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Abstract. Introduction: An alternative to petrochemical polymers is polylactic 

acid. Objective: To determine the optimal polylactic acid conditions by 

microwave-assisted direct polycondensation to obtain the highest yield. 

Materials and methods: 28 lactic acid and 32 PLA studies were compared. 

Results: Food residues with sweet sorghum juice, Bacillus coagulans and 

Lactobacillus rhamnosus microorganisms, using Fed-Batch SSF, for 20-40 h, 

between 30-45ºC and pH 5-7. As a synthesis, commercial or fermented lactic 

acid between 25-50 mmHg under vacuum, SnCl2/p-TsOH at 0.1-0.6% for 15-

45 min with 100-300W at 50-150°C. Conclusions: Several factors influence the 

performance and type of polymer, such as raw material, type of 

microorganisms, type of fermentation and pH. 

Keywords: Biodegradable, fermentation, polylactic acid, polycondensation, 

microwave radiation. 
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1 Introduction 

The production of plastic waste reaches approximately 8 million tons, polluting water, 

air and soil, either due to its slow degradation or due to the toxins it releases into the 

environment, which affects the health of humans and animals, especially aquatic ones. 

(ECODES, 2019). It is for this reason that the need arises to create biodegradable 

materials made from starches, sugars, lignocellulosic residues and residues from 

different industrial activities (Lopretti, 2017) in order to reduce the impact of 

materials from oil. 

An alternative is polylactic acid (PLA), which improves the mechanical properties 

of a material since when combined with other polymers it provides advantages due to 

its biodegradability (Labeaga Viteri, & Aitziber, 2018). However, their properties and 

production performance differ depending on the synthesis method applied such as 

azeotropic distillation, ring opening polymerization (ROP) and direct 

polycondensation; These last two are the most used production techniques (Tejada, 

2015), in addition, it depends on the catalyst, temperature, pH and concentration of 

the precursor or lactic acid and obtaining the latter depends on the fermentation 

conditions, type of microorganism, types and pH of the raw material. 

According to studies by the European Bioplastics Association (2019), the 

production capacity of PLA worldwide has increased since 2012 with a production of 

186,953 tons / year compared to the 353,800 tons / year produced until 2020, and it is 

forecast that reaches a total of 424,440 tons / year in 2023, although to date there is no 

PLA production in Ecuador. Therefore, it seeks to identify the optimal conditions in 

obtaining PLA by means of direct microwave-assisted polycondensation through a 

current bibliographic review for its possible elaboration at an industrial level in 

Ecuador. 

2 Material and methods 

Scientific publications are the guide to the scientific development, therefore, a non-

experimental, descriptive research was used, collecting several studies from high-

impact indexed journals through the use of platforms from reliable sources such as 

Springer, Science Direct, EBSCO, SciELO, doctoral thesis, between 2015 and 2020. 

The terms “Lactic Acid Production”, “Synthesis of lactic acid”, “Synthesis + 

Polylactic Acid + Microwave”, “Poly lactic acid synthesis”, “Production + 

Polycondensation”, “Polylactic acid synthesis” were used”, “Poly lactic Acid + 

Microwave”, “PLA Microwave”, “Poly lactic acid + microwave” and “Poly lactic 

acid synthesis”. Those scientific articles with the highest citation were considered 

with the virtual platform SJR (SCImago Journal Ranking), giving a total of 28 

scientific articles on lactic acid and 32 articles referring to PLA, which were carefully 

analyzed establishing relationships, comparisons and discussions between each study 

to determine the best fermentation and synthesis conditions for PLA. 
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3 Results 

Lactic acid or 2-hydroxypropanoic acid is the monomer of PLA, it exists in four 

forms: L, D, meso and racemic. The L (+) isomer is metabolized by the human 

organism while the D (-) is not. The racemic form is optically inactive and is the 

commercial form (Albán, 2003). At present, there is interest in obtaining lactic acid 

from agricultural waste and its subsequent transformation. 

Table 1 shows the studies related to obtaining lactic acid using different raw 

materials, microorganisms and fermentation conditions. PLA is a thermoplastic 

polyester, made from lactic acid by different routes. One of them is the 

polycondensation of lactic acid, depolymerization to the dilactide dimer followed by 

polymerization opening the ring to form high molecular weight polymers. In the 

second route, lactic acid is polycondensed in the presence of a dysfunctional 

monomer, producing a teleketic polymer, which binds to others to produce high 

molecular weight polymers. In the third way, lactic acid is polycondensed directly 

into high molecular weight polymers. The reactions are produced by the action of heat 

or by the action of catalysts such as metal alkoxides and chiral methoxy-side 

aluminum complexes (Munilla & Carracedo, 2005). Similary, table 2 shows the 

studies regarding the obtaining of PLA from a commercial or fermented lactic acid by 

means of conventional heating or microwaves. 

