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Abstract: Citric acid possesses high economic value and is considered as the world’s largest consumed organic acid in n umer ous 
industries. Citric acid applications range from food to bev era ge industries, pharmaceuticals, cosmetics, and the environment. It is 
mostl y pr oduced by micr obial fermentation, but Aspergillus niger is consider ed as the main workhorse for large-scale pr oduction of 
citric acid. In the current re vie w, special de votion has been made to war d addressing the latest and innovative literature related to 
production of citric acid by A. niger . The re vie w article discusses A. niger historical involvement in citric acid production, fermentation 

technolo gies, molecular biolo gy, biosynthesis, accumulation of citric acid, methods for enhanced production of citric acid, different 
operational factors also influencing citric acid production, and various techniques used for citric acid reco very. Also , copious biotech- 
nological applications of citric acid are summarized for a fundamental comprehension of the subject and its critical role in diverse 
fields of industries. 

One-Sentence Summary: This re vie w describes the historical role of Aspergillus niger in the production of citric acid, fermentation 

technolo gies, molecular biolo gy, techniques for increased citric acid production, and other physical and chemical v aria b les influencing 
the production of citric acid. 

Ke yw ords: A. niger , Citric acid, Molecular biology, Industry, Fermentation 
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Introduction 

The w or d “citric” or 2-hydr oxy-pr opane-1,2,3-tricarboxylic acid is 
deriv ed fr om the Latin term citrus , whic h denotes tr ees of the 
genus Citrus , including lemon trees (Max et al., 2010 ). Citric acid 

is a weak organic acid that is colorless and easily water-soluble in 

pure form. It is also known as tribasic based on the presence of 
tricarboxylic acid functional groups (Fig. 1 ), thus providing three 
pKa v alues, whic h ar e 3.13, 4.76, and 6.39 (Sink o, 2023 ). Citric acid 

exhibits a solid phase at room temperature, with boiling and melt- 
ing points of 310 ◦C and 153 ◦C, r espectiv el y (Kubicek, 1998 ). It exists 
either as anhydrous or in monohydr ate form, pr oviding molecu- 
lar weights of 192.12 and 210.14, r espectiv el y. Both forms of citric 
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cid are soluble in w ater. Ho w ever, anhydrous citric acid is also
r eel y soluble in ethanol, whereas monohydrate citric acid is fru-
ally ether soluble. 

Differ ent natur al or synthetic sources ar e used for citric acid
r oduction. Globall y, citric acid production has risen to 2.39 mil-

ion tons in 2020, which is estimated to increase to 2.91 million
ons in 2026 (Lambros et al., 2022 ). Citric acid has a large num-
er of applications in different industries (e.g. food, pharmaceuti- 
al, and cosmetics). As an acidulant, citric acid is applied in food
ector due to high solubility and lo w er toxicity and is also used
n cleaning of special boilers . Furthermore , a bulk amount of cit-
ic acid is used in be v er a ges, food, and confectionery industry as
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Fig. 1. Chemical structure of citric acid, c har acterized by three –COOH groups. 
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n antioxidant, emulsifier , buffer , chelator , flavor enhancer , and
cidulant (Behera, 2020 ). In some scenarios, citric acid is replac-
ng phosphate to enhance po w er of detergents. Due to this reason,
t is not only used for cleaning metals in industries but also used
n homemade detergents. Citric acid can pr oduce c helate com-
lexes with metal ions. So, citric acid assists in stabilizing oil and
at due to oxidation reactions of ion catal yzed (Lambr os et al.,
022 ). 

Citric acid can be produced by either extr acting fr om v ari-
us natural sources such as lime, lemon, and orange or micro-
ial fermentation. Ho w e v er, the majority of plants ar e unable to
enerate enough quantities that are demanded in the market.
her efor e, man y micr oor ganisms ar e curr entl y a pplied for lar ge-
cale citric acid production. These microbes include members
rom both bacteria and fungi (e.g., Bacillus licheniformis , Arthrobacter
araffinens , Penicillium janthinellum , Candida species, Yarrowia lipoly-
ica , Hansenula anamola , and species of genus Aspergillus ) (Mores
t al. 2021 ). Selection of microbial strains/species could signifi-
antly influence the fermentation process. For example, Pazouki
nd Panda ( 1998 ) stated a citric acid production of 0.09 g/g from
ane sugar molasses using Candida parapsilosis NH-3. Ho w e v er, As-
ergillus niger has more popularity and advantages among all these
icr oor ganisms for bulk production of citric acid because of its

bility to use a wide range of raw materials and high production
f citric acid (Soccol et al., 2006 ). Aspergillus niger demonstrates a
a pacity to pr oduce a maxim um of 90 g/l of citric acid through
ubmerged fermentation when applying sucrose as a substrate
Chmiel, 1975 ). 

