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Dehydration/polycondensation of lactic acid under microwave irradiation

In this paper the effect of microwave irradiation power (MW) on the processes of polycondensation of lactic
disturbed total internal reflection acid (LA) was studied for the first time. LA polycondensation was carried
out in a multimodal reactor in a vacuum while bubbling with nitrogen at powers of 80, 130, 280, 360 and
500 watts. The change in the temperature of the LA sample under conditions of MW as a function of time and
irradiation power was determined. Based on the data of 1H NMR and IR spectroscopy, it was suggested that
at 80 W the molecules of physically bound water are mainly removed. The formation of lactic acid oligomers
(LAO) occurs at a power of 130-280 W along with the removal of water and LA. Complete removal of water
from LAO occurs at 360 watts. When LA is heated at MW power of 430 W, the formation and isolation of
colorless crystals is observed, which can be classified by the IR spectra as lactide molecules (vC=0 is
1770 cm™, vC-O—-C is 1240 cm™). The molecular weight of LAO decreases at a power of 430 W and above.
The kinetic curves of LA polycondensation at 130, 280 and 360 W are presented. The process of LA
polycondensation at 360 watts is optimal. It was established that the rate of LA dehydration under MW condi-
tions increases by 15-20 times as compared with carrying out the process under normal heating conditions.

Keywords: microwave irradiation, lactic acid, polylactic acid, lactic acid oligomers, NMR spectroscopy, IR
spectroscopy, specific optical rotation, molecular weight.

Introduction

Polylactic acid (PLA) occupies the most significant market share of biodegradable polymers. PLA prefer-
ence is due to the fact that it is made from renewable raw materials and has the ability to decompose in the nat-
ural environment under the action of bacteria, first to lactic acid and then to H,O and CO,, ultimately without
damaging the biosphere [1-7]. PLA is widely used in the biomedical and pharmaceutical industries as an agent
for controlled drug delivery and wound healing, tissue engineering etc. The use of PLA in medicine is primarily
due to the fact that it does not cause allergic, inflammatory and other harmful reactions in living organisms and
is completely decomposed into non-toxic metabolizing products [2—4, 7]. Lactic acid (LA) is used as a raw ma-
terial for the synthesis of PLA. Due to the high hygroscopicity of LA, its concentrated aqueous solutions, name-
ly, syrupy colorless odorless liquids with different percentages are usually used. In general, lactic acid polymers
are obtained under conditions of ordinary heating in two ways, namely, by polymerization of lactic acid dimers
(lactides) with ring opening [1-3, 5] and direct LA polycondensation [1, 5].

During the last decade, significant progress has been made in the field of polymer synthesis under MW
conditions, including biologically active substances [8—17]. The use of MW can significantly reduce the time
of reactions from hours to minutes, increase the yield and molecular weight of the product, and develop re-
source-efficient and environmentally friendly methods for the synthesis of biologically active compounds
[8-14, 18, 19].
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At the initial stage in all methods, dehydration / polycondensation of aqueous solutions of LA is carried
out. This process is energy-intensive under normal conditions, the time for removal of water is up to 5—7 hours,
and complete removal of water is difficult [18]. Microwave reactors are divided into multimode and monomode
depending on the type of energy distribution in the reaction space. Some chemical reactions are sensitive to the
type of irradiation and occur at different rates in multimode and monomode microwave reactors [8-9, 11, 13,
18-20]. LA and its LAO are polar molecules and can absorb microwave energy [21-23]. In this regard, much
attention is paid to the synthesis of PLA polymers in the MW conditions [2-3, 8-10, 21, 24-27].

The processes of direct LA polymerization in MW conditions are attractive as energy-saving processes,
since they make it possible to avoid the labor-intensive and energy-intensive stage of lactide synthesis [9, 17,
18, 26, 28]. The rate of LA polycondensation processes in the MW conditions depends on the volume of the
reacting substances [26] and pressure [6].

The process of water removal and the subsequent lactic acid polycondensation under microwave irra-
diation takes place 10—15 times faster than at conventional thermal heating [18, 28, 29]. Direct LA condensa-
tion is carried out in three stages, namely, removal of free water, polycondensation of oligomers and conden-
sation of high molecular weight polymers in the melt. In the first and third stages, the removal of water is
decisive for the reaction rate. For the second stage, the rate is determined by chemical reaction [17, 12, 24].