 



Table 1. Lactic acid production conditions. 

1. Raw 

material 
1.1. Origin 

2. 

Microorganism 

2.1. 

Substratum 

2.2. 

Supplement 

3. 

Type of 

fermentation 

3.1. Conditions of 

fermentation 
4. 

Final 

concentration 

of lactic acid 

(g/L) 

4.1. 

Production 

performance 

(%) 

5. 

References 
3.2. 

T 

(°C) 

3.3. 

t (h) 

3.4. 

pH 

Highly 

delignified 

hardwood 

kraft pulp 

Japan 
Lactobacillus 

plantarum 

Inoculum: 6% v/v 

N/A 

 Glucose: 

0,4% 
Xylose: 

0,1% 

SSF 50 72 5,5 102,3 87,9 
(Hama, et al., 

2015) 

Potato 

waste 
N/A 

L. pentosus          

NRRL B-227 
Inoculum: 10% 

v/v 

Hydrolyzed 
potato residues 

YE: 
10 g/L    

N/A 30 72 7 47,2 99 
(De Oliveira, 

2016) 

Pretreated 

sugarcane 

bagasse 

Queensland, 

Australia 

B. coagulans      

DSM 2314 
Inoculum: 5% v/v 

Pretreated 

sugarcane 
bagasse with 

0.02% H2SO4 

  YE: 

5g/L  
 Peptone: 

10 g/L                       
 Glucose: 

20 g/L       

                                                                                                              

Fed Bacth           
SSF  

50 68 5,8 70,4 83,0 
(Van Der Pol, 

Eggink & 
Weusthuis, 2016) SSF (Tow 

stages) 
50 30 5 58,7 73,0 

Cellobiose 
Sigma-Aldrich, 
Missouri, USA 

Bacillus coagulans 
WCP10-4 

Inoculum: 2% v/v 

4-Nitrophenyl-

β-D- 
glucopyranoside 

(pNPG) 

β-glucosidase 
(Cellobiose) 

SSF 50 28 6 N/A 97,8 
(Ong, Ng & Wu, 

2016) 

Coffee pulp 

waste 

CENICAFÉ, 

Colombia 

B. coagulans 

Inoculum: 

- Laboratory scale 

(6% v/v) 
- Pilot scale 

(5% v/v) 

Sources of C: 

Glucose, 

Xylose, 
Arabinose 

YE: 

10 g/L 

Batch                
- Laboratory 

scale 
- Pilot scale 

52 40-44 6 48 54 

(Pleissner, et al., 

2016) 
52 23 6 45,3 78 

Green 

legume 

juice 

Brandeburg, 
Germany 

B. coagulans 

AT107                       
Inoculum: 2% v/v 

120 g/L 

dextrose 
monohydrate 

YE: 
15 g/L 

Fed batch                  52 30 6 98,8 N/A (Dietz, et al., 2016) 

Sweet 

sorghum 

juice 

Chinese 
Academy of 

Agricultural 
Sciences, 

Shunyi District, 
Beijing, China 

B. coagulans 
LA 1507 y 

L. rhamnosus 
LA-04-1 

Inoculum: 5% v/v 
& 10% v/v 

Source of N: 

SCP 
Source of C: 

SSJ 

SCP Batch 42 24 5,6 118 92,10 
(Wang, et al., 

2016) 

Cottonseed 

meal and 

corn cob 

residues 

Tianyuan Food 
Processing 

CO., Ltd. 
(Xuzhou, 

China) 

Sporolactobacillus 

inulinis YBS 1-5 
Inoculum: 10% 

v/v 

Source of N: 

CSM 
Source of C: 

CCR 

YE 

Glucose, 
Xylose, 

Cellulase 

Fed batch 37 16 5,5 107,2 85 (Bai, et al., 2016) 

Food waste 

 Asia Pacific 

Catering, Hong 
Kong Science 

Park. 

Lactobacillus casei 
Shirota 

Inoculum: 2% v/v 

Hydrolyzed 
food waste 

YE: 
10 g/L  

SSF 37 36 N/A 94 94 
(Kwan, Hu, & Lin, 

2016) 

Xylose N/A 

G. 

stearothermophilus 
16 

Inoculum: 5% v/v 

Source of C:       

5% p/v Xylose 
Source of N:     

5% p/v YE 

YE: 

5% p/v 
ME 

Peptone 

Batch 45 96 6 3,2 8,90 
(Kunasundari, 

Naresh, & Chu, 

2017) 

Glucose N/A 

Geobacillus 

stearothermophilus 
15 

Inoculum: 3% v/v 

Source of C: 

5% Glucose 
 Source of N: 

3% YE 

YE: 
3% 

Batch 40 24 8,5 10,4 N/A 
(Kunasundari, 

Naresh, & Safie, 

2017) 

