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Abstract 

Lactic acid has become one of the most important chemical substances used in various sectors. Its global market 
demand has significantly increased in recent years, with a CAGR of 18.7% from 2019 to 2025. Fermentation has 
been considered the preferred method for producing high-purity lactic acid in the industry over chemical synthesis. 
However, the recovery and separation of lactic acid from microbial fermentation media are relatively complicated and 
expensive, especially in the process relating to second-generation (2G) lactic acid recovery. This article reviews the 
development and progress related to lactic acid separation and recovery from fermentation broth. Various aspects are 
discussed thoroughly, such as the mechanism of lactic acid production through fermentation, the crucial factors that 
influence the fermentation process, and the separation and recovery process of conventional and advanced lactic 
acid separation methods. This review’s highlight is the recovery of lactic acid by adsorption technique using ion-
exchange resins with a brief focus on the potential of in-site separation strategies alongside the important factors that 
influenced the lactic acid recovery process by ion exchange. Apart from that, other lactic acid separation techniques, 
such as chemical neutralization, liquid–liquid extraction, membrane separation, and distillation, are also thoroughly 
reviewed.
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Introduction
The majority of industrial production of lactic acid today 
relies on the fermentation process, and its development 
has continued to grow rapidly in industries, particularly 
in terms of technological process and methodologi-
cal innovation. Though, the challenges faced to achieve 
good lactic acid purity (99–100%) after the fermenta-
tion process are still a bottleneck for the industries  to 
tackle. The lactic acid produced from fermentation broth 
usually contains numerous impurities such as bacte-
rial cells, residual carbohydrates, proteins, vitamins, and 

phenolic compounds. Besides, by-products could also 
be produced throughout the fermentation period, which 
included alcohols (e.g., ethanol), glycerol, carbon dioxide, 
and organic acids (e.g., acetic acid or formic acid) (Ghaf-
far et al. 2014; Buyondo and Liu 2011). Furthermore, salt 
derivatives from lactic acid may also present in the fer-
mentation broth due to alkaline reagents usage as a pH 
control (Kim and Moon 2001).

In addition, extensive studies have been circulated on a 
sustainable biorefinery concept where the biomass resi-
due, especially lignocellulose materials, has been incor-
porated in the fermentation system as major carbon 
sources. This innovative methodology utilizing biomass 
(2G-biorefinery) had generated several kinds of bioprod-
ucts such as bioethanol, bioplastics, surfactants resin, 
biochemicals and a range of acids like citric and lactic 
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acid (Ramos et al. 2017). Through this methodology, non-
food raw material such as agricultural residues, energy 
crops, forestry and municipal solid wastes have been 
reused as a substrate for fermentation process. However, 
the bioproducts produced through this platform have 
more complex carbon and mixture of components than 
1G-biorefinery products. 1G-feedstock normally uses 
simple sugar from food resources such as potato (glu-
cose), maize (glucose), sugar cane (glucose and fructose), 
etc. While 1G-biorefinery is known as having food and 
feed that are for human consumption, the 2G-biorefinery 
can be derived from non-food material (Chowdhury et al. 
2018).

According to Alvira et al. (2010), other form of impuri-
ties containing furans and phenolics compounds, such as 
furfural, hydroxylmethyl furfural (HMF), syringaldehyde 
and vanillin that may interfere with fermentation process 
could be derived from 2G lignocellulose feedstock (Bai 
et  al. 2015). These impurities are mainly generated dur-
ing the lignocellulose substrate’s treatment phase. Thus, 
the cost to purify 2G-lactic acid is expensive and the 
process is complicated due to high interference of these 
impurities. This factor needs to be considered for lactic 
acid production to avoid difficulties during purification 
process.

Traditionally, the separation of lactic acid from fer-
mentation broth was done through chemical precipita-
tion, but the negative implication of gypsum generation 
on environmental issues (Seong et  al. 2016) has urged 
the development of other alternative methodologies that 
can improve the process to a greener environment; where 
minimum chemical disposal, usage of fewer environmen-
tally harmful or resource-depleting raw material and low 
direct manufacturing costs were targeted. Among the 
extractive fermentation techniques, adsorption by ion-
exchange resin has been intensively studied and used for 
lactic acid separation and recovery from fermentation 
broth (Pradhan et  al. 2017; Garrett et  al. 2015; Rampai 
et al. 2016; Zhang et al. 2018). The strategy has been used 
in downstream processing of several other substances, 
especially for organic acids separation (e.g., acetic acid, 
citric acid, and succinic acid) from fermentation broth 
(Jianlong et  al. 2000; Kurzrock and Weuster-Botz 2010; 
Karekar et al. 2020) as well as recovery of phenolic com-
pounds (e.g., phenol and anthocyanins) and monosac-
charide sugars from liquid solution (Chen et  al. 2017, 
2018; Trikas et al. 2017). The ion-exchange resin features 
provide several advantages that can elevate the lactic acid 
production to a higher level, alongside other benefits that 
can reduce the labor cost and time. The methodology 
has been improved with various kinds of modifications, 
and recently, the in-site separation by ion-exchange resin 
has been innovated for better lactic acid separation and 

recovery from fermentation broth (Othman et al. 2017b, 
2018; Boonmee et  al. 2016). Several important factors 
such as pH, temperature, type of resin, and eluent need 
to be considered to apply this methodology into the fer-
mentation system. Other techniques of extractive fer-
mentation have also been developed and applied various 
principles that may come with distinct advantages and 
disadvantages. The lactic acid recovery from fermenta-
tion broth may seem complicated and challenging; thus, 
multiple aspects were reviewed to imply ion-exchange 
resin’s potential as a functional tool in high-value lactic 
acid production.

Biotechnological concept of lactic acid production
Lactic acid (2-hydroxypropanoic acid) is the common 
industrial chemical known for various industrial appli-
cations in food, cosmetics, textile, pharmaceutical and 
has recently had emerged into the bioplastic industry for 
poly-lactic acid (PLA) (Abdel-Rahman and Sonomoto 
2016). The feasibility of the dual-functional lactic acid 
groups (d- and l-lactic acid) makes it versatile for vari-
ous chemical transformations and products (Biddy et al. 
2016). It is recognized as “Generally Recognized as Safe” 
(GRAS) by the Food and Drug Administration (FDA) 
(Food and Drug Administration 2015). Lactic acid was 
also listed as a potential building block for future use in 
a United States Department of Energy Report (de Jong 
et al. 2012), making it one of the most useful chemicals 
that received a great deal of attention worldwide. Pri-
mary producers and lactic acid consumers are primarily 
dominated by the United States, Western Europe, and 
the Asia-Pacific region. The largest lactic acid producer 
is PURAC®, which accumulated about 45% of lactic acid 
world production, with an installed capacity of approxi-
mately 350,000 tons per year (Hörhammer et  al. 2014). 
The global lactic acid market size value was at USD 3.7 
billion in 2020, with revenue forecast in 2025 was esti-
mated at USD 8.7 billion. The lactic acid industry’s 
growth rate was expected at a compound annual growth 
rate (CAGR) of 18.7% from 2019 to 2025 (Grand Review 
Research 2019). One of the growing applications of lac-
tic acid is as a monomer for biodegradable polymer poly-
lactic acid (PLA). The presence of a chiral carbon atom 
in the lactic acid structure, which is optically active, sup-
ports the formation of the crystalline and PLA stability 
(Kumar et al. 2019). PLA also exhibits high heat deflec-
tion and good biodegradability, naturally. It is environ-
mentally friendly and has a high potential to replace 
conventional petrochemical plastic material (Pal and Dey 
2012). Presently, the world market demand for PLA is 
nearly  105 metric tons per year and was predicted to rise 
to 28% in 2025, due to the application of PLA as an good 
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substitute for polyethylene terephthalate (PET) (Daful 
et al. 2016).

Furthermore, fermentation substrates for 2G-lactic 
acid production using renewable low-cost materials have 
recently emerged, as it does not compete with the food 
and could reduce the environmental problems. The bio-
technological process for 2G-lactic acid production using 
unutilized feedstock waste such as corn stover (Garrett 
et  al. 2015), dried distiller’s grains solubles (Zaini et  al. 
2019a, b), cassava bagasse (Yuwono et al. 2017), etc., have 
become great alternative approaches in the industry. The 
shift to utilizing feedstock waste led to the minimized 
production cost and maximized renewable biomass uti-
lization during the upstream process. However, the pro-
duction of 2G-lactic acid from feedstock waste requires 
efficient downstream processing to remove impurities. 
This stage is one of the most critical bottlenecks in indus-
trial lactic acid production (Cubas‐Cano et al. 2018). The 
primary importance of downstream processing is to pro-
vide a high degree of lactic acid purity with cost-effective 
production, as this stage may take up to 30–40% of pro-
duction cost (López-Garzón and Straathof 2014). The 
challenge in achieving high 2G-lactic acid purity is due 
to lack of economic methods to completely remove any 
biomass residues and fermentation process impurities 
(Bernardo et al. 2016; Järvinen et al. 2000).