In the last 70 years, m uc h mor e r esearc h has been done to in-
rease citric acid production because citric acid is extensively ap-
lied in copious industries such as food and be v er a ges, pharma-
euticals , cosmetics , and textiles . In this r e vie w, citric acid pr o-
uction from A. niger is discussed in detail. In addition, se v er al
ermentation techniques and associated parameters influencing
itric acid production, and various extraction protocols for citric
cid have also been reviewed. This review also describes metabolic
ngineering used for enhancing the production of citric acid from
. niger . 
spergillus niger : The Suitable and Best Selection 

or Citric Acid Production 

uitability and selection of microbes for citric acid production are
ased on having a higher tendency for citrate synthase activity
ut lo w er activity for isocitr ate dehydr ogenase and aconitase hy-
r atase as citr ate synthase initiates citric acid cycle or Krebs cy-
le or tricarboxylic acid (TC A) cycle . T he highest activity of cit-
ate synthase suggests that microbes are more proficient at re-
easing citrate, a crucial intermediate in the cycle. Citrate serves
s a precursor for energy production via o xidati ve phosphoryla-
ion. The citrate synthase activates the condensation initiation of
cetyl-CoA and oxaloacetate to release citrate, which is the first
nd utmost step in the Krebs cycle . Con v ersel y, isocitr ate dehydr o-
enase tr ansforms isocitr ate into α-ketoglutar ate, while aconitase
ydr atase conv erts citr ate to isocitr ate. Diminished enzyme activ-

ty in these cases could indicate that the microbe is r edir ecting its
etabolic flow from the Krebs cycle, potentially to w ar d alternate

athways or metabolites (Ksi ̨a żek, 2023 ; Prescott & Dunn, 1959 ).
mong the potential microbes, the black species of Aspergillus

e .g. A. niger ) ha v e this pr operty because it pr oduces blac k-color ed
olds known as citric acid-producing cell factories (Khurshid et

l., 2001 ; Pazouki et al., 2000 ; Show et al., 2015 ; Singh Dhillon et
l., 2011 ; Yoko y a, 1992 ). Aspergillus niger is more popular among all
ther micr oor ganisms for bulk pr oduction of citric acid because of
ossessing the ability to use a wide range of raw materials (Lodhi
t al., 2001 ). Wuc her pfennig et al. ( 2011 ) r eported that differ ent
rimary and secondary metabolites (e .g.. proteins , enzymes , and
rganic acids) are produced by a filamentous fungus A. niger pos-
essing great research and economic values. 

Aspergillus niger has a large number of adv anta ges as compared
o other micr oor ganisms suc h as high ca pacity of citric acid ac-
umulation, easy handling, high yield of citric acid, capability to
r ocess v arious substr ates for fermentation, and low fermenta-
ion cost (Pazouki et al., 2000 ; Yoko y a, 1992 ). Ho w e v er, a str ain of
. niger can be further impr ov ed by m uta genesis either by physi-
al or chemical methods (Lotfy et al., 2007b ; Rodrigues et al., 2009 ).
he strain of A. niger can be stored at 4 ◦C and grow efficiently be-
ween pH 2.5 and 3.5 (Ozdal & Kurbanoglu, 2019 ). 
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Fig. 2. Classification of fermentation techniques: (1) solid substrate fermentation, (2) liquid substrate fermentation, (3) surface fermentation, and 
(4) submerged fermentation. 
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Historical Aspects of Citric Acid Production 

by A. niger 
In 1784, a w ell-kno wn Sw edish chemist, Karl Wilhelm Scheele, in- 
vented the method for extraction of citric acid from lime juice.
Later, the same pr ocedur e was used in England ar ound 1826 for 
citric acid production from lemon (Oiza et al., 2022 ). In 1893,
Wehmer German, a botanist, started working on a sugar fer- 
mentation medium for production of citric acid using Penicil- 
lium glaucum (Kubicek 1998 ). After 2 years , he reco vered two 
strains that could produce citric acid and named these strains Cit- 
rom yces spp ( P enicillium ) . Ho w e v er, these str ains did not get good
value for citric acid production at the industrial scale due to 
long fermentation time and contamination issues (Oiza et al.,
2022 ). 

In 1917, James Currie successfully used A. niger for economic 
commercial production of citric acid, which could grow in an 

acidic environment. Currie observed the maximum yield of cit- 
ric acid within 9–12 days of fermentation by providing optimum 

conditions. Later, Pfizer took the initiative to produce citric acid 

commercially using surface fermentation technology (Sawant et 
al., 2018 ). In surface fermentation, the micr oor ganism is gr own 

on the surface of liquid. The first methodology for fermentation 

de v eloped for citric acid production was surface fermentation,
which still contributes to 20% of the world’s citric acid produc- 
tion (P a pa gianni, 2017 ). Agnihotri has pr edicted that A. niger can 

produce citric acid using 3-, 4-, 5-, 6-, and 12-carbon sugars, while 
the highest yield of citric acid is ac hie v ed using sucrose as a car- 
bon source (Agnihotri, 1966 ). The metabolic product, citric acid,
is produced during an intermediate stage of the Krebs cycle (Ku- 
bicek, 1998 ). It can be produced by fermentation technology in 

large amounts as it has a large number of applications in nu- 
merous industries . T he increasing population has increased the 
consumption rate of citric acid. Time is needed to explore dif- 
fer ent substr ates and methods to increase the quantity of citric 

acid. 
ermentation Technologies for Citric Acid 

roduction 

itric acid is obtained by a fermentation process . T he fermen-
ation pr ocess tr ansforms sugar molecules into a new com-
ound/pr oduct biologicall y in the pr esence of micr oor ganisms.
he most cost-effective and well-developed process for citric acid 

roduction is fermentation. Globally, more than 90% of the cit-
ic acid production is ac hie v ed by fermentation. This a ppr oac h
as se v er al benefits suc h as less ener gy consumption, r equiring
 less complex control system and technical expertise, operat- 
ng smoothly and steadily, and less chances of po w er plant fail-
re (Soccol et al., 2006 ). Generally, preparation and its inoculation,
pecific technique of fermentation, and recovery of citric acid are
hree main steps included in the fermentation process. 