LAO of high-purity without impurities of metals and solvents were obtained under MW conditions [18].
The reaction was carried out in a monomode reactor at 100-250 °C at a power of 300 W. This high-purity
oligomer of LA can be used as a safe and high-purity intermediate for the synthesis of PLA for use in medi-
cine and pharmaceuticals. In Japan [10], an industrial installation of microwave synthesis of highly pure lac-
tic acid oligomers under MW conditions for medical purposes was created.

In [10, 26], LAO was synthesized from aqueous solutions of LA in the presence of catalysts in
monomode reactors under irradiation with 300 W [10, 26, 18]. When comparing the conduct of the
polycondensation reaction of LA under MW conditions at 250-300 W in multi- and monomode reactors
[30], the formation of high molecular weight PLAs in the case of multimode irradiation was noted. Thus,
despite the large number of publications on the synthesis of PLA under MW conditions, the data obtained are
scattered, performed under unequal conditions and in different microwave reactors. Although it is definitely
possible to say that the time of PLA synthesis decreases by 10—15 times under MW conditions. Systematic
studies on the effect of irradiation power and time on the process of dehydration / polycondensation of LA in
the literature are missing. In this work, we investigated the effect of the MW power and the time on the LA
polycondensation process under MW conditions in a multimode reactor.

Experimental

80 % Aqueous solution of D(+)lactic acid of brand «PURAK 80», manufacturer the Netherlands, was
used as an object of the study. Chloroform was used as a solvent to determine the molecular weight. IR spec-
tra of starting compounds and reaction products were recorded on an Agilent Resolutions Pro IR spectrome-
ter. "H NMR spectra of LAO and PLA synthesized were recorded using a Fourier spectrometer AVANCE
AV 300 from Bruker (Germany), the operating frequency was 300 MHz, and the solvent was deuterated
chloroform. The molecular weight of the samples obtained was determined by the viscometric method using
an Ubbelohde viscometer. To determine the molecular weight M, a non-linear Mark — Huvink equation is
used, expressing the dependence of the characteristic viscosity on the molecular weight:

[n]=KM",

where K — is the Huggins constant; o is a constant for this polymer-solvent system. Usually, depending on
the nature of the solvent, the value of o, which determines the degree of curliness of the macromolecule,
ranges from 0.5 to 0.8. In this work, K = 4.7% 10, & = 0.67 for LAO and PLA solutions in chloroform. The
molecular weights of the PLA samples obtained were also determined by gel permeation chromatography on
an Agilent 1200 instrument. Chloroform was used as a solvent; the eluent rate was 1 ml/s. To determine the
angle of optical rotation (degreesxml/dmxg), an AP-300 polarimeter was used, a tube length of 1 dm, sol-
vent — chloroform, A = 589 nm.

Dehydration/polycondensation of LA was carried out in a multimode microwave reactor in a vacuum
while bubbling with nitrogen at powers of 80, 130, 280, 360 and 500 watts. The microwave reactor was cre-
ated using a Daewoo Kor-5A17W microwave oven. The temperature was measured with a thermometer
through the side opening of the microwave oven.

20 g of LA were loaded into a 100 ml glass heat-resistant flask, placed in a microwave reactor and
sparged with nitrogen at a pressure of 200 mmHg at various capacities.
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Results and discussion

Dehydration of LA in the MW conditions. Figure 1 shows the change in the temperature of the LA sam-
ple under MW conditions as a function of time and irradiation power. As MW power is increased from 130
(478 K) to 280 W, the temperature is increased only by 283 K. The temperature of LA samples in the MW
conditions at a power of 280, 360, 500 W is the same and is 488 K.
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Figure 1. Dependence of the temperature of a sample of lactic acid on time under MW conditions
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Figure 2. Weight reduction of 80 % LA solution after vacuuming under MW conditions

Figure 2 shows the decrease in the LA weight after vacuuming under MW conditions. In the first 5
minutes of LA dehydration the maximum amount of water and LA were obtained. With increasing vacuum
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time, the process of water removal slows down. At 80 and 130 W, LA samples approximately lose 30 % of
their weight.

The course of the dehydration/polycondensation reaction was evaluated by the change in the intensity
of the absorption bands in the IR spectra (Fig. 3). The values of the troughs of the PLA IR spectra are given
below (wavenumber, cm ' (group): 3500-3300 (vOH), 2997 (v,CHs), 2947 (v,CH;), 2882 (vCH),
1760-1727 (vC=0), 1452 (8,,CHj;), 1388-1348 (8,CH3), 1368-1360 (61CH+0,CH;), 1315-1300 (62CH),
1270 (vCOC), 1215-1185 (v,,COC), 1130 (r,sCH3), 1100-1090 (v,COC), 1045 (LVC-CH;), 960-950 (rCH; +
+vCC), 875-860 (WVC—COO).