The cellulosic biopolymers of biomass are made up of 
sugar ring chains that are linked with strong hydrogen 
bonds where, these bonds are not present in the typi-
cal starch structure of 1G-feedstock. When this com-
plex structure of lignocellulosic biomass is broken down 
into smaller components, the by-products produced 
will become impurities and interfere with fermentation 
process efficiency. According to Malav et al. (2017), fur-
fural and HMF formed during hydrolysis of biomass may 
become part of potent fermentation inhibitors which 
results in poor fermentability of biomass hydrolysate. 
Thus, the overall production of 2G-lactic acid is expected 
to be more expensive and challenging compared to 
1G-lactic acid. Particularly, the separation and recovery 
of 2G-lactic acid from fermentation broth requires sev-
eral steps and energy intensive to achieve high lactic acid 
purity. Practical approaches using ion exchange adsorp-
tion resin is targeted on improving the efficiency of lactic 
acid separation and recovery in 2G-fermentations sys-
tem. This plays a great importance to produce a higher 
yield of lactic acid at a lower cost.

The production of lactic acid through the fermentation 
of lactic acid bacteria (LAB) is the industry method due 
to ecological factors and the emerging world’s technolo-
gies. The process requires low energy consumption, low 
production temperature, and capable of producing pure 
lactic acid of specific stereoisomer, i.e., l-( +)-lactic acid 

or d-( −)-lactic acid when specific strains were used (Juo-
deikiene et al. 2015; Komesu et al. 2017b). Approximately 
90% of total lactic acid produced worldwide is carried 
out through bacterial fermentation, as chemical synthe-
sis has a significant disadvantage of producing a racemic 
mixture of lactic acid (Dumbrepatil et al. 2008). Pure fer-
mentation substrate, which includes carbon (e.g., glucose 
and sucrose) and nitrogen sources (e.g., yeast extract or 
peptone), is required for high production yields. How-
ever, these refined nutrients come at a high price, which 
would increase the cost of production (Vandenberghe 
et al. 2018). Recent use of renewable and low-cost mate-
rials has provided advantages to further reduce overall 
cost (Zaini et al. 2019a; Yuwono et al. 2017). Apart from 
that, the high concentration of product generated (lactic 
acid) can also reduce the fermentation efficiency, espe-
cially in the batch fermentation process (Yuwono et  al. 
2008; Serrazanetti et al. 2013; Othman et al. 2017a). pH 
significantly affects the fermentation process, especially 
in batch mode due to the accumulation of lactic acid in 
the fermentation media. Generally, the culture broth’s 
pH should be maintained in the range of 5 to 7 for opti-
mum lactic acid production. However, as lactic acid is 
the primary metabolic end-product, the medium’s pH 
will significantly drop as the fermentation progresses 
and subsequently affect bacterial growth (Abdel-Rah-
man et al. 2013; Komesu et al. 2017b). Chahal (1990) and 
Litchfield (1996) reported that bacteria’s growth is likely 
to stop when the levels of free lactic acid reached 1–2 wt 
% of total combined lactic acid. LAB fermentation with-
out any neutralizing or buffering agents will decrease 
pH during bioconversion due to the dissociation of acid, 
which eventually leads to slow fermentation kinetics, 
inhibiting the bacterial metabolism, and reducing lactic 
acid yield (Moldes et al. 2003).

However, recent studies on in-site separation of lactic 
acid by ion-exchange resin had maintained the pH dur-
ing fermentation process (Boonmee et al. 2016; Othman 
et  al. 2017a, b; Othman et  al. 2018). The ion-exchange 
resin in fermentation media quickly adsorbs lactic acid 
produced by LAB to avoid growth limitation by low pH. 
The approach had a foresight to develop a better lactic 
acid recovery technique from fermentation broth as well 
as to be incorporated in lactic acid production system in 
industry.

Ion exchange adsorption as alternative way 
for lactic acid recovery
Lately, the adsorption strategy using ion-exchange resin 
is getting much attention from researchers as it was 
found to be one of the most effective methods for lac-
tic acid recovery. It implies the approach of neutralizing 
fermentation broth by removing lactic acid selectively 
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in-site, resulting in a low level of lactic acid in the fer-
mentation broth (Wang et al. 2014; Boonmee et al. 2016; 
Othman et  al. 2017a). The risk of product inhibition is 
reduced, and no precipitate (gypsum) is produced in the 
extractive method.

The application of adsorption technology, especially 
by ion-exchange resin, has been extensively used in vari-
ous areas such as water purification (Tabassum 2019), 
wastewater treatment (Batubara et al. 2019), and desali-
nation of seawater (Seong et  al. 2016). It is also applied 
widely in food research development, particularly in the 
de-acidification process of noni juice (Haslaniza et  al. 
2015) and starfruit (Fong et al. 2017), as well as facilitate 
the reduction of saponin bitterness in Carica papaya 
leaf (Syed Amran et  al. 2018) and the deodorization of 
fucoidan from brown seaweed (Sargassum sp.) (Khalafu 
et al. 2017). However, this review will focus on applying 
ion exchange adsorption onto lactic acid separation and 
recovery from the fermentation process.

Ion exchange adsorption process of lactic acid
Adsorption is a well-established technique using adsor-
bents to recover lactic acid from fermentation broth. 
Theoretically, this includes the deposition of liquid phase 
components (adsorbate) onto the solid phase (adsor-
bent) surface, which may often be explained by electri-
cal attraction to the solid surface components with a 
low electrical charge that will eventually form a mon-
olayer of the molecular, ionic, or atomic film (Ruthven 
1984; Okeola and Odebunmi 2010). Regularly, an equi-
librium concentration is rapidly formed on the surface 
and may occasionally be followed by slow diffusion into 
the adsorbent particles (Jørgensen 1989). The accumula-
tion of molecules on the adsorbent surface is influenced 
by various interactions such as hydrophobic, electro-
static attraction, and hydrogen bonding (Koźlecki et  al. 
1997; Yang et al. 2007). The adsorbent surface has unique 
electronic and steric properties of matrix configuration, 
which caused varied energy levels based on the degree of 
association with the adsorptive surface (Kammerer et al. 
2010). The commonly used adsorbents are natural mate-
rials, metal-based adsorbents, sewage sludge, industrial 
waste materials, industrial by-product clay, nanomateri-
als, porous carbon, and silica (Abdulaziz and Musayev 
2017; Kulkarni et  al. 2018; Garba et  al. 2019). Different 
types of adsorbents may possess other properties and 
advantages. For example, polyvinyl pyridine adsorbents 
are mainly used to adsorb lower carboxylic acids and eas-
ily desorbed with alcohol eluent; however, it is challeng-
ing to separate lactic acid from alcohol (Xu et  al. 2018; 
Uslu et al. 2016). Meanwhile, silicate pellet adsorbent can 
separate lactic acid and eliminate more significant com-
ponents, especially protein. Besides, it has good thermal 

and hydrothermal stability, despite its very poor water 
affinity (Aljundi et al. 2005).

Ion exchange involves the exchange of ions between a 
liquid and a solid phase. This process requires low-cost 
and straightforward equipment, but is typically applied at 
a low salt concentration (Kumar et al. 2019). The chemi-
cal energy at equilibrium after the ion exchange process 
is lower than before the process is started. Theoretically, 
the ratio in the numbers of ions released is equivalent 
to the number of ions taken up in a completely pure ion 
exchange process, which is hardly observed. A mixture 
of two processes of adsorption and ion exchange is most 
often observed in nature. Therefore, the adsorption and 
ion exchange processes are considered together, as they 
share several common features, especially in the design 
concept. However, in some cases, their operating cycles 
may be similar, although ion exchange operating cycles 
are slightly more complex. Ion exchange can be catego-
rized into anion and cation exchange based on the ionic 
group attached to the resin (solid). Each category can 
be further subdivided based on their charge into weak 
acid or strong acid exchanger, which will have a different 
structure, functional groups, and polymer matrix (Evan-
gelista and Nikolov 1996). Cation resins have negatively 
charged groups fixed to the backbone material that only 
allow cations to pass through and reject anion. It releases 
positive ions (e.g.,  H+ or  Na+) in exchange for impurity 
cations present in the broth. Meanwhile, anion resins 
have positively charged groups fixed to the backbone 
material that only accept anions to pass through and 
reject cations. It releases negative ions (e.g.,  OH− or  Cl−) 
in exchange for impure anions present in the broth (Luca 
2000).