Mixed 

restaurant 

food waste 

Institute for 

Agricultural 
Engineering 

and 
Bioeconomy 

Streptococcus 
 sp. A620 

Inoculum: 6% v/v 

Source of C 

and N: 

Pretreated food 
waste 

YE: 

15 g/L 

SSF 
Laboratory 

and technical 
scale 

35 28 6 58 N/A 
(Navarro, et al., 

2017) 
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Potsdam, 
Germany 

Cassava 

starch 

Termamyl 
Classic; 

Bagsværd, 
Denmark 

Rhizopus 
microspores 

DMKU 33 

Cassava starch 
liquefied 

pretreated with 
α-amylase 

N/A 
Fed Batch 

SSF 
40 84 5,5 112,05 91,5 

(Trakarnpaiboon, 

et al., 2017) 

Sophora 

flavescens 

residues 

Shanxi 
Zhendong 

Pharmaceutical, 
Shanxi, China 

L. casei CICC 

6056 
Inoculum: 2% v/v 

SFR 

Pretreated with 
NaOH 1,2% 

  

                          

 YE: 

10 g/L 
K2HPO4: 

2 g/L 

Batch 

SSF 
37 72 7 55,1 83,5 

(Wang, et al., 

2017) 

Sugarcane 

bagasse and 

harvest 

residues 

South Africa 

B. coagulans 

P38 

SCB y HR 

pretreated 

Hydrolyzed 
of 

hemicellulose 
(75%v/v) 

N/A 

45 54 6 
 SCB: 4,18  

 HR: 20,42  
N/A 

(Koekemoer, 

2018) 

B. coagulans 

MXL-9 
50 54 6,5 

 SCB: 5  

 HR: 16 
N/A 

Lactobacillus 

lactis IO-1 
37 54 6 

 SCB: 8 

 HR: 17 
N/A 

Orange peel 

waste 

Biopolis S.L, 

Valencia, Spain 

Lactobacillus 

delbrueckii ssp. 
delbrueckii 

CECT286.     
Inoculum: 0.1% 

v/v 

 Fructose + 

Galactose 
Source of C: 

OPW 
Source of N:       

FCL 

FCL: 37 g/L 

Batch 40 24 5,8 

7,07 49,94 

(De la Torre, 
Ladero, & Santos, 

2018) 

YE: 22 g/L 10,6 49,23 

K2HPO4: 

2g/L 
N/A 

Dried beans 

distilled 

with soluble 

Vivergo 

bioethanol 
plant, 

Yorkshire, UK 

Lactobacillus 

coryniformis 

Hydrolyzed 

dried grains 
distilled with 

soluble 

Glucose: 

20 g/L 
SHF 37 54 

6 

19,7 99,9 

(Zaini, 

Chatzifragkou, & 
Charalampopoulos, 

2018) 

Lactobacillus 

pentosus 
18,87 62,1 

Lactobacillus 

brevis 
5 12,7 99,8 

L. coryniformis 
Glucose: 

33 g/L 
SSF 37 48 5 27,9 42,3 

Carob 

waste 

Lebanese food 

industry 

L. rhamnosus    

ATCC 53103 

Saccharose + 

glucose 

YE: 

10 g/L 

Fed batch 

SSF  
37 24 5,5 22 76,90 

(Bahry, et al., 

2019) 

Pretreated 

rice straw 

Chenzhou, 

Hunan, China 

B. coagulans           
LA-15-2 

Bagasse of 

pretreated rice 
straw with EDA 

(10% p/v) 

Glucose 
Batch 
SSF 

50 20 N/A 50 28,27 

(Chen, et al., 2019) 

EDA 
Bagasse and 

cellulose 
Fed Batch 

SSF 
50 46 6,2 92,5 57,81 

Mesquite 

seed 

(Prosopis 

juliflora) 

Chidambaram, 

India 

L. delbrueckii 

MTCC 911 

HMSP: 

10%   

 YE: 
2% 

Peptone: 
1% 

N/A 37 96 6 38,23 N/A 
(Kasirajan, et al., 

2019) 

Orange peel 
Paterna, 

Valencia, Spain 

L. delbrueckii ssp 

delbrueckii 

Hydrolyzed 

orange peel 
N/A 

Fed Batch                   

SSF 
40 96 5,8 96,3 87,8 

(De la Torre, 
Acedos, Ladero, & 

Santos, 2019) 

Hydrolyzed 

municipal 

solid waste 

IMECAL, S.A. 
Valencia, Spain 

B. coagulans A166 
Inoculum: 3% v/v 

Hydrolyzed 

municipal solid 
waste 

YE: 
5 g/L   

Homo-

fermentative 
(pilot scale) 

52 10-22 6 61,1 94,0 
(López-Gómez, et 

al., 2019) 