In the IR spectrum of 80 % LA, a broad intense band with a maximum at 3400 cm™' is observed, which
can be attributed to the stretching vibrations of OH groups belonging to the associated water molecules. The
intense band at 1727 cm ' refers to the stretching vibrations of the C=0O groups. The absorption band at
1650 cm™ characterizes the deformation vibrations of O—H groups of water molecules. Also on this spectrum
there is an intense band of 1240 cm™', which refers to the stretching vibrations of the C—O group.

After microwave irradiation at 80 W, an absorption band at 1727 cm ' is observed in the IR spectra of
LA, which relates to stretching vibrations of the C=0 groups of LA, and a shift of the band at 1240 cm™' to
the low frequency region (1211 cm™) (Fig. 3, spectrum 1). It can be assumed that the molecules of physical-
ly bound water are mainly removed at 80 W.

As the MW power increases to 130 and 280 W (Fig. 3, spectra 2 and 3), the absorption bands of car-
bonyl groups at 1744 cm ™' are observed in the LA IR spectra, and the vibrations of the C—O bond shift to the
low-frequency region (1188 cm™). The data obtained suggest that,, the polycondensation processes of LA
and the rearrangement of the LAO obtained occur at a power of 130-280 W along with the removal of water.

The absorption band with a maximum of 1650 cm ™', which characterizes the bending vibrations of wa-
ter molecules, is absent in the IR spectra of LAO synthesized at MW power of 360-500 W (Fig. 3, curves 4
and 5). Consequently, the process of removing water from LA is complete.
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Figure 3. The Disturbed Total Internal Reflection IR-spectrum of LA
after vacuuming in the MW conditions for 35 minutes at a power
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At MW power of 430 W and above, the formation and release of colorless crystals is observed, which
can be classified by IR spectra as lactide molecules (vC=0 is 1770 cm ', vC-O-C is 1240 cm ™). The assump-
tion of the process of dehydration/polycondensation of LA is confirmed by 'H NMR data. The '"H NMR
chemical shifts are presented below.

The multiplet of the methylene group of LA is observed at 4.4 ppm, the chemical shift of the proton of
the LAO methylene group multiplet is observed at 5.2 ppm. By changing the chemical shifts of the meth-
ylene groups of LA and LAO, one can judge the course of the process of oligomerization of lactic acid. The
results of the "H NMR studies are presented in Figure 4 and Table.

Chemical shift, ppm Structural fragments
52 1H, m, -CH(CH3)-)
4.4 1H, m, -CH(CH3)OH, end group)
1.6 (3H, d, -CH3)

In the '"NMR spectrum of an LAO sample obtained by vacuuming LA under MW conditions at 130 W
(Fig. 4), there are quite intense chemical shifts of 4.4 and 5.2 ppm, characterizing the C—H group of LA and
LAO, respectively. With an increase in power, the chemical shift at 5.2 ppm increases and 4.4 ppm decreas-
es, that is, the formation of LAO.

95 T 55 3.5 1.5 ppm

I — 130 W;2—280 W;3—360 W

Figure 4. "H NMR spectrum of LA after vacuuming in MW conditions for 35 minutes
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Table
"H NMR chemical shifts and physico-chemical properties of the LAO samples synthesized
Power (heating time) Chemical shifts, ppm (intensity) The degree of M [Da]

W/(min) LA,5, m(C—H) LAO, 6, m(C—H) conversion, %

80(35) 4.3(1.18) 5.1(1) 46 -
130(35) 4.40(0.55) 5.2(1) 64 290
280(35) 4.4(0.49) 5.2(1) 67 440
360(35) 4.4(0.22) 5.2(1) 85 758
500(15) 4.3(0.51) 5.1(1) 66 420

The degree of conversion of LA into LAO was determined by the formula:

](CH)LAO x100 % .
I(CH)LA+[(CH)LA()

Based on the 'H NMR data presented in Table, it can be assumed that the molecules of physically
bound water are mainly removed at 80 W and the formation of LAO does not occur. When dehydrating LA
under MW conditions at 130 W, an increase in the molecular weight and an increase in the intensity of the
chemical shift of 5.2 ppm, characterizing the C—H bond of the LAO, are observed. It can be assumed that, at
a given power, the formation of LAO begins. In the range of 130-280 W, it appears that polycondensation of
LA and LAO occurs, while in this power range the molecular weight changes slightly (Fig. 5).
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Figure 5. Dependence of the molecular weight of LAO on the MW power

