyst activation, (4)

second PO consuming stage.

Therefore, we suggest that the proper catalyddMC polymerization should be one
with the characteristics of the catalyst D/E. GRftirles Fig. 5) showed that E sample
has consumed half of the starter peak while D saing$ consumed almost all that peak.
This means that D catalyst is more reactive thabuEJacks of activity to decrease the
PDI on the final product. In this sense, specitidace area analysis was performed in
both active catalyst to evaluate the pore volunteratate it to the catalytic activity and

polymerization process. As can be seeM able 3, the specific surface area of both

18



catalysts is high (846 #fy D sample, 743 Ag E sample for microporous analysis and
533 nt/g D sample, 515 Ay E sample for mesoporous analysis). Sample Dléssl

amount of water than E and the highest value obp@®us volume (0.51 citg).

Both catalysts D and E are characterized as pofmwever the values of specific
surface area and eliminated water % are differ€able 3). Authors suggest that once
the reagent molecule gets inside the pore, sontbesh are not able to release that
molecule. This fact also avoids the release of iaatent in the pore, obtaining long
polymer chains which mean high PDI values. Thisnpineena occurs for catalyst D
(Table 4). Nevertheless, when the pore allows the incotpmraf the reagent molecule
as well as the subsequent release of water ananpolgnolecules, it results in shorter
polymer chains. In this case, PDI value decreasdéscan be seeing in catalyst Eable

4).

Specific surface area follows the previous assuwmp(l able 3). In terms of pore
volume, smaller pore values (catalyst E) allow ploé/mer molecule remain less hold
inside the pore. This enables a higher numberat gftolymer chains, a decrease on PDI
value and higher water % elimination. By optimizithg agitation system, this effect is
less pronounced due to the improvement in massfeammand internal and external

diffusion processes.
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Fig. 5. GPC analysis of active catalyst samples D and E

Table 3.
Microporous, mesoporous and surface area of theeacatalysts D and E analyzed by

N2-physisorption

Sample % water  Specific surfaceaream?/g Porevolumen cm®/g
D_microporous  18.15 846.80 0.30
D_mesoporous 12.86 533.12 0.51
E_microporous  21.43 743.07 0.26
E_mesoporous  21.80 515.24 0.35

Moreover, we state that thorough washing to eliteira! K" of the catalyst is not

strictly necessary for a proper working of the batadue to with 4000 ppm for E
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(0.4%wt) or even 10000 ppm for D (1.0%wt) of K the DMC the activation and

polymerization reactions exhibit good results (viafea).

Although it was reported in other studies that DMith lower crystallinity are more
active for copolymerization and the DMC exhibitaghcatalytic activity only when
crystallinity degree was 30% our results as the ones reported by Zhou €@l 1)

[16] or Sebastian et al. (2014) [17] showed sigaiifit differences provided D and E are
active catalysts with medium crystallinity (> 40%ather, is consistent with the theory
reported by Peeters et al. (2013) [24] that thiei@mfce on the catalytic activity is based
on the structure properties of the’Zion. At the surface of cavity generated by a block
vacancy, Zn atoms with an incomplete coordinatjgmese are found [26] so higher
activity can be achieved by more vacancies arounffk Also, coordinated CA and
disperse ClI- in the structure activate€*Zions that are critical for high activity of

catalysts [17].

3.3 PPC copolymer characterization

For the copolymerization reaction, the total ameuatuired of catalyst, PO and PPG
were estimated depending on the desired molecmhivfor the final copolymer, in this
case approximately 3000 g/mol. Considering thisi@athe amounts of PO and PPG to

be used in the reaction were calculated.

FT-IR spectrum of the obtained copolymers is showrFig. 6. A sharp C=0
asymmetric vibration absorption at 1744 tend a C-O stretching vibration at 1260 cm
! was found, providing the evidence of the incorioraof CQ into the polymer chain
[3, 7]. At the same time, it can be seen low intgrseaks at 1790 and 790 ¢rwhich

are characteristics of cyclic carbonate (PC).
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The copolymerization reaction resulted in the npimduct, polypropylene carbonate
(PPC) and the byproduct, cyclic polycarbonate (B&jore the reaction is carried out it
iIs recommendable to estimate the %@t could be incorporated as well as the amount
that is going to be formed of PC, in order to pcethe PO amount needed for the PPC
synthesis reaction. The more incorporation obQe less PO will be necessary for the
reaction, for a similar final molecular weight. @ contrary, when a higher the amount

of PC be generated by reaction, the higher the atmmeded of PO.

Comparing the calculated data to the experimemi@lyaed by NMR Table 4), data
showed that the incorporated €@lues are similar that the estimated values %o
for D and 6.7 %wt for E. Comparing to other studrest have carried out the experiments
at similar conditions and similar pressures (10,dae CQ incorporation is higher than
in the case of Langanke and Wolf (2015). This atgtlobtained 4.1 %wt of CQvorking
at a higher pressure 22 bar [27]. Calculating te @corporation on %CU (mol) units,
values correspond to 7.7 and 9.4 %CU (values oiddiy NMR). These results are close
to the ones obtained in other studies that workigtter pressures. Chen et al., (2004)
obtained values of 15% working at 20 bar [3] anetLal., (2011) obtained 13 %CU but

in this case working at 40 barg [21].