Two main types of fermentation processes are usually used 

or citric acid production, liquid- and solid-state processes. Liq- 
id substrate fermentation is further divided into submerged and 

urface fermentation, as elaborated in Fig. 2 . Each fermentation 

ec hnique has differ ent oper ational par ameters, labor cost, and
ype of raw material, as stated in Table 1 (Behera, 2020 ; Max et al.
010 ; Show et al., 2015 ). 

iquid Fermentation Technique 

iquid substrate fermentation involves a biotechnological method 

her e micr oor ganisms suc h as bacteria, yeast, or fungi are nur-
ur ed and r aised within a liquid en vironment. T he fluid medium,
ommonly known as substrate or broth, contains crucial nutri- 
nts r equir ed for the micr oor ganisms’ gr owth and metabolism.
hroughout the fermentation procedure, microorganisms utilize 
utrients existing in a liquid substrate to perform diverse bio-
 hemical r eactions r esulting in the pr oduction of desir ed and
ighl y specific pr oducts (Beher a, 2020 ; Max et al., 2010 ). The tech-
ique of liquid substrate fermentation finds extensive applica- 
ion in producing a wide range of products, including enzymes,
ntibiotics , organic acids , biofuels , and other bioproducts . T his
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Table 1. A Comparison of Different Fermentation Technologies 

Solid State Fermentation Submerged Fermentation Surface Fermentation 

Contamination Less risk Less risk High risk 
Waste Produce low waste Less waste generation –
Cost Less operating cost Less maintenance cost Less energy cost 
Operational 
parameters 

Difficult to scale up a pr ocess, contr ol 
pr ocess par ameters, and poor heat 
transfer 

Demand a more sophisticated 
installation, gr eater ener gy cost-rigor ous 
control 
Most important is formation of foam 

Labor-intensi ve, sensiti ve to changes in 
composition of the media 

Raw material Agro-industrial waste Glucose syrup or beet molasses Glucose syrup or beet molasses 
Labor cost Less labor cost Less labor cost High labor and maintenance costs 
Citric acid 
production 

High production but high impurity 
incr eases r ecov ery cost 

High yield Low yield of citric acid 
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r ocess offers se v er al adv anta ges suc h as higher biomass yields,
asier scalability, and the ability to contr ol envir onmental con-
itions more precisely compared to solid-state fermentation (Be-
era, 2020 ). 

ubmerged Fermentation Technique 

ubmerged fermentation is usually carried out in a liquid medium
nd micr oor ganisms ar e suspended within a liquid medium. Pr e-
ise control is required and widely used for large-scale produc-
ion. Appr oximatel y 80% of the citric acid produced worldwide
s attained by submerged fermentation (Kubicek, 1998 ; Mattey &
ristiansen, 1999 ; P allar es, 1996 ; Vandenber ghe et al., 1999 ). As-
ergillus niger demonstrates capacity to produce a maximum of
0 g/l of citric acid through submerged fermentation when utiliz-
ng sucrose as a substrate (Chmiel, 1975 ). Aeration and construc-
ion material of submerged fermenters are critical parameters for
itric acid pr oduction. Low-ca pacity fermenters ( < 1 m 

3 ) and cor-
 osion play activ el y as an outcome of increased surface-to-volume
atio. In this scenario, pr otectiv e plastic players are used on steel-
onstructed fermenters. As compared to surface fermenters, sub-
erged fermenters are less sensitive to varying media compo-

itions like molasses, which hav e al ways differ ent compositions.
lucose syrup or beet molasses substrates are widely used in sub-
erged fermentation (Max et al., 2010 ; Papagianni, 2017 ). 
Mor eov er, this tec hnique has numer ous adv anta ges as com-

ared to other techniques (e.g., less contamination risk, less la-
or cost, and a high yield of citric acid production) (Habison et
l., 1983 ; Soccol & Vandenberghe, 2003 ; Soccol et al., 1999 , 2006 ).
ifferent types of substrates can be used in submerged fermen-

ation as it provides good control of process conditions (Soccol et
l., 2006 ). Fermentation of carbon-containing raw material is car-
ied by anaerobic microorganisms under anoxic conditions (Lin-
appa et al., 2002 ; Swain et al., 2011 ). A pH below 2.0 in citric
cid-producing media is the main adv anta ge of low contamina-
ion risk. Ho w e v er, foam formation during submer ged fermenta-
ion is the main problem that can be resolved by applying an-
ifoaming agents such as vegetable or animal fats and mechanical
ystems (Max et al., 2010 ; P a pa gianni, 2017 ). 