Inedible 

starchy 

biomass 

Beijin, China 
B. coagulans    

IPE22 

Source of C: 

Glucose 

 Mesothermic 
α-amylase 

lucoamylase 

SLSF 52 40 N/A 68.72  99 
(Wang, et al.,       

2019) 

Brewer's 

spent grain 

and malt 

rootlets 

Rockville, USA 

Lactobacillus 

rhamnosus ATCC 
7469 

Inoculum: 5% v/v                   

Hydrolyzed 

brewer's spent 
grain and malt 

rootlets 

 BYE: 

19,12% 
SL: 

0,19% 

Batch 37 36 N/A 31,56 95,46 
(Radosavljević, et 

al., 2019) 

Residues of 

crust bread 

and green 

alfalfa juice 

Barcelona y 

Potsdam 

B. coagulans 

Inoculum: 2% v/v 

Source of C: 

Hydrolyzed 
crust bread 

waste 
Source of N: 

15 g/L YE 

N/A Fed batch                  52 24 6 62,2 N/A 
(Alexandri, et al., 

2020) 
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Beet pulp Cádiz, Spain 
Lactobacillus casei 

2246 
N/A 

YE: 5 g/L 
ME: 10 g/L 

Fed batch 
SSF 

37 103,5 N/A 26,88 13 (Díaz, et al., 2020) 

Agricultural 

straw 
Wuhan, China 

B. coagulans 
 LA204 

Inoculum: 10% 
v/v 

Corncob 
YE: 

10 g/L 

Fed batch 

SSF 
50 48 N/A N/A 54 

(Liu, et al.,       

2020) 

Cassava 

bagasse 
Xiamen, China 

B. coagulans y        
L. rhamnosus 

Inoculum: 5% v/v 

N/A N/A SSCF 50 41 6,5 112,5 88 (Chen, et al., 2020) 

Source: Authors. 

Note: T=Temperature; t=Time; SSF=Simultaneous saccharification and fermentation; YE=Yeast extract; H2SO4=Sulfuric acid; SCP=Steep Corn Powder; SSJ=Sweet 

Sorghum Juice; CSM=Cottonseed meal; CCR=Corncob residues; ME=Meat extract; SFR=Sophora flavescens residues; NaOH=Sodium hydroxide; K2HPO4=Potassium 

hydrogen phosphate; SCB=Sugarcane bagasse; HR=Harvest residues; OPW=Orange peel waste; FCL=Fermented corn liquor; SHF=Separate enzymatic hydrolysis and 

fermentation; EDA=Ethylenediamine; HMSP=Hydrolyzed Mesquite Seed Powder; C=Carbon; N=Nitrogen; SLSF=Simultaneous liquefaction, saccharification and 

fermentation; BYE=Brewer's yeast extract; SL=Soy lecithin; SSCF=Simultaneous saccharification and co-fermentation. 

 

 

Table 2. Categories developed about obtaining polylactic acid (PLA). 

1. Raw 

material 

2. PLA 

synthesis 

2.1. 

Catalyst 

2.2. Synthesis 

conditions 3. 

Heating 

method 

4. PLA characterization 5. PLA properties 

6. References 

2.2.1.      

T (°C)  

2.2.2.           

t 

(h/min) 

4.1. 

Physical 

4.2. 

Chemicals 

5.1. 

Molecular 

weight  

5.2. 

Performance 

(%) 

  

Commercial 

L, D lactic 

acid 

Purity: 85% 

RM N/A 100 24 h CH N/A 

MALDI-TOF N/A 

94,5 

(Kéki, et al., 2001) 

RM N/A N/A 20 min 
MR 

(650 W) 
N/A 84,3 

Commercial 

L(+) lactic 

acid 

Purity: 85% 

DMP 

SnCl2 / 
TSA 

[0,45% by 

weight] 

N/A 40 min 
MR 

(528 W) 
N/A 

 FTIR 

NMR 

GPC 

PLLA 

Mv: 50800 g/mol 
N/A 

(Jing, Peng, 

Yingmin & 

Xiaojuan, 2006) 

Commercial 

L(+) lactic 

acid 

Purity: 85% 

PD 

SnCl2 / p-

TsOH 

[0,6 %] 

200 30 min 
MR 

(40 W)  
N/A 

 GPC 
MALDI-TOF 

Mw: 16000 Da 54 

(Nagahata, Sano, 

Suzuki & 

Takeuchi, 2007) 

Commercial 

L(+) lactic 

acid 

Purity: 98% 

PD 
Zn 

[1,5 %] 
180 30 h MR N/A 

FTIR 

SEM / EDS 
N/A N/A 

(Estupiñan Duran, 

et al., 2007) 

Commercial 

L(+) lactic 

acid 

Purity: 85% 

PD 

N/C               187 

60 min 

135 min 
195 min                                     

MR 
(130 W)  