Anion exchange resin is frequently used in the sepa-
ration and purification of lactic acid from fermentation 
broth. As lactic acid exists in the form of anionic lactate 
ions  (C3H5O3

−), it needs to bind to a cationic molecule 
for separation. Several commercial anion-exchange res-
ins have been previously used for separating lactic acid 
from the fermentation broth, including Amberlite IRA-
67, IRA-96, IRA-92, IRA-400, Lewatit S3428, DOWEX-
XUS 40,196, and DOWEX-50) (Evangelista and Nikolov 
1996; Tong et  al. 2004; Quintero et  al. 2012). How-
ever, different resin types may have different lactic acid 
adsorption selectivity and capacity that can be further 
determined using several adsorption isotherms models 
such as Langmuir, Freundlich, Langmuir–Freundlich, 
and many more (Zaini et al. 2019b; Othman et al. 2017b). 
Apart from that, there is another step involved in the ion 
exchange equipment, where cations or anions from the 
fluid deposit in the resin and displace equivalent amounts 
of other ions from the resin. The step will replace all ions 
in the resin, but the activity can be restored by allowing 
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the exhausted resin to be in contact with a high concen-
tration of the desired ions, for example, a strong acid to 
replace lost hydrogen ions (Couper et al. 2012).

The separation of lactic acid from the fermentation 
broth by ion-exchange resin occurred during the down-
stream processing. Several researchers have developed 
practical and cost-effective downstream processing 
routes for lactic acid separation and recovery. Quintero 
et al. (2012) indicated that the process of lactic acid sepa-
ration by ion-exchange resin might involve three stages: 
1) lactate ion adsorption; 2) elution; and 3) lactate con-
version into lactic acid. Generally, the lactic acid is 
separated, recovered, and purified through several ion-
exchange adsorption operation processes. Nonetheless, it 
is almost possible to get a pure lactic acid crystalline form 
because of its high affinity for water and the tendency to 
form lactate dimer at a concentrated state (Lunelli et al. 
2010). Besides, the fermentation broth may have a diluted 
lactic acid solution, mixed with other impurities that 
formed throughout the fermentation process, making the 
process more complicated. Bernardo et al. (2016) stated 
that the presence of lactate salts and other impurities 
from the fermentation process during lactic acid extrac-
tion might become a significant drawback in the down-
stream processing stage.

The common operation process for lactic acid sepa-
ration started with lactic acid production by the fer-
mentation process in the fermenter and proceeded to 

the filtration process to avoid contamination by micro-
organisms that might enter the ion exchange column. 
Generally, the fermenter is connected to two columns 
packed with an ion-exchange resin. The addition of 
sodium hydroxide to the fermentation process generates 
sodium lactate. The first column of the cation exchanger 
is meant to acidify the fermentation broth, aiming to 
convert sodium lactate into lactic acid as sodium ions 
are exchanged with hydrogen ions. No eluent is needed 
at this stage, as lactic acid does not bind to the cation 
exchanger. When the pH of effluent increases, the resin 
is considered saturated with  Na+ ion, and all undissoci-
ated lactic acid will pass through the column. Consider-
ing that resins (anion exchange) absorb the undissociated 
lactic acid form more effectively compared to the disso-
ciated state, broth acidification is required before elution 
through the resin. After that, the acidified broth contain-
ing undissociated lactic acid is passed through an anion-
exchange resin to separate the lactic acid molecule from 
the fermentation broth. Elution by liquid adsorption took 
place at this stage as lactic acid is recovered through 
the eluent. This extractive operation process of lactic 
acid separation and recovery has been reported in sev-
eral studies (Zaini et  al. 2019b; Evangelista and Nikolov 
1996; González et al. 2006). The schematic diagram of the 
extractive lactic acid process is illustrated in Fig. 1.

Apart from that, an alternative process operation 
was studied. The resin is directly added to the broth to 

Fig. 1 Schematic diagram of extractive ion exchange lactic acid process
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improve further the in-site removal of lactic acid from 
the fermentation process. This technique was recently 
discovered by Boonmee et  al. (2016) and Othman et  al. 
(2018). Figure 2 illustrates the basic layout of the overall 
process operation.

In this operation, a more practical approach with mini-
mal and simple process control equipment was used. 
The resin was added to simultaneously maintain the pH 
of fermentation broth, without any addition of alkali as 
the pH regulator during the fermentation process. Usu-
ally, weak anion-exchange resins are used due to their 
properties that could adsorb lactic acid below and above 
its acid dissociation constant. This fact is advantageous, 
as it does not require fermentation broth acidification 
before adsorption (John et  al. 2008). The lactate ion is 
adsorbed onto resin during the lactic acid fermentation, 
neutralizing the fermentation broth’s pH and eliminat-
ing the end-product inhibition throughout the process. 
Upon completion of lactic acid adsorption onto the resin, 
the centrifugation or filtration process may separate res-
ins from the remaining broth (waste). However, traces of 
lactic acid could be present in the waste depending on 
the lactic acid ion-exchange adsorption process’s effi-
ciency. Simultaneously, the elution process of recovered 
resin packed in the column is operated, eventually pro-
ducing lactic acid. The formation of salt did not occur in 
this developed process as no alkali is present to convert 
the lactate ion to sodium lactate. After the final elution 

step, the saturated and exhausted ion-exchange resin will 
be regenerated and reused in the following ion adsorp-
tion processes for economic reasons. Commonly, the 
regeneration process of resin is performed alternately 
and intermittently. The step typically employed NaOH 
as regeneration eluent and washing with water to remove 
the eluent’s excess from resin. Simultaneously, the opera-
tional cost is reduced, and less waste is produced at the 
end of the process (Boonmee et al. 2016). The process is 
relatively more straightforward and has shorter down-
stream processing routes compared to the previous ion 
exchange operation process. Idler et al. (2015) stated that 
numerous downstream processing steps significantly 
affect the product’s quality and price.

Lactic acid separation by ion exchange adsorption 
mechanism
The ion exchange adsorption mechanism is a heteroge-
neous chemical process that involves ion transfer to and 
from the interphase boundary. In other words, it is a pro-
cess of removing the ions from an aqueous solution and 
replacing it with another ionic species that are bound at 
the solid phase via electrostatic interactions to achieve 
electroneutrality. The ion exchange process occurs in two 
ionic flux forms, either into the ion exchange particles or 
in the opposite direction out of the ion exchange particles 
(Kammerer et al. 2010).

Fig. 2 In-site ion exchange separation of lactic acid from fermentation process
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The diffusion inside the absorbent material and diffu-
sion in the surrounding aqueous solution has been con-
sidered the major phase in the ion exchange process. 
Throughout the process, the formation of a thin film on 
the absorbent’s surface is unavoidable and considered 
the intermediate phase. This interphase film cannot be 
removed, and rigorous agitation can only reduce the 
film’s thickness. The transportation of existing ions in the 
aqueous solution into the exchanger, replacing the coun-
terion that diffuses out of the exchanger crossing the film, 
is the phenomenon known as ion exchange. The coun-
terions are exchangeable ions present in the exchangers 
that move freely within the framework. However, their 
movement must be fulfilled by the electroneutrality prin-
ciple, which means that any counterions that leave the ion 
exchanger need to be replaced with another counterion 
that has the equivalent quantity to the previous one. This 
counterions movement may either occur in the opposite 
direction (ion exchange) or by existing as co-ions in the 
same reaction (Kumar and Jain 2013). Meanwhile, a co-
ion is a fixed ion that has been permanently attached to 
an ion exchanger. It is immobile, insoluble, and a part of 
the structure. The overall illustration of an ion exchanger 
(resin) is shown in Fig. 3. The skeleton of anion resin used 
to separate lactic acid has dark lines representing the pol-
ymeric skeleton of resin beads that are porous and con-
tain water. The co-ion functional groups illustrated are 
quaternary ammonium cations  (CH2

−N+-(CH3)3), sim-
plified as  N+R3 attached to the skeleton. The resin bead’s 
counterion is chloride anions  (Cl−), which is the stand-
ard delivery form for many anion resins (Rohm and Haas 
2008). The counterion of  Cl− will exchange with lactate 
ions  (C3H5O3

−) in the fermentation broth and eventually 

preserve the electrical neutrality of the resin with the 
present co-ion.

Generally, the ion exchange process for lactic acid 
 (C3H6O3) involves the following steps: 1) dissociation 
of the lactic acid compound into lactate ions  (C3H5O3

−) 
and hydrogen ions  (H+) in the liquid; 2) the diffusion of 
lactate ions from the liquid phase towards the interphase 
film of resin; 3) the diffusion of lactate ions out of the 
film, and 4) into the material phase step of the resin. The 
material phase step includes the formation of different 
ion pairs, where 5) lactate ions associate with other func-
tional groups bound to the resin, and 6) the dissociation 
of the primary ion pair of functional groups that have 
been replaced and removed by lactate ions, 7) before 
diffusing inside the material phase. Subsequently, the 
removed ions move to the surface step, which 8) diffuses 
into the interphase film, followed by 9) the diffusion into 
the liquid phase, where random distribution occurred. 
Finally, 10) the formation of removed ions with hydrogen 
ions in liquid takes place. The overall general step is illus-
trated in Fig. 4.

Lactic acid recovery by liquid adsorption and further 
purification
At the end of the ion exchange process, the recovery of 
lactic acid bound to resin is made by liquid adsorption, 
known as the elution or desorption step. A specific sol-
vent is used as the eluent to desorb all resin-bound 
lactate, eventually recovered as lactic acid in the final 
eluate. For example, hydrogen ion  (H+) in HCl is capa-
ble of desorbing the bound lactate ion  (C3H5O3

−), which 
eventually caused the binding of chloride ion  (Cl−) onto 
the resin, replacing the lactate. Finally, the formation of 
undissociated lactic acid is eluted and recovered (Fig. 5) 
(Bio-Resource 2011).