urface Fermentation 

n surface fermentation, micr oor ganisms ar e cultur ed on the sur-
ace of medium. The first fermentation technique developed for
itric acid production was surface fermentation, which still con-
ributes to 20% of world citric acid pr oduction (P a pa gianni, 2017 ).
his fermentation technique is considered by a low yield of cit-
ic acid, no foam formation, and less energy consumption (Mo y er,
953 ). Surface fermenters consist of se v er al tr ays and these tr ays
r e arr anged into shelv es. Cultur e media ar e placed on these tr a ys ,
ade of special-grade steel or polyethylene and high-purity alu-
inum. Surface fermentation r equir es high labor and mainte-

ance costs because large laborers are required to clean trays and
ipes (Rubio & Maldonado, 1995 ; Soccol & Vandenberghe, 2003 ;
occol et al. 1999 , 2006 ). Surface fermentation is also sensitive to
arying compositions of production media (Benghazi et al., 2014 ).
r oper aer ation is needed for distributing air to microbes and con-
r olling media temper atur e (Kubicek et al., 2016 ; Soccol et al.,
006 ). 

olid-Sta te Fermenta tion 

olid-state fermentation (SSF) is described as the biological trans-
ormation of carbon substrate into valuable products where the

icr oor ganism works on solid phase in the absence of mobile liq-
id phase (Pandey, 2003 ). When the final product is produced then

t could be r ecov er ed or used as it is (Ballardo et al., 2020 ). Dif-
er ent r eactors (e.g., performance of a tr ay, plug flow mec hani-
all y stirr ed r eactor, and pac ked bed r eactors) ar e useful in SSF
Ar or a et al., 2018 ; Carboué et al., 2019 ). Solid-state fermentation
s also called k oji pr ocess as it was first used for Aspergillus oryzae
also known as Super K oji). T he first time , solid-state fermenta-
ion was started in Japan (Papagianni, 2007 ) . Aspergillus niger is
rown on some insoluble materials that function as a good source
f nutrients and support for micr oor ganisms in solid-state fer-
entation (González-Sáiz et al., 1997 ; Pandey, 1992 ). The opti-
 um temper atur e and pH ar e 28–30 ◦C and 4.5–6.0, r espectiv el y.

he r equir ed fermentation time for the solid-state fermentation
echnique is 4–5 days (Drysdale & McKay, 1995 ). In comparison
o submerged fermentation, solid-state fermentation has vari-
us adv anta ges compar ed to submer ged fermentation (e.g., com-
ortable usage), utilizing economical and in-bulk available agro-
ndustrial waste without passing through any tough pretreatment
r ocess (Ber o vic & Legisa, 2007 ). T his technique has less risk of
ontamination, less energy consumption, produces less waste,
nd easy steps r equir ed for the r ecov ery of citric acid. Anyhow,
t has se v er al dr awbac ks suc h as difficulty in process scale-up,
oor heat transfers within media, and difficulty in controlling pro-
ess parameters due to a solid phase (Kapilan, 2015 ). In solid-
tate fermentation, a large quantity of citric acid is produced us-
ng A. niger . Micr oor ganisms that need low phosphorus and ni-
r ogen ar e not used in solid-state fermentation (Hossain et al.,
984 ). 
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Fig. 3. An ov ervie w of the main metabolic steps involv ed in citric acid pr oduction by A. niger . 
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Molecular Biology of Citric Acid Production 

by A. niger 
The Krebs cycle is primarily regulated by nine genes: aconitase 
2, citrate synthase, fumarate hydratase, malate dehydrogenase 1, 
o xoglutarate ( α-k etoglutarate) dehydrogenase, pyruvate dehydro- 
genase (lipoamide) α-1, pyruvate dehydrogenase (lipoamide) α-2, 
succinate dehydrogenase complex, and succinate-CoA ligase. 

A protein-coded gene named aconitase dehydrogenase has 
eight exons. A protein-coded gene named citrate synthase de- 
hydrogenase has seven exons. A protein-coded gene named fu- 
mar ate hydr atase has six exons. A protein-coded gene named ox- 
oglutar ate dehydr ogenase has fiv e exons. A pr otein-coded gene 
named pyruvate dehydrogenase has four exons. A protein-coded 

gene named succinate dehydrogenase has six exons. A protein- 
coded gene named succinate CoA has eight exons. All of the 
above-mentioned genes are located on “chromosomes” (Nelson 

& Cox, 2017 ). The following transporters are involved in the 
Krebs c ycle: p yruvate transporter (mitochondrial pyruvate car- 
rier), citr ate tr ansporter (citr ate carrier) , malate-aspartate shuttle ,
α-ketoglutar ate tr ansporter (oxoglutar ate carrier), dicarboxylate 
transporter, and adenine nucleotide translocase. All these genes 
and tr ansporters collectiv el y perform their r ole in the Kr ebs cycle 
(Palmieri, 2013 ). 