N/A 

 FTIR 

NMR 
(1H - NMR) 

GPC 

Mw: 17000 Da 

N/A 
(Pandey &      

Aswath, 2008) 
Sn(Oct)2 
Molar 

ratio 

1000:1 

N/A 
30 min 

135 min                                      
Mw: 29000 Da 

Commercial 

L(+) lactic 

acid 

PD N/A 200 100 h  CH N/A 
GPC 
FTIR 

Mw: 90000 g/mol 34,52 

(Achmad, 

Yamane, Quan & 

Kokugan, 2009) 
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Commercial 

L(+) lactic 

acid 

Purity: 80% 

DMP                 

Al2(SO4)3 

[0,4 % by 

weight] 
260 1 h MR 

Viscometry 

method 

 FTIR 

TGA 
Mv: 22176 g/mol 72,3 

(Cao, Wang & 

Yuan, 2009) 

Commercial 

lactic acid 

Purity: 90% 

PD 

SnCl2 / p-

TsOH 

[0,6 %] 

N/A 5 h MR N/A 

NMR 

(1H y 13C) 

SEC 

Mw: 9550 Da 98 
(Nagahata, et al., 

2010) 

Commercial 

L, D lactic 

acid 

Purity: 98% 

ROP 

Sn(Oct)2 

Molar 

Ratio 
1/10000 

100 30 min 
MR 

(150 W) 
N/A 

GPC 

FTIR 

SEM 

 Mn: 112542 

g/mol                          

 Mw: 309940 
g/mol 

95 
(Nikolic, et al., 

2010) 

Commercial 

L(+) lactic 

acid 

Purity: 90% 

DMP 

SnCl2 . 

2H2O / 

TSA Molar 

ratio 1:1 

175 4 h CH 
 

Viscometry 

Polarimeter 

GPC 

NMR 

PLLA 

Mw: 44000 g/mol 
80 

(Song, & Wu, 

2011) 

Commercial 

lactic acid               

- D, L: 90% 

purity                     

- L(+): 89% 

purity 

PD 

N/C 

(Compuesto 
DIC) 

[0,2 mol / 8 

ml] 

80 

30 min 
MR 

(500 W) 

N/A 

FTIR 

NMR 

(1H & 13C) 

DSC 
MALDI-TOF 

6633 Da 

85 - 90  

(Brown, et al., 

2012) 

8 h UI 6327 Da 

N/C 

(Polímero 

PVA) 
[2,2 g / ml] 

50 10 min 
MR 

(500 W) 

N/A N/A 

N/A N/A UI 

Commercial 

L(+) lactic 

acid 

Purity: 90% 

RM / SSP 

CR 

[0,005 % 

mol] 

200 165 min CH N/A GPC 

PDLA 

Mw: 100000 Da 

PLLA 

Mw: 120000 Da 

95 
(Huang, et al.,     

2014) 

Commercial 

L(+) lactic 

acid 

Purity: 85% 

DMP 

Sn(Oct)2 

[0,5 %] 
160 4,5 h MR 

Viscometry 
method 

AV 

FTIR 

TGA 

PLLA 

Mv: 7030 Da 
> 90 

(Jiménez, Salas, 

Esquivel & Vega, 

2014) Sn(Oct)2 

[1 %] 
170 15 h CH N/A FTIR PLLA: 10685 Da > 90 

Commercial 

L(+) lactic 

acid 

Purity: 85% 

PAD 

Sc(OTf)3 

[0,1 % 

mol] 

N/A 6 h 
MR 

(300 W) 
N/A 

 GPC                        

 NMR                   

 SEC                    

 DSC                  

PLLA 

Mn: 4400 Da 

Mw: 11600 Da  

> 99 

(Yamada, et al., 

2014) 

SnCl2 

[1,0 % 

mol] 
160 6 h CH N/A 

PLLA 

Mw: 19600 Da 
> 99 

SnCl2 

[1,0 % 

mol] 

N/A 6 h 
MR 

(300 W) 
N/A 

PLLA 

Mn: 9200 Da 

Mw: 46700 Da                               

> 99 

SnCl2 
[1,0 % 

mol] 

N/A 6 h 
MR-EF 

(100 W) 
N/A 

PLLA 

Mn: 8800 Da 

Mw: 60200 Da 

> 99 

Commercial 

L(+) lactic 

acid 

Purity: 88% 

ROP 
Sn(Oct)2 / 

C5H12O 
N/A 10 min 

MR 

(350 W) 
N/A 

 GPC / SEC 
NMR 

FTIR 

TGA 

Mn: 2972 Da 

Mw: 4012 Da 
N/A 

(Bakibaev, et al., 

2015) 