Generally, the efficiency of elution and recovery of lac-
tic acid is influenced by several factors that might also 
affect its purity. Elution conditions such as flow rates 
and eluent concentrations are among the significant fac-
tors. These factors are essential to ensure that all lactate-
bound resin is detached and recovered as lactic acid. 
Though, an insignificant effect of the eluent flow rates 
was observed by Boonmee et al. (2016), where the factor 
did not influence the amount of lactate eluted, resulting 
in the larger consumption of eluent volume by the higher 
eluent flow rates. The study also reported a minor effect 
of eluent concentrations, where high concentration does 
not contribute to the reduction of eluent volume used 
to recover the lactic acid. Consequently, the study used 
1.0 M HCl at a low flow rate of only 0.1 BV/min, which 
resulted in 80% lactic acid recovery compared to resin-
bound lactate. However, Zaini et al. (2019b) reported the 
yield of 96 and 100% of lactic acid recovery at 0.5 and 

Fig. 3 Schematic anion-exchange resin beads. By permission from 
Rohm and Haas, Inc., Pennsylvania, United States (Rohm and Haas 
2008)
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Fig. 4 The general step of ion exchange processes. Modified from Kumar and Jain (2013) with permission from Hindawi

Fig. 5 Liquid adsorption/elution process to recover lactic acid. Modified with permission from Bio-Resource (Bio-Resource 2011)
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1.0 M concentrations of HCl. Meanwhile, HCl concentra-
tions below 0.5 M (~ 0.05 M to 0.1 M) have low efficiency 
in recovering the lactic acid. It shows that eluent strength 
plays a critical role in lactic acid desorption and detach-
ment from the resin. Yet, due to the economic factor, the 
0.5 M HCl concentration was selected with a total lactic 
acid recovery of ~ 80.40% after the elution (3  mL/min 
flow rate). Furthermore, increasing the HCl concentra-
tion or strength could decrease the percentage of lactic 
acid purity (Bishai et  al. 2015). Apart from that, several 
studies reported using other types of lactic acid eluent, 
such as methanol, NaOH, and  H2SO4, with varied recov-
ery efficiency depending on the concentration and pro-
cess flow rates (Luongo et al. 2019; Delgado et al. 2018; 
Pleissner et al. 2017).

Nevertheless, the recovered lactic acid could be pre-
sent at low concentration and purity, as impurities such 
as eluent components and organic molecules are present 
in the final lactic acid eluate. Thus, additional steps could 
be added after lactic acid purification by ion exchange, 
such as filtration, electrodialysis, and vacuum distilla-
tion (Neu et al. 2016). Further purification process such 
as evaporation or distillation may increase the purity of 
lactic acid and provide the advantage to regenerate the 
desorbent eluent from the extract and raffinate streams 
to be reused in the process. Kulprathipanja and Oroskar 
(1991) proposed that the eluent preferably has a substan-
tially different average boiling point (higher or lower than 
5 °C) than the feed mixture, so the separation of at least 
a portion of desorbent eluent by fractional distillation 
is possible. Earlier, Evangelista and Nikolov (1996) had 
successfully incorporated an evaporator to recover the 
methanol eluent from the extract and raffinate streams 
during the desorption of lactic acid from anion-exchange 
resin. Recently, Delgado et al. (2018) reported the recov-
ery of methanol from the extract and raffinate by waste-
heat driven distillation and simultaneously resulted in the 
high level of final lactic acid purity (99.76%). Another lac-
tic acid purification was done by Neu et al. (2016), which 
incorporated bipolar electrodialysis membranes and 
distillation into the ion exchange adsorption process of 
lactic acid, eventually leading to an improved lactic acid 
optical purity (99.8%). Technically, the lactic acid pro-
duced through these processes is recovered at a concen-
trated state. However, several studies reported pure lactic 
acid production in the diluted eluate, which is directly 
collected after the elution step. This finding highlights 
that the lactic acid concentration in the eluate is not 
directly proportional to lactic acid’s purity (Bishai et  al. 
2015). For example, a study by Zaini et  al. (2019b) has 
reported a high lactic acid purity (91.8%) in the diluted 
eluate of lactic acid where the overall 2G-lactic acid 
recovery and purification steps include treatment with 

7% (w/v) activated carbon and ion exchange adsorption 
system, comprising the cation and anion-exchange col-
umn. Similarly, Bernardo et al. (2016) purified the broth 
with powdered activated carbon (18.72%), and the yield 
was nearly 100% pure 2G-lactic acid. Another production 
of a highly pure 2G-lactic acid (99.17%) was observed in 
the study by Bishai et al. (2015) using a simple two-step 
purification process of anion and cation exchange resin 
without the incorporation of activated carbon during the 
purification step.

Reported research of ion exchange adsorption
Lactic acid recovery using ion-exchange resin has been 
utilized and intensively studied by many researchers for 
the past years. Ion-exchange resin has been proven as an 
important tool to recover and produce lactic acid with 
better productivity, purity, and yield. Studies of lactic acid 
recovery using this method on 1G and 2G feedstocks are 
summarized in Table 1.

Various parameters and factors involved in lactic acid 
recovery were previously investigated to enhance the 
final result. According to Gao et  al. (2010), resins need 
to possess high capacity and selectivity for lactic acid 
over water and substrates and show good regenerability 
and biocompatibility with microorganisms for success-
ful lactic acid removal. Several factors that may influence 
the resin adsorption capacity and efficiency are absor-
bent properties (porosity, surface area, particle size, and 
functional group), the absorbate (polarity, pKa, molecu-
lar weight, structure, and solute concentration), and also 
conditions of the process (pH, temperature, contact time, 
and mixing speed) (Yousuf et al. 2016). Therefore, many 
previous studies have been conducted to determine the 
factors or to find the optimum condition for lactic acid 
recovery from fermentation broth.

Effect of pH on lactic acid adsorption
One of the crucial factors to control lactic acid separa-
tion and increase lactic acid adsorption is pH. Kul-
prathipanja and Oroskar (1991) patented the method for 
1G-lactic acid separation and recovery from the culture 
broth of Lactobacillus delbrueckii, Lactobacillus bulgari-
cus, and Lactobacillus leichmannii using anion polymer 
adsorbents. The authors compared strong, moderate, 
and weak base anion-exchange resins and found that lac-
tic acid’s best adsorption efficiency occurs below its pKa 
value (3.86). A similar study by Evangelista et  al. (1994) 
compared several anion base resins such as weak (VI-15 
and Reillex 425), moderate (MWA-1, WGR-2, and XUS 
40,283), and strong (XUS 40,196) to evaluate the lac-
tic acid adsorption capacities at different pH. The result 
showed that lactic acid adsorption of weak and moderate 
base resin was good when the pH value of fermentation 
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broth below the pKa. However, several researchers 
reported that weak base resin’s adsorption onto lactic 
acid may also occur above their pKa value. For example, 
Tong et  al. (2004) purified 2G-lactic acid using a weak 
anion-exchange resin (Amberlite IRA-92) and study 
showed that the increased pH from 5 to 6 had a positive 
effect on 2G-lactic acid purity (96.2%), yield (82.6%), and 
productivity (1.16 g lactic acid/g of resin). Furthermore, 
Moldes et al. (2003) also successfully recovered 2G-lactic 
acid at the pH of 4.4 using weak base resin (Amberlite 
IRA-67); where the study achieved more than 99% lactic 
acid recovery.

Meanwhile, for strong base resin, the lactic acid 
adsorption was stable in a broader pH range of 2 to 
6, but strong eluents were required to regenerate this 
resin. Thus, cation exchange resin was commonly used 
to acidify the fermentation broth before being passed to 
weak and moderate anion-exchange resin. About 6.8-
bed volume (BV) of methanol can completely recover all 
absorbed lactic acid from the strong base exchange resin 
with high purity (99%) (Evangelista and Nikolov 1996). 
In the study by González et al. (2006), 2G-lactic acid was 
purified from the whey fermentation broth of Lactobacil-
lus helveticus using Lewatit S2568H and Lewatit S3428. 
The strong cation resin, Lewatit S256H, was used in the 
first step to acidify the fermentation broth (pH < 6) then, 
weak anion resin, Lewatit S3428, was used for lactic acid 
purification. Towards the end, more than 99% purity of 
2G-lactic acid was produced as the final product, with 
production value of 32.7 g/L. Another type of strong base 
resin (Amberlite IRA-400) was used by Cao et al. (2002) 
to recover 1G-lactic acid from fermentation broth. The 
maximum adsorption capacity of lactic acid was observed 
at pH 2.0 (106 mg/g wet resin) and pH 5.0 (197.09 mg/g 
wet resin). However, during the column separation step, 
the total yield of lactic acid recovery at pH 2.0 (92.11%) 
was higher than pH 5.0 (86.21%). Consequently, the effect 
of pH on lactic acid adsorption is highly depend on the 
type the resins, whether it is strong, moderate, or weak 
base resins.