During the gl ycol ytic pr ocess, the gener ated pyruv ate under- 
goes oxidation and associates with coenzyme A, resulting in the 
release of acetyl coenzyme A (acetyl-CoA), carbon dioxide (CO 2 ),
and nicotinamide adenine dinucleotide (NAD) plus hydrogen (H) 
in the form of N ADH. Follo wing this step, the acetyl-CoA com- 
bines with oxaloacetate, leading to the production of citrate. Fur- 
thermor e, pyruv ate, a bypr oduct of gl ycol ysis, has the potential 
to undergo carboxylation mediated by pyruv ate carboxylase, r e- 
ulting in the formation of oxaloacetate. As acetyl-CoA com- 
ines with oxaloacetate, the resulting citrate undergoes a se- 
ies of reactions that regenerate four-carbon oxaloacetate and re- 
ease two carbon dioxide molecules. Subsequently, one molecule 
f acetic acid is released, and two adenosine triphosphate and
O 2 molecules ar e pr oduced. Later on, one oxaloacetate molecule

s utilized to produce citrate (Ksi ̨a żek., 2023 ; Xu et al., 2020 ;
ue et al., 2021 ). 

iosynthesis of Citric Acid 

he synthesis process of citric acid starts with a pyruvate
olecule, whic h comes fr om sugar gl ycol ysis . T he gl ycol ysis pr o-

ess in mitochondria produces tw o p yruvate molecules from one
ugar molecule, which transports through membrane into ma- 
rix where the Krebs cycle starts . T here it reacts with coenzyme
 to release acetyl-CoA, NADH, and CO 2 . Acetyl-CoA further re-
cts with oxaloacetate and releases citrate . Besides , pyruvate
olecules can be carboxylated to produce oxaloacetate for re- 

tocking the quantity in the Krebs cycle, so that increased demand
f energy of cells can be fulfilled (Behera, 2021 ; Ratledge, 2001 ). 

Citric acid is produced as a result of a combination of ox-
loacetate and acetyl-CoA, which passes through a chain of re-
ctions producing two CO 2 molecules and four carbon oxaloac- 
tate molecules at the end of reaction, as shown in Fig. 3 . Dur-
ng the second step, acetyl-CoA combines with oxaloacetate. Each 

ycle starts with one molecule of acetyl-CoA, producing two 
TP molecules and CO 2 . One acetyl-CoA participates in citric
cid synthesis (Behera, 2020 ). In mitochondria and cytoplasm of
. niger , NADP + -dependent enzyme isocitrate dehydrogenase is 
r esent, whic h is activ ated b y Mg 2 + or Mn 

2 + and inhibited b y
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-ketoglutarate and citrate resulting in citric acid accumulation
Ratledge, 2001 ). 

ccum ula tion of Citric Acid 

he regulation of A. niger metabolic pathways is highly effective
n citric acid accumulation. Citric acid synthesis carries specific

etabolic pr ocesses involv ed in citric acid synthesis that are inter-
onnected with other cellular processes, and accumulation of cit-
ic acid can serve as a way to balance and regulate these metabolic
athwa ys , whic h ar e interconnected with other cellular pr ocesses

Behera, 2020 ). It has been recommended that citric acid accu-
ulation can be enhanced by deactivating enzyme activity like

socitr ate dehydr ogenase and aconitase that degrades citric acid
n the Krebs cycle. In numerous studies, it has been investigated
hat the Krebs cycle is very active in producing its intermediate
uring citric acid production (Ahmed et al., 1972 ; Jernejc et al.,
992 ). As citric acid is produced inside fungal cells, it needs to be
r ansported acr oss the cell membr ane for r eleasing to external
n vironment. T his transportation is facilitated by tr ansport pr o-
eins embedded in cell membrane. For this purpose, dicarboxylate
r ansporters ar e added to compete with aconitase enzyme to r e-
ease citric acid from mitochondria instead of deactivating activ-
ty of the enzyme, as presented in Fig. 4 . 

Citric acid accumulation is affected by various enzymes and se-
retion in A. niger . The combination of acetyl-CoA with oxaloac-
tate pr oduces citr ate in the action of citr ate synthase enzyme
atalyzed by an initial step of the Krebs cycle. In A. niger , this en-
yme is highly demanded for production of citric acid. Secondly,
itr ate is conv erted into isocitr ate with the action of aconitase en-
yme in the Krebs cycle. Aconitase is crucial for continuation of
he Krebs cycle and producing isocitrate, a precursor for further
teps in citric acid (CA) production. In the glyoxylate cycle, which
s a variation of the Krebs cycle, the following enzymes isocitrate
yase and malate enable isocitrate to convert into glyoxylate and
uccinate . T he gly oxylate c ycle enables the fungus to bypass cer-
ain steps of the Krebs cycle and efficiently convert acetyl-CoA
nto succinate . T his is an important step for C A production (Li et
l., 2016 ; Muszkieta et al., 2014 ). 

The mitochondria and cytoplasm of A. niger comprise NADP + -
ependent enzyme isocitrate dehydrogenase, which is activated
y Mg 2 + or Mn 

2 + and inhibited by α-ketoglutarate and citrate re-
ulting in citric acid accumulation (Ratledge , 2001 ). Furthermore ,
-ketoglutarate is converted into succinyl-CoA in the presence of
 complex set of enzymes in the Krebs cycle . T his step generates
igh-energy molecules in form of NADH and flavin adenine din-
cleotide (FADH 2 ), which are essential for energy production and
ubsequent reactions in the cycle. Finally, not an enzyme, the cit-
ate exporter protein is responsible for transporting citrate out of
he fungal cell and into the surrounding medium. This step is crit-
cal for secretion of citric acid. The exporter helps to maintain a fa-
or able concentr ation gr adient by continuousl y r emoving citr ate
rom cells, allowing for more citrate synthesis (Ratledge, 2001 ). 

tr a tegies for Enhancing Citric Acid 

roduction 

her e ar e v arious methods to impr ov e the str ain tendency of A.
iger for enhanced citric acid yield and production (e.g., chemical
nd physical m uta genesis and genetic engineering). Due to large
emand for citric acid, str ain impr ov ement for higher citric acid
roduction is mandatory considering following factors: the ov er all
ffectiveness of the fermentation process can be improved by op-
imizing yield and reducing production cost, high citric acid pro-
uction r ate, better substr ate consumption, high r esistance to in-
ibitory factors, and minimize by product formation. 