The benefit of these DMCs was that the cyclic cadbe produced in the reaction was
very low, 0.4% for D and 0.3% for EFig. 6). Thus, these DMCs were more selective
catalysts regarding to the main product PPC, &egtoduction of high amount of the
byproduct PC leads to a lesser production of PR¢hi$ way, we have achieved a high
selective DMC that can be used at high tempera(i@s°C) on the contrast to the study
of Darensbourg et al. (2003) [28] where the tengidngroduce large quantities of PC

increased with elevated temperatures.
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Table4

Data of copolymerization of C&and PO for the active catalyéts

PPC
PPG/DMC Wpc@ CTR@
Catalyst t(h) Yiedd® TON®© TOF© product  PDI
(9/mg) (Yowt) (%owt)
Mw Mn
D 30/42 6.5 1.4 34 7 0.3 5.6 25267 1930 13.09
E 30/41 6.0 2.5 99 14 0.4 6.7 15930 2660 5.97

(a) All copolymerization were carried out at 1052G,barg with 30 gr of PPG (725 g/mol) and 90 gPo.
(b) Calculated by kg polymer/g catalyst
(c) TON calculated as mol PPC/mol catalyst, TOFuated as TON/h

(d) Carbonate content unit (CTR) and ratio of PC inpteeluct (Wc) was determined by NMR

(E) y I‘”‘w,"

Transmilance (%)

t + t + + + + + —— ——t +
3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm-1)

Fig. 6. FT-IR spectra of the copolymer obtained with gatts D and E

The copolymers obtained were of high and low mdicweights that implied a high
polydispersity (PDI), this fact was due to a lesagitation on the reactor during
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copolymerization process. The increased viscodith® polymer caused mass transfer
limitations due to the agitation, as the magnetiiciisg was insufficient and therefore
ineffective. PO dripping always in the same ared surch inefficiency of the agitation
led to formed molecules with a long carbon chaithet area, and other molecules with
shorter chain, in more remote PO feeding areas f@sulted in an unexpectedly high
polydispersity value, as can be seemable 4. The increase on the viscosity may be due
to low formation of the cyclic polycarbonate, howewthis is a characteristic result and
one of the objectives to achieve, because it avthdsneed of further purification
processes to remove the cyclic polycarbonate. A R is essential for optimum
properties of the polyol in its subsequent usethigr synthesis of polyurethanes. This
could be improved by including a vigorous agitat&ystem or a mechanical stirring,
during the copolymerization reaction that will ldadlecrease notably the PDI and so the
molecular weight. Thus, two more reactions werai@drout in aParr reactor (Parr
Instrument Company, Inc. Moline, lllinois, U.S.Ajith a volume of 382 cAwith amechanical

stirrer (Parr Instrument Company, Moline, lllinold,S.A. A1120HC 1155 with a motor from

Bodine Electric Company, Chicago, USt) prove this fact. Variables such as temperature,
and amount of catalysts used where the same s otlier experiments. The PO amount
was changed in order to prove the agitation efiadhe PDI of the final polymer. As the
final molecular weight is not an influence varialole the PDI value the reaction was
performed to 1000 g/mol instead of 3000 g/mol. Reslhowed a considerable decreased
on the PDI. Obtained values for PDI were 1.11 aniD Ifor D and E catalysts,
respectively being Mw and Mn 1066 and 960 for gataD and 1139 and 1034 for
catalyst E. Therefore, both catalysts are apprtgpriar copolymerization processes

because both can decrease the final PDI, prodlmm@mounts of PC.
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Finally, the incorporated COn the chain will be increased while the workinggsure
also increases. As Guo et al. (2014) [29] repbitgher pressure, lower temperature and

longer reaction time increase the speed of ringniogge

It is worth to mention that using these DMC catedy$ow amounts of PC are produced
and once this active catalyst is obtained, they lsanused for increasing the €0

incorporation by varying the temperature and insirgathe pressure.

4. Conclusions

In this study, Zn/Co double metal cyanide catalygtse synthetized by varying the
amounts of ZnGlon the preparation method. The main goal was mhegize active
DMC catalysts which lead to produce very low qusegi of the byproduct (cyclic
carbonate) and a greater production of the maimynty polypropylene carbonate.

Different DMC catalysts were tested for that pugos

Only when Zn was in excess the catalyst was adiivea thorough washing to
eliminate K until is not detected, it was appreciated thad ot necessary in order to
obtained high active catalysts. With amounts betw@d0% and 1.00 %wt ppm‘Khe
catalyst exhibited good catalytic activity and oBlyvashings were necessary. This fact

might help in the reduction of time and solventtsos the preparation of DMCs.

Active catalysts showed medium crystallinity, whioiplies that the amorphous state
was not override. Thus, it leads to the fact thatdatalytic activity was influenced based
on the structural properties of the?Zipns where Zn-OH group in DMC catalyst is the

active center for polymerization.
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The study reveals that the preparation method basdditial amounts of 71 can
affect the copolymerization process. Although tid Ras between 5.97 and 13.09 due
to the high viscosity of the polymerization in ik fluid (as low amounts of PC were
obtained), it could be improved by enhance theistjrsystem. To prove it, two more
reactions were carried out using a mechanicalestithe effect was clear producing a

decrease in the PDI value.

The N-physisorption and GPC analysis of these catalsistaved that with higher
amount of water and similar specific surface acsdalyst E is less reactive but the
catalytic activity is higher than for catalyst Dhd specific surface area and pore volume
are crucial to characterize the catalytic actiwityorder to obtain short polymer chains

which implies a good value of PDI on the final puot

Highest catalytic activity (2.5 kg polymer/g catstly more CQincorporation (6.7%)
and less production of PC (0.3%) even at high teatpees (105°C) were performed by
the DMC E, prepared with the highest amount of Zn@lthough the stoichiometric

reaction was similar in all cases.
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