Effect of temperature on lactic acid adsorption
Since the adsorption rate depended on temperature, 
several studies had mainly investigated its effect on lac-
tic acid recovery. Ataei and Vasheghani-Farahani (2008) 
stated that the temperature of 37  °C was the best con-
dition for 2G-lactic acid adsorption by resin Amberlite 
IRA-400 with lactic acid production of 37.4  g/L. How-
ever, according to Srivastava et  al. (1992), the fermen-
tation productivity was reduced at a high temperature 
(> 39  °C) due to the low capacity of resin to adsorb lac-
tate ions. The study reported that the best growth con-
dition for lactic acid-producing organisms is at 37  °C, 

although lactic acid production was optimum at 44 to 
45  °C. Therefore, the optimized temperature for lactic 
acid production is set at 39  °C due to the two tempera-
ture-dependent processes’ combined effect; where the 
1G-lactic acid yield and productivity was reported to be 
improved at the determined temperature. Whereas, it 
was notable that the amount of adsorbed 2G-lactic acid 
in IRA-400 decreased with the increase of tempera-
ture (Yuwono et  al. 2017) and the result was supported 
by Gao et  al. (2010) that observed a reduction in lactic 
acid adsorption (~ 20%) from the fermentation broth 
when the temperature was increased from 20 to 50  °C, 
using Amberlite IRA-67 as the adsorbent. Also, Nam 
et al. (2011) has study the adsorption equilibrium of lac-
tic acid and succinic acid separation from fermentation 
broth in a quite similar temperature range of 30 to 50 °C 
and result showed that both acids’ adsorption equilib-
rium was affected by temperature, where the increase 
in temperature had reduced (~ 20 to 26%) the lactic acid 
adsorption onto Amberchrom CG300C resin. Then, Uslu 
and Majumder (2017) studied the feasibility of using ion-
exchange Amberlite XAD-7 for lactic acid adsorption 
from aqueous solution under various temperatures. The 
study observed a slight adverse effect of rising tempera-
ture (25, 35, and 45  °C) on lactic acid recovery, which 
reduced to about 6% to 7% only.

However, Moldes et al. (2003) and Zaini et al. (2019b) 
reported that the effect of temperature was not significant 
and had negligible influence on 2G-lactic acid adsorption 
capacities in anion-exchange resin. The stability of the 
resin across a wide range of temperature (30–80 °C) was 
observed by Pradhan et  al. (2017), where the value for 
adsorption capacity of IRA-400 (24  mg/g) and recovery 
efficiency (~ 51%) remained constant. Next, Arcanjo et al. 
(2015) reported good performance of Amberlite IRA-
67 and IRA-96, where both were not influenced by the 
increase in temperature during the lactic acid separation 
process. Thus, there are still arguments on the influence 
of temperature on the lactic acid recovery and separation 
process.

Effect of resin types on lactic acid adsorption
In terms of lactic acid separation, resin types also 
play an essential role, as different types of resin may 
function in different ways and favor different circum-
stances. Rincon et  al. (1997) investigated various cat-
ion exchange resins (Amberlite IR-120, Amberlite 200, 
Amberlite 252, Lewatit S-100, and Dowex XVS) to sepa-
rate 2G-lactic acid from highly concentrated lactic acid 
whey fermentation broth. The best resin chosen was 
Amberlite IR-120, a strong gel cation exchange resin 
as it possessed good physical strength, high capacity, 
and high exchange rate during lactic acid separation. 
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Also, Amberlite IRA-96 studied by Arcanjo et al. (2015) 
showed a high adsorption capacity of 544 g/L with 99.2 
wt% of the lactic acid recovery. Consequently, Bishai 
et  al. (2015) used both exchange resins, Amberlite 
IRA-120 coupled with Amberlite IRA-96, to separate 
2G-lactic acid from the fermentation broth with sub-
strate from Zizyphus oenophlia. The maximum lactic 
acid-binding capacity was 210.46 mg lactic acid/g resin, 
whereas the purity of lactic acid increased to 99.17% 
with a final recovery yield of 98.9%.

Meanwhile, Amberlite IRA-67 has been reported 
numerous times to exhibit good performance in terms of 
high affinity, capacity, and vulnerability in 2G-lactic acid 
recovery. Moldes et  al. (2003) compared different resin 
types, which included Amberlite IRA-900, IRA-400, IRA-
96, and IRA-67. The resins physicochemical properties 
such as adsorption capacity, kinetics, and selectivity were 
evaluated and Amberlite IRA-67  (Cl− form) was selected 
as the best resin for 2G-lactic acid recovery. The result 
was supported by Bernardo et al. (2016), who also inves-
tigated the production of 2G-lactic acid by Lactobacillus 
rhamnosus B103 from industrial dairy waste. Two res-
ins, Amberlite IRA-67 and IRA-400, were compared for 
2G-lactic acid adsorption and recovery, where the results 
showed that although both resins exhibited high adsorp-
tion capacity, Amberlite IRA-67 has better performance 
compared to Amberlite IRA-400 for 2G-lactic acid recov-
ery (13.4%), with 100% protein and color removal as well 
as 99.10% of sugar removal. John et al. (2008) compared 
2G-lactic acid recovery from fermented cassava bagasse 
using strong anion-exchange resin (Amberlite IRA-402) 
and weak anion-exchange resin (Amberlite IRA-67). The 
binding of lactic acid capacities (93%) of Amberlite IRA-
67 (Cl- form) in fermentation broth has a more promis-
ing result and more efficient than Amberlite IRA-402. 
Apart from that, Luongo et al. (2019) studied the adsorp-
tion ability of anion-exchange resin (Amberlite IRA-900, 
IRA-400, IRA-96, and IRA-67) to recover lactic acid from 
solutions that mimic Thermotoga neapolitana fermenta-
tion broth. Even after 13 cycles of adsorption–desorption 
batch experiments, the tertiary amine-based resin IRA-
67 showed the highest average lactic acid removal effi-
ciency of 97% and it also exhibited the highest stability 
and selectivity among resin tested throughout the pro-
cess. Bayazit et  al. (2011a) has compared the lactic acid 
adsorption efficiency of Amberlite IRA-67 with activated 
carbon and IRA-67 resin was proven to be more effective 
for lactic acid adsorption in the fermentation broth com-
pared to activated carbon, with maximum adsorption 
capacity for IRA-67 was 89.09% (220.69  mg/g absorbed 
lactic acid) which was much higher than the activated 
carbon (31.81%, equivalent to 157.64 mg/g absorbed lac-
tic acid).

Other types of resin are also intensively investigated by 
many researchers. For example, Cui et  al. (2016) evalu-
ated different types of anion-exchange resins to remove 
1G-lactic acid from a fed-batch culture of Lactobacillus 
plantarum. Among the tested resins, D319  (OH− form) 
was selected to be used in the lactic acid removal system 
as it demonstrated good adsorption capacity for lactic 
acid. The result observed that the resin could remove 
lactate from the fermentation broth and slow down the 
osmotic pressure that increased throughout the fermen-
tation. Generally, the study reported a potential high-
density cultivation technique, in which the resin selection 
is a significant factor that permits better LAB growth; 
about 2.3-fold enhancement compared to fermentation 
without resin. The technique has been very substantial 
in producing many modern bioproducts, including lac-
tic acid. Other than that, Yuwono et al. (2017) had puri-
fied 2G-lactic acid from cassava bagasse fermentation of 
Streptococcus bovis using ion-exchange resin of Amber-
lite IRA A 400, SA 10A, WA30, WK 10, and PK 228. The 
result showed that ion-exchange resin WA30 has the 
highest lactic acid adsorption amount in the lactic acid 
solution’s batch adsorption, with lactic acid recovery 
yield of 60% and 80% purity rate. Recently, Zhang et  al. 
(2018) has purified 1G-lactic acid from fermentation by 
Bacillus coagulans using weak base anion-exchange resin 
(D354, D380, D941, D396, D293, D301, D315, 335, D201, 
and 717). Among tested resins, resin 335 has exhibited 
the highest lactic acid adsorption capacity (402  mg/g) 
with high lactic acid recovery (~ 82%) even after ten 
times usage, and the final lactic acid production was 
about 0.96 g/L.

Thus, the lactic acid recovery can be carried out using 
either a strong base resin (e.g., Amberlite IRA-400 and 
IRA-120) or a weak base resin (e.g., Amberlite IRA-67 
and IRA-96). Although numerous studies use weak base 
resin compared to strong base resin, several studies have 
combined these two resin types for better lactic acid sep-
aration and purification.