4580 1 3
4080 4
3580
3080
2580 -
2080 -
1580 -
1080 -
580 -
80

M,[Da]

——130W (478K)
=280 W (488 K)
== 360 W (488K)

0 20 40 60 80 100 120 140 160 180
Power,W

1—130 W (478 K); 2 — 280 W (488 K); 3 — 360 W (488 K)

Figure 6. Dependence of the molecular weight of LAO on the time of LA dehydration
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When LA is heated at MW power above 360 W, the formation and release of colorless crystals is ob-
served, which can be classified by IR spectra as lactide molecules (vC=0 is 1770 cm ™', vC—O—C is 1240 cm™).

With a power of 360 W, a significant increase in molecular weight occurs (Fig. 5). With an increase in
the MW monosity up to 430 W and higher, the molecular weight of LAO decreases. The destruction of LAO
apparently occurs with the formation of lactide.

The kinetic curves of LA polycondensation are shown in Figure 6. On the kinetic curves for up to 35
minutes, there is a slight increase in the molecular weight of LAO. Apparently, in this interval, the limiting
stage is the removal of water molecules. In the range from 35 to 60 minutes, there is a sharp increase in the
molecular weight of the polymer. Then the chain slows down, which may be due to the fact that the limiting
stage is the release of water during the polymerization of higher molecular weight LAOs. The process of LA
polycondensation at 360 watts is optimal.

Conclusions

It is established that when the MW power is increased from 130 to 280 W, the LA temperature is in-
creased by 283 K, and at 280, 360, 500 W, the temperature of LAO samples is the same and is 488 K. Based
on '"H NMR and IR spectroscopy, it has been suggested that at 80 W physically bound water molecules are
mainly removed. The formation of low molecular weight oligomers of lactic acid (LAO) occurs at a power
of 130-280 W along with the removal of water and LA. LA polycondensation in the absence of a catalyst
proceeds most effectively at 360 watts. That is, the process of polycondensation is determined not only by
temperature, but primarily by the MW power. When LA is heated at MW power of 430 W, the formation and
release of colorless crystals is observed, which can be classified by the IR spectra as lactide molecules
(vC=0is 1770 cm ', v C—-O—C is 1240 cm'). The molecular weight of LAO decreases at a power of 430 W
and above. The kinetic curves of LA polycondensation at 130, 280 and 360 W are presented. The process of
LA polycondensation at 360 watts is optimal. It is established that the rate of LA dehydration under MW
conditions is increased by 15-20 times as compared with carrying out the process under normal heating con-
ditions.
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I'.4. T'yba, A.O. I'ycap, A.A. bakubae, E.M. Tax06aeB, E.B. Munaesa

CyT KbIIIKbUIBIHBIH MUKPOTOJIKBIH/IBI CIYyJIeJIeHIPY KaraaiiapbiHaa
AeTHAPATANUSIAHYbI/TIOJTHUKOHAEHCAUAIAHY bI

Makanazna anram per MUKpOTOJIKbIHABI coyneneHaipynin (MTC) cyt xprukpuisiabie (CK) momukonaeH-
cauusiiany ypaicrepiHe ocepi 3eprrenni. CK monukoHAeHcalMsulaHyblH MYJIBTHMOJAJIIBI PeaKTopia
Bakyymza a3ortel 80, 130, 280, 360 >xone 500 Br kyarsinma eTki3y apkpuisl xypriziagi. CK ymricinig
temneparypacsl MTC jxarmaiiapblHa yakbITKa JKOHE COYJICNCHIIPY KyaTblHA OailIaHBICTBI ©3repeTiHi
anpiktanael. 'H SIMP sxome HK-criektpockonust MamiMeTTepi Herizinme Kyat 80 BT Oosranma HeriziHeH
¢u3uKanbIK OailIaHBICKAaH Cy MOJICKYNalapbl KeTeTiHi Typaibl OomkaMm YChHBLIABL. Kyar memmepi 130-
280 Bt Gonranna, cyasis xxoHe CK OeminyiHeH 6acka, cyT KbIIKbUIBIHBIH oiuromepiepi (CKO) Tysinerini
6aiikanasl. Cynsi CKO Ttonbik 6eminyi 360 Bt kyatsinaa sxxypeni. CK MTC 430 Bt kyatbiHga KbI3gbIpraHia
TYCCi3 KpHCTanmapIblH Ty3inyi skoHe OeumiHyi Oaiikamanmel. Omapaet MK-crextpiiepi GoifblHIIA JTaKkTHI
(v C=0 1770 em', v C—=0—C 1240 cM™' kypaasr) MoseKyIanapsl gen xkikreyre 6omaas.. CKO MONeKymabIk
canmMarsl Kyatsl 430 Bt sxone oganna sxorapsl Oonranna temenaeiini. Kyar memmepnepi 130, 280 sxone 360
Bt 6onranna CK nonukoHIeHCAIMSIaHYBIHBIH KHHETUKAIBIK KUCHIKTaphl kopcetinred. OHraiibl 6ombim CK
nmonmMKoHAeHCanusanysl 360 Bt kyareima Tabbutamel. CK  germnpartanumsuiany sxemimamiasirbsl MTC
JKaFlainapbelHAa YPAICTI 9AETTET] KBI3ABIPY JKafMaibIH/Ia OTKI3TeHMEH, CalBICTEIpFranaa 15—20 ece apTaThIHBI
AHBIKTAJI/IBL.