Commercial 

L(+) lactic 

acid 

Purity: 85% 

PD 
ZnO 

[0,50 %]  
< 120  30 min MR 

Shore A 
hardness 

FTIR 
XRF  

N/A N/A 
(Guzmán & 

Arana, 2015) 
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Commercial 

L(+) lactic 

acid 

Purity: 80% 

PC MSA 160 24 h CH N/A GPC 
Mn: 8000 g/mol 

Mw: 13800 g/mol 
N/A 

(Di Martino, 

Kucharczyk, 

Zednik & 

Sedlarik, 2015) 

Commercial 

L(+) lactic 

acid 

Purity: 98% 

PD 
ZnCl2 

[1,50 %] 
180 57 h CH N/A FTIR  N/A N/A 

(Montañez, Peña 

& Estupiñán, 

2015) 

Fermented 

L, D lactic 

acid 

(Potato 

waste) 

- L(+): 95% 

purity 
- D(-): 5% 

purity 
PD N/A 

140 90 min 
MR 

(300 W) 

 

Viscometry 

method 

AV 

GPC 

SEM 
TGA 

DSC 

XRD 

Mv: 1450 g/mol 49 

(De Oliveira, 

2016) 

140 90 min 
MR 

(100 W) 
Mv: 610 g/mol 76 

Commercial 

L(+) lactic 

acid 

Purity: 85% 

140 90 min 
MR 

(300 W) 
Mv: 2070 g/mol 45 

140 90 min 
MR 

(100 W) 
Mv: 1190 g/mol 79 

Commercial 

lactic acid 

- L(+): 80 % 

purity                       
- D, L: 90% 

purity 

DMP                N/A 130 24 h CH N/A 

GPC 

FTIR 

Spectroscopy 

NMR 

(1H-NMR /      

13C-NMR) 

DSC 

 Mn: 3200 g/mol 
Mw: 4500 g/mol 

PLLA=42,4 
(Kucharcyk, 

Zednik & 

Sedlarik, 2016) Mn: 2400 g/mol 
Mw: 4100 g/mol 

PDLLA=47,7 

Pure 

commercial 

lactic acid 

Purity: 

100% 

PD 

  SnCl2 . 
2H2O / 

C8H4O3 

[0,5 %]  

160 35 h CH N/A 
FTIR 
GPC 

Mn: 6900 Da 

Mw: 22100 Da 

N/A (Anthony, 2016) 

 SnCl2 . 

2H2O / 
C4H2O3 

[0,5 %] 

Mn: 13400 Da 
Mw: 61700 Da 

 SnCl2 . 

2H2O / 

C7H8O3S 
[0,5 %] 

Mn: 18300 Da 

Mw: 81500 Da 

Commercial 

L(+) 

Lactide 

ROP 

 Sn(Oct)2 

[0,008 

mol/L]  

160 16 min 

MR N/A 

GPC                   

 
Spectroscopy 

NMR 

(1H - NMR) 

Mn: 38681 g/mol 

Mw: 57636 g/mol  

N/A 
(Dubey, et al.,    

2017) 

180 20 min 
Mn: 34763 g/mol                      

Mw: 50059 g/mol  

Fermented 

L(+) acid 

(Food 

waste)         

Purity: 96% 

ROP 

Sn(Oct)2 

[0,1 - 0,4 

% by 

weight] 

200 25 min CH N/A 
TGA 

DSC 

Mw: 151127 

g/mol 
81,09 

(Lin, et al., 2017) 

Commercial 

L(+) lactic 

acid 

Purity: 86% 

ROP 

Sn(Oct)2 

[0,6 % by 

weight] 

140-200 8 h CH N/A 

GPC 

TGA 

NMR 
DSC 

1500 g/mol N/A 
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Commercial 

L(+) lactic 

acid 

Purity: 80% 

DMP  

pTsOH 

[0,3 % 

mM]       
180 60 min 

 MR 

(700 W) 
  

GPC 

DSC 

Mn = 2461 g/mol 

Mw = 4818 g/mol 
25 

(Temur & 

Bayramoğlu, 
2018) 

Commercial 

L(+) lactic 

acid 

Purity: 90% 

RM 
p-XSA 

[0,5 % 

mol] 

150 3 

CH N/A 
GPC 

TGA 

Mn: 20000 Da 

Mw: 40000 Da  
N/A 

(Takenaka, 

Kimura & Ohara, 
2018) 

SSP 130 15 h 
Mn: 68000 Da 

Mw: 160000 Da                             
N/A 

Fermented 

D(-) lactic 

acid 

(Dried 

distillery 

grains with 

soluble) 

Purity: 

91,8% 

PAD y 

PD 

Sn(Oct)2                         

[0,2 g/L] 
140 80 h CH N/A GPC PDLA: 3010 Da N/A 

(Zaini, Chatzi-

fragkou, & Chara-

lampopoulos, 

2018) 