Effect of desorption solution on lactic acid recovery
The other factor that plays an essential role in lactic acid 
purification is the desorption reagent used to recover 
lactic acid from resin in the elution step. Several sol-
vents and reagents were investigated for sufficient lactic 
acid detachment from resin. Quintero et al. (2012) used 
Amberlite IRA-400 and IR-120 to recover 2G-lactic acid 
from high concentration lactic acid (> 50 g  L−1) fermenta-
tion broth of Lactobacillus brevis. The highest lactic acid 
productivity was 0.20 g/Lh with high lactic acid recovery 
(92.7% ± 1.9) was observed when 1 M NaOH was used as 
a desorbing agent compared to other eluents (0.1 M HCl, 
10% methanol, 1  M  H2SO4, and 1  M NaCl). However, 
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Luongo et al. (2019) had successfully recovered lactic acid 
using Amberlite IRA-67 with a lower NaOH concentra-
tion (0.5 M) by three-bed volumes of desorbing solvent, 
resulted in 63% desorption efficiency and 30 g/L concen-
tration of lactic acid. In addition, Pleissner et  al. (2017) 
reported the usage of FPA 53 resin and 12.5  mmol  L−1 
 H2SO4 were able to separate the 1G-lactic acid and salts-
ions with more than 90% of lactic acid was successfully 
recovered, and the lactic acid production was achieved 
at 92.5 g/L. Meanwhile, Boonmee et al. (2016) reported 
the use of 1 M HCl at a low flow rate of only 0.1 BV/min, 
which resulted in 80% 1G-lactic acid recovery compared 
to resin-bound lactate. Recently, the study by Delgado 
et al. (2018) proposed the model with simulated moving 
bed (SMB) process for lactic acid separation using poly-
vinyl pyridine resin (Reillex 425) from aqueous solution 
(5% w/w lactic acid) and methanol as eluent for desorp-
tion process. The simulation’s final result showed a higher 
lactic acid concentration (80% in water) and high recov-
ery of 95%, as well as productivity of 22.7 kg  msolid

−3  h−1 
with methanol consumption of only 0.062  m3  kglactic 

acid
−1.

In‑site separation of lactic acid during fermentation
A vital need in the industry is to upgrade or improve 
lactic acid recovery technique from fermentation broth. 
Innovative approaches that can reduce the operational, 
labor, and maintenance costs are of interest. One of the 
potential approaches that can be taken is by incorporat-
ing ion-exchange resin inside the fermentation broth 
during the fermentation process. This simultaneous pro-
duction and adsorption of lactic acid are known as in-
site separation. Here, lactic acid produced by lactic acid 
bacteria will simultaneously be separated from the fer-
mentation broth by adsorption to anion-exchange resin. 
No neutralizing agent is needed to control the pH of fer-
mentation broth, as lactic acid produced is immediately 
bound to the resin.

Boonmee et  al. (2016) studied in-site separation of 
1G-lactic acid using anion-exchange resin Amberlite 
IRA-67. About 5.9-fold increase of lactic acid produc-
tivity was observed compared to basic batch fermenta-
tion without resin addition. The total recovery of lactate 
was recorded about 70% of the total lactate produced 
during fermentation. Meanwhile, Rampai et  al. (2016) 
has studied the improvement of 1G-lactic acid produc-
tion by simultaneous recovery during batch fermenta-
tion using Amberlite IRA-400. Approximate amount of 
IRA-400 was added to fermentation broth at pH 6.0 (70 
℃) and result showed that the lactic acid separation rate 
was around 1.8  g lactic acid/g wet resin. On the other 
hand, Othman et  al. (2017b) and Cui et  al. (2016) have 
developed a high-density culture strategy to improve 

Pediococcus acidilactici and Lactobacillus plantarum 
growth, respectively, by overcoming lactic acid inhibition 
using the in-site separation method. The strategy used 
a practical approach with minimal and simple process 
control equipment. In-site separation of IRA-67 Oth-
man et  al. (2017a, b) in a batch fermentation exhibited 
about 55.5 times increase of viable cell concentration, 
which were also higher than in fed-batch fermentation 
by 9.1 times. In the end, this study emphasized that the 
enhancement of viable cell concentration is propor-
tional to the lactic acid production of probiotics. After 
that, Othman et  al. (2018) further studied the enhance-
ment of similar probiotic growth using extractive batch 
fermentation of ion-exchange resin to reduce by-product 
inhibition and increase lactic acid production. The study 
observed a good lactic acid adsorption capacity of 0.996 g 
lactic acid/g wet resin, whereas the in-site addition of 
10  g/L Amberlite IRA-67 improved the growth of pro-
biotic about 67 times compared to normal fermentation 
without the addition of resin. The growth was further 
enhanced by 1.4 times when integrated with a bioreac-
tor–internal column system containing anion-exchange 
resin. The final 1G-lactic acid productivity reported from 
the study was about 0.59  g/L. Although recent stud-
ies conducted only focused on 1G-lactic acid separation 
and recovery from fermentation broth but, there are 
big opportunities for this methodology to be applied in 
2G-lactic acid recovery as this technique renders several 
crucial advantages such as higher feedstock utilization, 
productivity improvement, as well as reduction of down-
stream load and recovery cost.

Advantages of ion-exchange resin
Ion-exchange resins are essential polyelectrolytes, which 
can have two ions of opposite charge in a molecule. By 
having these ions, effective ionic compounds fractiona-
tion can be achieved, especially during the purification 
stage. For instance, Hughes et  al. (2016) had developed 
a rapid, semi-automated method to fractionate dissolved 
organic carbon of freshwater using XAD 8 and XAD 4 
resins in tandem. In contrast, conventional electrolytes 
only have one ion charge fixed to the polymeric or crys-
talline structure. The resin was reported to exhibit high 
stability and good exchange capacities, making it highly 
attractive to be used as an adsorbent (Seeber et al. 1998). 
Ion-exchange resin can dissociate and take part in the 
ion-exchange resin processes without altering its physical 
state. Therefore, it has a high potential to be utilized to 
design a heterogeneous system of ion exchange processes 
with this ionic property of resins (Kumar and Jain 2013). 
Next, ion-exchange resin can convert lactate salt to lactic 
acid for lactic acid recovery. The adsorption of lactic acid 
is also highly selective, and the time required to recover 
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lactic acid is shorter compared to the other purification 
methods. Ion-exchange resin also requires lower run-
ning costs, as only little energy is required with no phase 
transition throughout the separation process (Park et al. 
2014). The cheaper regenerant chemicals needed for the 
operation and resin beds can be well maintained, caus-
ing it to last for many years before replacement is nec-
essary. This method can significantly reduce the cost of 
neutralizing chemicals, exhibiting industrial applications’ 
potential (Zhang et al. 2018). Furthermore, ion-exchange 
resins are physically and chemically stable and insoluble 
in acid, alkali, or organic solvents. Besides, most anionic 
resins can be used directly in the fermenter, as they are 
non-toxic to microorganisms (Nielsen et  al. 2010). The 
purification process using ion-exchange resins is simple, 
more manageable, cheaper, and does not require expen-
sive equipment (Ghaffar et al. 2014; Quintero et al. 2012).

Limitation of adsorption technique by ion-exchange resin
However, some limitations are associated with lactic acid 
purification by ion-exchange. According to Aljundi et al. 
(2005), ion exchange generates a large volume of waste 
liquor and massive acid usage and base in the elution 
process. This notion was supported by Boonmee et  al. 
(2016), who stated that the elution step produced a large 
amount of water and caused a liquid waste stream. More-
over, the resin exchange capacity will be weakened with 
extended time (Aljundi et al. 2005). In addition, the exist-
ence of nutrients and ions other than lactate, e.g., acetic 
acid, sodium acetate, and glucose, may slightly decrease 
the capacity of resin in simultaneous saccharification and 
fermentation media (SSF) (Moldes et al. 2003; Boonmee 
et al. 2016).

Lactic acid recovery using other techniques
Apart from ion-exchange adsorption, other techniques 
for lactic acid recovery from fermentation broth have 
been proposed previously, including conventional chemi-
cal neutralization, liquid–liquid extraction (Matsumoto 
et al. 2016), membrane separation (Alexandri et al. 2018), 
and distillation (Rao et al. 2014). The overall summary for 
all lactic acid separation and recovery process is tabu-
lated in Table 2. Each of the processes has its advantages 
and disadvantages to be applied and operated efficiently, 
particularly for high-purity lactic acid production.

Chemical neutralization
Chemical neutralization by precipitation is the earliest 
technique used in industrial plants to neutralize broth 
during LAB fermentation (Zhang et  al. 2019a, b). This 
method employed chemical base such as calcium hydrox-
ide  (Ca[OH]2) and calcium carbonate  (CaCO3) to over-
come the inhibitory effect of undissociated lactic acid 

formed in the broth by converting it to acid salt (Patel 
et al. 2008). These two chemicals are the most used base 
in the industry, facilitating the downstream process oper-
ation. Calcium salt precipitation will be formed at the end 
of the process (Wasewar et al. 2004) and filtered to sepa-
rate it from the broth. Next, acidification of broth with 
sulphuric acid  (H2SO4) will produce calcium sulfate (gyp-
sum), as the precipitate along with lactic acid, which is 
then recovered in the filtrate (Ameen and Caruso 2017). 
The diluted lactic acid (technical grade ~ 22%–44%) is 
then purified sequentially by activated carbon, evapora-
tion, and crystallization process (Alves De Oliveira et al. 
2020; Komesu et al. 2017b).