Kinm ce30ep: MHUKPOTOJIKBIHABI COYJIENEHIIPY, CYT KbILIKBUIbI, MOJHMCYT KBILIKBUIbL, CYT KbIIKbUIBIHBIH
onuromepiepi, SAMP-cnekrpockonusi, MK-cnekTpockomusi, MEHIIIKTI ONTHKAJbIK aifHaly, MOJEKYJIabIK
canaMaxk.
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Jermaparanusi/oJUKOHIEHCANUA MOJOYHONH KHCJIOTHI
B YCJIOBHUSIX MUKPOBOJIHOBOT'0 00/ 1yYeHUS

B crartbe BHEpBEIE M3YUSHO BIMSHHE MOIIHOCTH MHKPOBOJHOBOro o6mydenus (MBO) Ha mpomneccs! moim-
koHIeHcanuu MosouHoil kucnotel (MK). [Tonmukonaencanuio MK mpoBoauinu B MyJIbTUMOAATIBHOM PEaKTO-
pe B BakyyMe npu 6apOoTrupoBaHnu a30ToM npu MourHocTx 80, 130, 280, 360 u 500 Bt. OnpeneneHo usme-
HeHue TemrepaTypsl obpasua MK B ycnoBusx MBO B 3aBUCHMOCTH OT BPEMEHH U MOILIHOCTH H3IyUeHUSI.
Ha ocuoBannn gauubix 'H SIMP i MK-CIIeKTPOCKOIMH BHICKA3aHO TPEATONOKEH e, 4To mpH 80 BT B 0cHOB-
HOM YyZIAJISIOTCS. MOJIEKYJIBI (pu3muecku cBs3aHHOH Bobl. [Ipn Momuocty 130-280 Br, Hapsny ¢ ynaneHneM
Bogb! 1 MK, npoucxonur obpaszoBanue onuromepos MoouHoit kucinotsl (OMK). TlonHoe ynanenne Boxs u3
OMK mnpoucxoxur npu 360 Br. [Ipu narpeBanun MK npu moutaoctr MBO 430 Bt nHabmonaercst o6pazosa-
HUE U BbIJeNIeHNe OeCIBETHBIX KPHCTAILIOB, KOTOPhIE MOXKHO Kiaccupunuposats o MK-crexrpam kak Mo-
nexynsl naktupa (v C=0 cocranser 1770 e, v C-O-C — 1240 cM™'). Monekynspusii Bec OMK mpu
MmomHoctd 430 BT u Bble ymensiaercs. [IpencraBieHsl KMHETHYECKUE KpHUBBIE MOJMKOHAeHcaun MK
npu 130, 280 u 360 Bt. OnTuMansHbIM sBIseTcs npouece nonukonaencauun MK npu 360 Br. Ycranosie-
HO, 4TO cKopocTh aeruaparaiuu MK B ycnosusx MBO yBennuuaetcs B 15-20 pa3 1mo cpaBHEHHIO ¢ TIPOBe-
JIEHHEM IpoLiecca B YCIOBUIX OOBIYHOTO Harpesa.

Kniouesvie cnoeéa: MAKPOBOIHOBOE OONYYECHUE, MOJIOYHAS KUCIIOTA, IMOJUMOJIOYHAS KHCJIOTA, OJHTOMEPHI
MoJiouHOH kucioTel, SIMP-cniekrpockonus, UK-cnekTpockonus, yaeapHoe ONTHYECKOE BpallleHUue, MOJIEKY-
JSIpHBIH Bec.
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