Ho w e v er, m utation by a traditional approach like physical and
hemical methods is difficult to establish as A. niger is a filamen-
ous fungus and shows a complex association between production
hase and morphology of microorganisms in submerged fermen-
ation (Krull et al., 2010 , 2013 ). Ho w e v er, all str ains of A. niger do
ot possess capability to produce citric acid. Those A. niger strains
hat exhibit citric acid production capabilities have undergone ge-
etic modifications, enabling them to secrete elevated amounts
f citric acid (Xu et al., 2020 ). Keeping in mind, above-mentioned
utation is risky because this mutation can lead to either a de-

rease or an increase and also a loss of original tendency for pro-
uction of different products in the parent strain (Behera, 2020 ).
he pr eferr ed modification in the A. niger genome can be ac hie v ed
y genetic mutation at the molecular level. In molecular biology,
 direct genetic mutation can be done in the specific genes that
ontrol fungus biology (Bartnicki-Garcia, 1968 ; F eofilo va, 2010 ; Li
t al., 2016 ; Muszkieta et al., 2014 ). 

hemical and Physical Mutagenesis 

he natur al pr ocess of e volution is not al ways efficient for im-
ediate implementation in microbial breeding research. Conse-

uentl y, numer ous artificial m uta gens hav e been investigated and
mplo y ed to enhance frequency of micr obial m utations . T hese in-
lude conventional chemical mutagenesis and physical mutage-
esis, all aimed at ele v ating citric acid productivity of microor-
anisms. Physical and chemical mutagenesis involves interaction
f cells with various physical stresses and chemical compounds.
his interaction leads to changes in the structure of DNA, which
an potentially impact one or more genes (Bhatia et al., 2023 ).
ubsequentl y, m utated micr oor ganisms ar e scr eened and c hosen
ased on desired property after being cultured on a specialized
edium. 
These m uta gens include gamma r a ys , ultra violet irradiation, X-

a ys , alkylating agents like methyl nitroso urea, methyl methane-
ulfonate, methyl-N-nitr o-N-nitr osoguanidine, ethyl methane
ulfonate, ethyl nitroso urea, deaminating agents (e.g., hydroxyl
mine, nitrous acid), base analogs like 2-aminopurine and 5-
r omour acil, and 3-c hlor our acil (Bhatia et al. 2023 ). Javed et al.
 2010 ) used a m uta gen source of UV and impr ov ed the A. niger
train for citric acid yield from 19.4 to 64.2 g/l. Lotfy et al. ( 2007a )
nhanced the A. niger strain by 3.2 times compared to the origi-
al str ain thr ough the a pplication of UV r adiation. Mourya et al.
 2000 ) ac hie v ed a 130-fold enhancement in citric acid production
n the A. niger strain by a ppl ying the combined effect of UV and
thyl methane sulfonate m uta gen. 

etabolic Engineering 

t has been belie v ed that the most economical and efficient ap-
r oac h involv es impr oving the str ain thr ough two main meth-
ds: (1) m uta genesis scr eening str ategies and (2) metabolic
ng ineering strateg ies. Rather than r el ying on conv entional m u-
agenesis, the latest metabolic engineering has emerged as an in-
uential strategy to enhance citric acid production using any mi-
robe. Metabolic engineering involves intentionally changing cel-
ular metabolism to produce specific compounds, as depicted in
ig. 5 . By implementing recombinant DNA technology, it is pos-
ible to alter the metabolic pathways of organisms. Citric acid is
ommonly catabolized by cis -aconitase serving as an intermediate
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Fig. 4. Production of citric acid by A. nige r inside mitochondria. 

Fig. 5. Metabolic engineering cycle. 
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of the Krebs cycle. In the glycolysis pathway, ATP and citrate typi- 
call y exhibit feedbac k inhibition (Suo et al., 2023 ). Ne v ertheless, a 
lot of citric acid amount is accumulated in A. niger due to its active 
gl ycol ytic pathwa y. T he distinctiv e r egulation of citric acid accu- 
mulation in A. niger has gained significant attention, and many re- 
vie wers hav e explor ed the bioc hemical pathway and mec hanisms 
corresponding to release of the A. niger genome (Wu et al., 2022 ). 

Recentl y, the r obust adv ancement of the CRISPR/Cas9 system 

has made it feasible to do extr emel y effectiv e genome-scale ge- 
netic modifications in A. niger . The CRISPR/Cas system is cate- 
gorized under two main groups and six major types. Pr esentl y, a 
impler CRISPR system is the type II CRISPR/Cas9 system and is
xtensiv el y a pplied acr oss v arious species . T his type II system is
omposed of a n uclease (Cas9), trans -acti v ating crRNA (tr acrRNA),
ature CRISPR RN A (crRN A), and RNaseIII. Additionally, crRNA

an associate with tracrRNA to form a single-guide RN A (sgRN A)
omplex (Wu et al., 2022 ) successfully triggering the Cas9 nucle-
se to disconnect the mark sequences. 