However, the use of calcium hydroxide as a neutralizing 
agent causes several drawbacks, especially the formation 
of a large amount of gypsum, an environmental pollut-
ant discarded as solid waste. Datta et al. (1995) reported 
that almost one ton of gypsum is produced for every ton 
of lactic acid produced by a conventional method, and it 
needs to be disposed of to the environment. While gyp-
sum is used in the manufacture of the board, cement, 
pharmaceuticals, and also as fertilizers, the production 
of lactic acid that produces less or no gypsum is more 
in demand, as it can prevent costly treatment of gypsum 
before disposal, which accounted for more than 50% of 
the production cost (Seong et  al. 2016; Boonmee et  al. 
2016; Wasewar et al. 2003). Other than that, the process 
also consumes a high amount of sulphuric acid and cal-
cium hydroxide that contributed to environmental prob-
lems (Othman et al. 2017a). Apart from that, Gao et al. 
(2009) found that calcium lactate was formed in a col-
loidal state, which caused flocculation of fermentation 
broth when the calcium lactate level is high and eventu-
ally cause incomplete fermentation. Consequently, low 
lactic acid purity was produced at the end of the precipi-
tation process (Wasewar 2005; Komesu et al. 2017b).

Nevertheless, several improvements to the precipita-
tion method have been developed. For example, Kwak 
et al. (2012) studied the effect of methanol addition dur-
ing ammonium lactate acidification, which resulted in 
the reduction of ammonium sulfate solubility in broth, 
and its separation could be facilitated using simple filtra-
tion. Moreover, the methyl lactate can easily be distilled 
to obtain lactic acid at room temperature, providing a 
yield of more than 80%. Meanwhile, the by-product of 
ammonium sulfate can be utilized for sulphuric acid and 
ammonia production. Recently, the separation of lactic 
acid in terms of magnesium precipitation technology 
has emerged as a potential lactic acid separation method 
(Zhang et al. 2019a, b). Magnesium hydroxide  (Mg[OH]2) 
has been used as a neutralizing agent and generates mag-
nesium lactate, which further reacts with trimethylamine 
to yield a complex of trimethylamine–LA and crystals 
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that can be recovered by filtration for further use. The 
complex is then thermally decomposed to produce lactic 
acid, and trimethylamine can be recycled into the fer-
mentation process (Daful et al. 2016). The processes are 
relatively cost-effective, as the cost for precipitation man-
agement is reduced, and the by-products can be reused.

Liquid–liquid extraction
The liquid–liquid extraction of lactic acid is principally 
based on a separation of the compound and their rela-
tive solubility in two different types of immiscible liq-
uid. Conventional liquid–liquid extraction uses diethyl 
ether, decanol, octanol, chloroform, hexane, and ter-
tiary amines as extracting solvent. Recently, alternative 
approaches to conventional solvent extraction, such as 
reactive extraction, ionic solvent extraction, and aqueous 
two-phase system (ATPS), have been studied extensively. 
These methods usually have short cycles and faster mass 
transfer between the liquid than solid phases (Li et  al. 
2016).

In the reactive extraction method, the reactions occur 
between extractants and solute molecules extracted and 
eventually produce a specific chemical compound or 
association complex. Then, the chemical is further solu-
bilized in the organic phase (Antony and Wasewar 2019). 
The process converts the product into other compounds 
such as ester to allow for a more straightforward extrac-
tion step. Chemicals such as hydrocarbon solvents, phos-
phorus solvents, and aliphatic amines were among the 
extractants used for lactic acid separation from fermen-
tation broth (Bayazit et  al. 2011b; Yankov et  al. 2005). 
Hu et al. (2017) used ethyl acetate (ultrasonic-mediated) 
for lactic acid extraction from three different fermented 
broth kinds, i.e., commercial glucose, mixed food waste 
hydrolysate, and bakery waste hydrolysate. The result 
showed high lactic acid extraction yields (92%–93%) 
with a total recovery of 82%–84%. The impurities 
were removed, and high-purity lactic acid (~ 98%) was 
obtained. Natural solvents have recently been studied 
as extractants for organic acid recovery (De et al. 2018). 
Besides, reactive extraction can also be integrated as in-
site process, which helps produce higher product yield. In 
the in-site reactive extraction process, a solution is used 
in organic acid production to reduce product inhibition 
and enhance productivity (Zhang and Yang 2015); which 
can reduce the toxic effect of extractants by shifting the 
undesirable reaction equilibrium, reducing product deg-
radation, and decreasing the downstream process routes 
(Wee et al. 2006; Ataei and Vasheghani-Farahani 2008).

Meanwhile, the ionic liquid extraction is the separa-
tion technique using organic salts (ionic liquid) such 
as imidazolium (Lateef et  al. 2012), quaternary phos-
phate (Oliveira et  al. 2012) or quaternary ammonium 

salts (Kulkarni et  al. 2007), which are chemically stable, 
non-volatile, non-flammable, lower viscosity, and higher 
density than many organic solvents (Li et  al. 2016). The 
examples of ionic liquid that function as good extractant 
for lactic acid are imidazolium-based ionic liquid (Lateef 
et al. 2012) and phosphonium-based ionic liquid (Oliveira 
et al. 2012). The ATPS has unique features as the solvents 
become aqueous solutions either of two polymers (e.g., 
polyethylene glycol [PEG] and dextran) or a polymer and 
a salt (e.g., sulfate, phosphate, or citrate) (Goja et al. 2013; 
Iqbal et  al. 2016). Aydoğan et  al. (2011) reported the 
use of alcohol/salt ATPS for lactic acid extraction. The 
purification process was optimized by response surface 
methodology to determine ethanol/dipotassium hydro-
gen phosphate usage for lactic acid recovery. Up to 80% 
lactic acid extraction yield was recovered in this study 
(Aydoğan et al. 2011).

However, the disadvantages of using this method for 
lactic acid separation are mainly due to the hydrophilic 
nature of organic solvents (Gao et  al. 2010). Aydoğan 
et  al. (2011) reported that up to 85% of extracted lactic 
acid was lost during lactic acid recovery during the iso-
lation step, which required stepwise evaporation or re-
extraction using hydrochloric acid. Moreover, a high 
amount of solvents were typically used, and the in-site 
solvents are toxic, as it can rupture the cell membrane, 
causing leaked metabolites, as well as disturbances 
of essential membrane functions, membrane-bound 
enzymes denaturation, transport mechanisms break-
down, and even solvolysis of cells at high concentrations 
(Othman et al. 2017a; Aljundi et al. 2005; Marinova and 
Yankov 2009). Besides, various diluents added in the pro-
cess may cause pollution to the environment. Apart from 
that, the ionic liquid and polymers used in prospective 
lactic acid extraction ATPS are not economically feasible 
due to high costs (Aydoğan et al. 2011; Li et al. 2016).

Membrane extraction
The advantages of the membrane extraction method are 
its adaptability and selectivity in the recovery process. 
A membrane is a thin barrier (natural or artificial) that 
acts for physical separation or enrichment purposes by 
controlling the selective mass transport of solutes or 
solvents across the barrier. This method could produce 
high-purity target products because of its high selectiv-
ity and flexibility. The types of membrane filtrations used 
for separation are microfiltration, nanofiltration, ultrafil-
tration, reverse osmosis, pervaporation, and electrodialy-
sis (Mao et al. 2014; Cheng et al. 2012; Vane 2005). The 
membrane can be incorporated into conventional fer-
menters, permitting simultaneous production and purifi-
cation (Pal et al. 2009).
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The first model of lactic acid transportation through 
nanofiltration and reverse osmosis (RO) membranes 
was developed by Timmer et  al. (1993). The model was 
designed based on the extended Nernst–Planck equa-
tion, whereby lactic acid was described to be transported 
through nanofiltration and RO membranes in a spiral 
wound module where the form of lactic acid is based on 
the pH of the buffer. A recent study by Alexandri et  al. 
(2018) on the separation of lactic acid from fermented 
broth and other fermentation components by both 
microfiltration and nanofiltration found that the micro-
filtration efficiently separate lactic acid from cell biomass 
and other high molecular weight particles, such as sug-
ars, proteins, and metal ions with minor losses (~ 16%–
21%). It led to a 13% improvement in lactic acid purity. 

Nanofiltration was also applied by Oonkhanond et  al. 
(2017) to separate lactic acid from sugarcane bagasse cel-
lulosic hydrolysate. The study reported that the low flux 
nanofiltration membrane gave the highest efficiency com-
pared to the high flux membrane. Approximately 93.3% 
of lactic acid was separated with 82.5% membrane selec-
tivity. Apart from that, Neu et  al. (2016) incorporated 
microfiltration and nanofiltration as the pre-treatment 
for lactic acid separation from coffee mucilage fermenta-
tion broth. After the first filtration step, about 12.6% of 
lactic acid was lost in the retentate stream. However, the 
lactic acid recovery was increased by approximately 20% 
in the retentate stream after nanofiltration.