Commercial 

L(+) lactic 

acid 

Purity: 90% 

ROP 
CRL 

[2 % w/w] 
90 72 h CH N/A 

GPC 
FTIR 

NMR 

XRD 

SEM 

DSC 

Mn: 2854 g/mol 

Mw: 5428 g/mol                  
93 

(Whulanza, et al., 

2018) 

Commercial 

L, D lactic 

acid 

Purity:               

84,5%-
85,5% 

PC 
H3PW/C 
[20 % by 

weight] 

180 15 h CH N/A 

 XRD                  

 FTIR                

 GPC                   

 NMR 

PLLA                                                 

Mw: 14900 Da 
N/A 

(Chafran, et al., 

2019) 

Commercial 

L(+) lactic 

acid 

Purity: 80% 

DH/PC N/A 215 35 min 
MR 

(360 W) 

Viscometry 

method 
GPC Mv: 758 Da  N/A 

(Guba, et al., 

2019) 

Fermented 

L(+) lactic 

acid 

(Prosopis 

juliflora) 

Purity: 85% 

ROP y 

PD 

SnCl2 

[0,01 %] 
145 48 h CH N/A 

FTIR 

Mass 
spectroscopy 

(MALDI-

TOF) 

2065 Da N/A 
(Kasirajan, et al., 

2019) 

Source: Authors. 

Note: T=Temperature; t=Time; RM=Raw material; CH=Conventional heating; MR=Microwave radiation; MALDI-TOF=Mass spectrometry; DMP=Direct melt 

polycondensation; SnCl2=Stannous chloride; TSA=Toluenesulfonic acid; FTIR=Fourier transform infrared spectroscopy; NMR=Nuclear magnetic resonance; ROP= 
Ring opening polycondensation; GPC=Gel permeation chromatography; PLLA=Poly L(+) Lactic Acid; Mv=Viscometric average molecular weight; 

DP=Policondensación directa; Mw=Weight average molecular weight; SSP=Solid state polycondensation; Zn=Zinc; SEM=Scanning electron microscopy; EDS= X-ray 

energy dispersion spectrometry; N/C= No catalyst; Sn(Oct)2=Stannous octoate; Al2(SO4)3=Aluminum sulfate; p-TsOH=p-toluenesulfonic acid; SEC=Size exclusion 
chromatography; PAD=Polycondensation by azeotropic distillation; SnCl2 . 2H2O=Dihydrated stannous chloride; DIC= N, N'-diisopropylcarbodiimide; UI=Ultrasonic 

irradiation; DSC=Differential scanning calorimetry; PVA=Polyvinyl acetate; CR=Creatinine; AV=Acid value; TGA=Thermogravimetric analysis; Sc(OTf)3=Scandium 

trifluoromethanesulfonate; C5H12O=Isoamyl acid; ZnO=Zinc oxide; XRF=X-ray fluorescence; MSA=Methanesulfonic acid; XRD= X-ray diffraction; C8H4O3=Phthalic 

anhydride; C4H2O3=Maleic anhydride; C7H8O3S=Methyl benzenesulfonate; p-XSA=p-xylenesulfonic acid; CRL=Candida rugosa lipase; 

H3PW=Dodecatungstphosphoric acid. 

 

  



4 Discussion 

4.1 Relevant studies on obtaining lactic acid 

The microorganisms used range from Lactobacillus of various species, to fungi such 

as Rhizopus microsporus and also fermentation techniques; the most used are: 

simultaneous saccharification and fermentation (SSF); separate hydrolysis and 

fermentation (SHF); simultaneous liquefaction, saccharification and fermentation 

(SLSF); simultaneous saccharification, fermentation and cofermentation (SSCF), 

which achieved high substrate conversions and high lactic acid yields. 

Wang (2016) used sweet sorghum juice (SSJ) that fermented with B. coagulans 

and L. rhamnosus and reflected the highest concentration with 118 g of lactic acid / L 

which represents a yield of 92.1%. This sweet sorghum juice contained fermentable 

sugars except for B. coagulans. Mixed fermentation at 42 ºC, 24h and pH 5.6 

improved the efficiency of open batch type fermentation and in turn overcame the 

deficiency by using sucrose when B. coagulans consumed it on its own thanks to the 

intervention of L. rhamnosus and since the sweet sorghum juice contained said sugar, 

fermentation between both microorganisms could be carried out. During fermentation, 

B. coagulans converted glucose and fructose (15.5% of total sugar) into L-lactic acid; 

then L. rhamnosus used sucrose and achieved a higher concentration. 

The highest yield was achieved by Wang et al. (2019) when using B. coagulans 

capable of fermenting inedible starchy biomass flour with 99.0% yield and a 

concentration of 68.72 g of lactic acid / L. Carbon sources such as cassava flour and 

sorghum flour supplemented with mesothermic α-amylase and glucoamylase enzymes 

were added to said raw material with 69.94% starch. 