Recentl y, v arious CRISPR/Cas9 genome editing systems have 
een established for A. niger (Kim et al., 2018 , Savi ́c & Schwank,
016 ). A CRISPR/Cas9 system in Aspergillus spp is the time reported
y Nodvig et al. ( 2015 ). Using the RNA pol ymer ase II pr omoter
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gpdA in a single v ector, they gener ated an all-in-one single plas-
id system that worked on integration of an sgRNA expression

assette with a Cas9 expression cassette. At 5 ′ and 3 ′ ends of
he sgRN A w ere embedded with tw o ribozymes to ensure its

aturation. 
Ad ditionally, Kui vanen et al. ( 2019 ) co-transformed the sgRNA

nto protoplasts combined with a plasmid expressing Cas9, con-
idering in vitr o tr anscription by T7 promoters for sgRNA synthe-
is. While genome editing could be performed instantly with this
 ppr oac h, the stability and absorption of the sgRNA had a strong
nfluence on its effectiveness (Yue et al., 2021 ). 

Furthermore, this method is inappropriate for scenarios re-
uiring conditional or steady-state sgRNA expression, includ-

ng gene deletion, transcriptional interference, and CRISPR-AID-
ediated tr anscriptional activ ation (Bendixen et al., 2023 ). Zheng

t al. ( 2007 ) discov er ed an endogenous U6 promoter (PanU6) and
sed it together with two additional heterologous U6 promoters

PhU6 and PyU6) to assess the gene disruption efficacy of the
RISPR/Cas9 system to address the lack of a U6 promoter in A.
iger . Ho w e v er, pr e vious studies reported U6 promoters as weak
romotors with poor efficiency to guide RNA transcription and
ene disruption. 

Zheng et al. ( 2007 ) established a new CRISPR/Cas9 system that
mpr ov es sgRNA pr oduction by le v er a ging the 5S rRNA gene. Using
hort (40 bp) homologous donor DNA, this technique developed
undreds of transformants and significantly increased efficiency,
esulting in 100% precision in gene modification. This technique
as shown effective in designing c hr omosomes; m ultiplex gene

nsertion and big DNA fr a gment deletion hav e made a chassis
ith reduced m ycoto xin le v els . T he highl y effectiv e CRISPR/Cas9

ystem enables lar ge-scale, high-thr oughput genome manipula-
ions in A. niger , which speeds up the metabolic engineering cycle
f the organism. 

actors Affecting Citric Acid Production 

actors affecting citric acid production are categorized as opera-
ional and chemical factors. Different studies were carried out for
ptimization of components necessary for the fermentation pro-
ess. In addition, yield of citric acid is highly dependent on media
omposition, also known as chemical parameters. Currie worked
n composition of fermentation media (Currie, 1917 ). He explored
hat some components of media are required in large amounts
e.g., sugar, oxygen, and proton), some in minimal amounts (e.g.,
hosphorus and nitrogen), and others in very minute amounts

e.g., trace elements and manganese). 

hemical Parameters 

arbon source 
uc h r esearc h work has been performed to find the best carbon

ource for citric acid fermentation. High concentrations of sugar
re used for citric acid production in the presence of fungal pel-
ets. Higher sugar concentrations prevent α-ketoglutarate dehy-
r ogenase activity, whic h ultimatel y disturbs the Kr ebs cycle but

ncreases the yield of citric acid (Abonama et al., 2014 ). Only those
ugars are considered best for fermentation, which can be easily
roken do wn b y micr oor ganisms and can yield a high amount of
itric acid (Mattey, 1992 ). Many scientists have reported that su-
rose is the most favorable carbon source for citric acid produc-
ion when compared to glucose , fructose , and lactose . T his prefer-
nce stems from invertase’s rapid hydrolysis of sucrose under low
H conditions (Gupta et al., 1976 ; Hossain et al., 1984 ; Kubicek et
l., 2016 ; Kubicek-Pranz et al., 1990 ; Xie & West, 2009 ). Because of
ts low molecular weight, sucrose is easily transported into the cell
alls of micr oor ganisms and is conv enientl y av ailable for hydrol-
sis by intracellular enzymes (El-Holi & Al-Delaimy, 2003 ). Xylose,
tarc h, sorbitol, ar abinose, and pyruvic acid have been used as car-
on sources but found not to be good carbon sources for citric acid
roduction because they inhibit fungal de v elopment and r educe
he accumulation of citric acid (Gil, 2014 ). 

Carbon concentration in the fermentation process acts as a
rucial nutrient in citric acid production and should be present in
 specific range (e.g., if present in very small amounts, size of my
ycelia decreases and it also affects their shapes and morphol-

gy) (P a pa gianni et al., 1999 ). According to scientific r esearc h, the
ugar concentration for the production of citric acid is between
0% and 14% (Xu et al., 1989 ). The production of citric acid drops
o zero when the medium has sucrose below 2.5%. High carbon
oncentr ation r educes concentr ation of α-ketoglutar ate dehydr o-
enase, which is an essential enzyme in citric acid production.
e v er al scientists hav e r eported that sugar concentr ation should
e in the range of 14%–22% (Hossain et al., 1984 ). Honecker et al.
 1989 ) observed that immobilized A. niger cells r equir e a less sugar
oncentr ation. Sucr ose and glucose are not economical carbon
ources for the industrial-scale production of citric acid. These
arbon sources are expensive compared to other carbon sources.
ugar and beet molasses are good substrates for fermentation
Cevrimli et al., 2009 ; Ikram-Ul et al., 2004 ). 