Meanwhile, electrodialysis is applied to concentrate 
ionic compounds and to remove salts from solutions. 

Table 2 Summary of lactic acid separation and recovery process

Separation/recovery process Advantages Disadvantages References

Chemical neutralization/precipita-
tion

Relatively simple operation process
System is applicable in industrial
High product yield

Production of gypsum waste which 
causes an environmental problem

High solvent consumption (e.g., sul-
phuric acid or calcium hydroxide)

Low product purity

(Daful et al. 2016; Komesu et al. 
2017a; Wasewar et al. 2003; 
Yankov et al. 2005)

Ion exchange adsorption No waste generation production
Simple and not require expensive 

equipment operation
High stability and selectivity of 

operation
Shorter time for product recovery
Low running costs and energy 

consumption
Non-toxic properties to microorgan-

isms
High potential to integrate into a 

heterogeneous system
Resin can be regenerated to be 

reuse

Large waste liquor due to massive 
usage of eluent

Operation not suitable for high 
temperature and long-term 
production

Problem with co-extraction of other 
compounds

(Pradhan et al. 2017; Seeber et al. 
1998; Kumar and Jain 2013; 
Aljundi et al. 2005; Boonmee et al. 
2016; Zhang et al. 2018; Nielsen 
et al. 2010; Quintero et al. 2012)

Liquid–liquid extraction Gypsum waste is not produced
Low risk of thermal decomposition
High selectivity
Low end-product inhibition

Low product recovery due to step-
wise evaporation or re-extraction 
step

High solvent cost consumption
Low product purity
May cause intoxication in the 

system
Risk of co-adsorption

(Komesu et al. 2017a; López-Garzón 
and Straathof 2014; Wasewar et al. 
2003; Henczka and Djas 2016)

Membrane extraction High adaptability and selectivity of 
the recovery process

High product purity
High flexibility as it is easy to scale 

up
Effective elimination of impurities

Expensive cost of membranes
Problems with polarization
Membrane fouling problem
Retention of lactic acid

(Wojtyniak et al. 2016; Komesu et al. 
2017a; Kumar et al. 2019)

Distillation No use of solvents
More efficiency to produce high 

product purity

Process is complex
Difficult to scale up
Process requires specific tempera-

ture and pressure conditions with 
high operational cost

Mismatch problem with optimum 
process conditions

Problems with volatility constraints

(Komesu et al. 2017b; Aqar et al. 
2016; Wojtyniak et al. 2016)
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Bernardo et  al. (2016) stated that the electrodialysis 
method provided fast treatment, concentrated lactic 
acid with the effective removal of non-ionic molecules, 
and an efficient working process. Whereas, in-site 
removal of lactic acid used electrodialysis fermenta-
tion coupled with ion exchange membrane to remove 
ions from the aqueous solution under the driving force 
of electrical fields (Habova et al. 2004; Wasewar 2005). 
The good bipolar membrane feature used in a two-
stage electrodialysis developed by Habova et al. (2001) 
was applied for in-site lactic acid from Lactobacillus 
plantarum L10 fermentation. Methodologically, the 
first stage involved concentration by desalting electro-
dialysis using ion-exchange membranes, which pro-
duced the highest lactate concentration of 111 g/L (an 
increase of more than 2.5-times from the initial con-
centration), followed by electro conversion of sodium 
lactate to lactic acid in the second stage by water-
splitting electrodialysis with the bipolar membrane, 
giving the final concentration of lactic acid of 157 g/L. 
However, the whole separation process recorded high 
energy consumption of 1.5 kWh per 1  kg and was 
regarded as a drawback (Habova et  al. 2004). None-
theless, later studies managed to complete the process 
with lower energy consumption, e.g., Chen et al. (2016) 
only used 0.014 kW to separate lactic acid from 1 kg of 
whey, with 90% acid demineralization. The method’s 
cost concerns also included operational factors such as 
water transfer and concentration polarization (Wase-
war et  al. 2004; Boontawan et  al. 2011; Wang et  al. 
2013).

Furthermore, Lech and Trusek (2018) reported 
that the most significant problem of the method was 
the presence of other acids in the receiving cham-
ber, in which the quality of the broth highly influences 
their concentrations. The membrane separation effi-
ciency might be reduced as organic acid concentration 
increases. The membrane fouling also occurred during 
electrodialysis as other substances, including acids, can 
block the membrane surface, which could be caused 
by proteins in the fermentation broth and the increase 
in cell numbers. The integration of the electrodialysis 
system into fermentation resulted in the attachment 
of cells to the membrane, and microfiltration could be 
applied before electrodialysis to separate the cells from 
broth (Boonmee et  al. 2007; Boontawan et  al. 2011). 
However, membrane fouling has a minimum effect on 
the process (Lech and Trusek 2018). Apart from the 
expensive cost of the membrane, the membrane pollu-
tion that resulted in the production of by-product salt 
formation during the ion-exchange process is another 
disadvantage of the method (Wasewar 2005; Boonkong 
et al. 2009).

Distillation
The distillation method is a practical separation method 
of a mixture according to the variances in substance vola-
tility, and it can be applied before or after the separation 
of lactic acid. It is a powerful method in the refining step, 
although various other methods are capable of separat-
ing the substance. Like lactic acid, most organic acids 
have higher boiling points compared to water due to 
the strong adsorb-electron effect by the carbonyl group 
in their structure. Thus, conventional distillation carried 
out at normal temperature and pressure is inadequate 
for lactic acid recovery from the fermentation broth (Li 
et  al. 2016). The problem can be overcome by reactive 
and extractive distillation, as it involved the conversion 
of crude lactic acid to esters, followed by hydrolysis into 
lactic acid in the distillation unit. It produced highly pure 
lactic acid with more efficiency.

Earlier, Schopmeyer and Arnold (1944) patented the 
method for a continuous process where crude lactic acid 
reacts with methanol in the presence of sulfuric acid as 
the homogenous catalyst. However, the method had 
problems with corrosion and separation, as well as side 
reactions of the homogenous catalyst, making it diffi-
cult for industrial applications. Later, the problem was 
solved by developing a batch reactive distillation system 
using cation exchange resins, consisting of esterification 
and hydrolysis reactor along with a fractionating column 
(Choi and Hong 1999). Rao et al. (2014) applied reactive 
distillation to recover lactic acid, and the yield from the 
process was estimated to be 95% when all evaporated 
water was condensed and removed from the distillation 
system. Reactive distillation benefits include low esteri-
fication equipment cost, better reactants conversion and 
selectivity of products, low catalyst amount requirement, 
and heat integration for an exothermic reaction (Komesu 
et al. 2017b; Aqar et al. 2016).

On the contrary, several difficulties in performing reac-
tive distillation were reported (Wojtyniak et  al. 2016). 
There are volatility constraints, as high concentrations 
of reactants and low concentrations of products must 
be maintained in the reaction zone. Apart from that, 
high investment at the initial stage of process start-up 
is one of the most common problems with molecular 
distillation (Xu et al. 2018; Breisig et al. 2017). The pro-
cess’s efficiency is reduced at a high concentration of 
the products, especially at conditions approaching azeo-
tropic point (Huang et  al. 2008). Besides, the extended 
retention time of the process requires large tray hold-
ups, which is economically unattractive compared to the 
usage of the reactor–separator arrangement. The liquid 
distribution problem in the packed reactive distillation 
causes difficulty in planning the method for substantial 
flow rates. Meanwhile, the optimum process conditions 
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of temperature and pressure may mismatch for reaction 
and vice versa in some processes of reactive distillation 
(Komesu et al. 2017b).

Conclusion and perspectives
Fermentation of feedstock waste is a promising method 
for lactic acid production. However, lactic acid separa-
tion and recovery during the downstream process are 
complicated and expensive. Ion-exchange resin is one of 
the most prevalent and straightforward extractive fer-
mentation strategies used to avoid the shortcomings of 
lactic acid production. Resin is effectively applied as a 
lactic acid adsorbent, as it exhibits high capacity and 
good selectivity for the lactic acid adsorption process. 
Thus, high lactic acid production with good purity can 
be achieved in the final stage of adsorption, as reported 
in many previous studies. The recent use of resin by in-
site separation was proven to significantly increase the 
lactic acid production by providing a suitable pH envi-
ronment for the growth of LAB and at the same time 
reducing the inhibitory effect of lactic acid accumulation 
in the fermentation broth. It is expected to be an effective 
operative process with low energy and cost consump-
tion compared to conventional approaches. Meanwhile, 
other extractive fermentation strategies such as distilla-
tion, membrane extraction, and liquid–liquid extraction 
are also useful for lactic acid recovery from fermentation 
broth. Nevertheless, all processes have their limitations, 
and it is still a challenge to develop a scale-up methodol-
ogy that could efficiently produce and recover high yield 
pure lactic acid at the minimum labor and operation cost. 
Therefore, the choice of recovery and purification strate-
gies is dependent on the types of raw material used, oper-
ation cost, and maintenance.
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