Among the optimal conditions, the raw material is the mixture of food residues and 

sweet sorghum juice with B. coagulans and L. rhamnosus by means of SSF 

fermentation type Fed-Batch, within a period of 20 - 40 h, at a temperature ranging 

from 30 to 45 ºC, and a pH between 5 to 7. 

The best type of fermentation was Fed Batch using an SSF since it allows a second 

use of organic waste, requires less energy consumption, presents a low cost and 

produces a higher production yield (Prieto Lozano, & Torres Rodriguez, 2020). 

 

4.2 Relevant studies on obtaining polylactic acid 

The highest yield was evidenced in the study by Yamada, et al. (2014) who used 

commercial L-lactic acid (85% purity) by microwave heating (MW) with a power of 

300 W for 6 h by polycondensation by azeotropic distillation and stannous chloride 

(SnCl2) as a catalyst at variable concentration, since at 0.1% mol little polymerization 

was observed, while, with a higher concentration, high values of Mw were evidenced 

specifically at 1.0% mol and yield of 99% with molecular weights Mw: 46 700 Da; 

Mn: 9,200 Da. On the other hand, when using conventional heating (CH) at 160 °C, 

the Mw decreased to 19,600 Da and the yield was maintained. Therefore, it is 
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necessary to use direct heating with the sample to form a polymer with a well-defined 

structure (Macías, 2011). 

On the other hand, Nagahata (2010) used a commercial lactic acid (90% purity) by 

direct polycondensation from a mixture of SnCl2 and p-TsOH acid as 0.6% catalyst. 

After applying microwave radiation for 5h, a 98% yield and a Mw: 9550 Da were 

obtained. Molecular weights increased as catalyst concentration increased. In 

comparison, Nagahata (2007), carried out the synthesis from lactic acid 85% purity 

with the same catalyst and synthesis method (direct polycondensation). Said catalyst 

showed the highest activity when it was used at 0.6% with 40 W at 200 °C for 30 

minutes, obtaining a Mw: 16,000 Da with a yield of 54%. In other words, with a 

control of temperature and power, the reaction time was reduced from 5 h to 30 min, 

forming a polymer greater than 10,000 Da. 

The appropriate synthesis method is direct polycondensation since a water removal 

is achieved through a vacuum between 25 - 50 mmHg (Nuñez, 2019). However, it 

was observed that by the ROP method, Nikolic (2010) achieved the highest molecular 

weight (Mw = 309940 g/mol; Mn = 112542 g/mol) and the highest yield (99%) was 

achieved by Yamada, et al. (2014) by azeotropic distillation polycondensation. The 

microwave type of heating has the advantage of directly heating the sample, 

accelerating the reaction and reducing the production energy (Sosnik & Gotelli, 

2015). The reaction time should range between 15 - 45 min according to the amount 

of power required, which should range between 100 - 300 W (Jing, 2006), since when 

irradiated greater than 400 W it generates an inhibition in the polymerization or 

degradation of PLA (Yamada, 2014). 

In addition, the reaction temperature is preferred not to be less than 50 °C, nor 

greater than 250 °C since it causes deterioration in the formation of the polymer 

(Vargas, 2002). However, the temperature is controlled from the power, because the 

equipment stops working when it reaches the programmed power. Finally, the use of a 

binary catalyst is preferred to improve the catalytic activity, for which the SnCl2 

improves remarkably when adding p-TsOH from 0.1% to 0.6%, a concentration 

considered directly proportional to the molecular weight. 

5 Conclusion 

The optimal conditions for lactic acid fermentation are: Food residues and sweet 

sorghum juice, B. coagulans and L. rhamnosus microorganisms, SSF type Fed Batch 

fermentation, in a period of 20 - 40 h, at 30 - 45 ºC, and a pH between 5 to 7, while in 

the synthesis of PLA, a higher yield is obtained when commercial or fermented lactic 

acid is used between 88 - 90% purity, by direct polycondensation under vacuum 

between 25 to 50 mmHg using SnCl2 as catalyst / p-TsOH at 0.1 - 0.6% applying 

microwave heating between 100 - 300 W for 15 - 45 min at 50 - 150 ºC. 
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6 Recommendation 

It is necessary to expand research fields related to the isolation of autochthonous 

lactic acid bacteria for the development of new lactic acid production processes. In 

addition, investigate different types of lignocellulosic waste that the country has and 

that serve as raw materials in the fermentation of lactic acid and subsequent synthesis 

to PLA, for the production of new materials at lower costs. Likewise, promote new 

PLA synthesis methodologies that involve microwave heating since, according to the 

analyzed researches, it has not yet been fully developed despite presenting positive 

results. 
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