itrogen source 
oth for fungal growth and citric acid pr oduction, nitr ogen is a
ital n utrient. Urea, pe ptone, malt extract, and ammonium salts
uch as ammonium sulfate and nitrate are used as a source of
itr ogen (Gr e wal & Kalr a, 1995 ). As nitr ogen is a part of the pro-
eins , it pla ys a critical function in fungus growth (Ali et al., 2002 ).
mong salts, ammonium sulfate is pr efer able as it inhibits pro-
uction of oxalic acid, which decreases the pH of production me-
ia with time. Since molasses is already rich in nitrogen, adding
dditional nitrogen sources is not necessary whenever using it
s a carbon source. Nitr ogen concentr ation should not be more
han 0.25%; otherwise, it promotes oxalic acid yield (Gupta et al.,
976 ; Hang et al., 1977 ) and decr eases citric acid pr oduction. Sci-
ntists demonstrated optimum levels of nitrogen between 0.1 and
.4 g/l for citric acid production (Kubicek et al., 2016 ; Soccol et al.,
006 ). A high le v el of nitr ogen not onl y boosts fungal gr owth but
lso reduces citric acid yield. Nitrogen plays a crucial role during
etabolism, and when the nitr ogen le v el dr ops below the limiting

e v el, citric acid production starts (Ramesh & Kalaiselvam, 2011 ). 

agnesium source 
he source of magnesium promotes the growth of A. niger by in-
erfering with morphology of A. niger . The magnesium source (e.g.,
gSO 4 ·5H 2 O) pr ovides fr ee Mg + 2 in a medium, whic h is not onl y

aluable for the growth of A. niger mycelia but also prevents harm-
ul effects of Fe + 2 . Iron enhances the activity of mitochondrial
conitase because the aconitase enzyme catalyzes the transfor-
ation of citrate to isocitrate and reduces the accumulation of cit-

ic acid. On the other hand, the above-mentioned activity can be
ecreased when iron chelator desferrioxamine is added. Iron has
 positive effect on Krebs cycle enzymes such as citrate synthase,
socr atic dehydr ogenase, and succinate dehydr ogenase, while its
ctivity decreases when an iron chelator dehydrogenase is added
Sanjay & Sharma, 1994 ). In this situation, magnesium plays an
mportant role in avoiding such effects. It has been reported that
ellets of A. niger with the right size , shape , and morphology ha ve
een shown to boost the yield of citric acid (Sanjay & Sharma,
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1994 ). Magnesium ions make complex bonds with free ions of Fe + 2 

that precipitate later in the fermentation process (Shoukat et al.,
1997 ). Magnesium is needed for growth and production of citric 
acid. Kappoor et al. ( 1982 ) suggested an optimum magnesium sul- 
fate concentration between 0.02% and 0.025% for citric acid pro- 
duction. 

Phosphorus source 
For fungal growth and citric acid production, phosphate is also 
very crucial. An essential constituent of DNA and RNA structures 
is phosphate (Max et al., 2010 ). When phosphate is used at the 
optim um concentr ation, it might hav e detrimental effects on the 
production of citric acid, such as the production of other sugar 
acids such as gluconic , glucuronic , and saccharic acid (Ozdal & 

Kurbanoglu, 2019 ). It has been reported that KH 2 PO 4 concentra- 
tion would be optimum for fermentation in the range of 0.5–5 g/l 
(Shu & Johnson, 1948 ). It has been perceived that citric acid yield 

increases under limited concentrations of phosphate (Kubicek & 

Röhr, 1977 ). Scientists also analyzed favorable aspects and impact 
on production of citric acid in the presence of a limited source 
of phosphate concentration (Kubicek & Röhr, 1977 ; Ozdal & Kur- 
banoglu, 2019 ). 

Trace Elements 

Heavy metals and trace elements including Cu, Mn, Zn, and Fe 
ar e fr equentl y used in fermentation processes . T hese trace ele- 
ments should be present in media for growth of A. niger and citric 
acid production (Mattey, 1992 ; Shu & Johnson, 1948 ). Manganese 
is used as a trace element. It is used in a very minute amount, ap- 
pr oximatel y below or equal to 5 μg l −1 but sporulation and trans- 
porters need to function pr operl y (Shu & Johnson, 1948 ; Tomlin- 
son and Campbell, 1950 ). Scientists demonstrated that the rate 
of citric acid production decreases by half after adding Mn 

+ 2 in 

concentration up to 10 mg l −1 (Mattey & Bo w es, 1978 ). Tomlinson 

et al. ( 1950 ) reported that ideal values for Fe and Zn are 1.3 and 

0.3 ppm, r espectiv el y. Rohr ( 1983 ) found that the pr esence of Cu 

+ 2 

enhanced the performance of Fe + 2 at peak le v els, thus incr easing 
the yield of citric acid in the Krebs cycle. Further, a high concen- 
tration of Cu 

+ 2 can demolish lethal effects of Fe + 2 . Benuzzi and 

Segovia ( 1996 ) pointed out that a pr oper concentr ation of Cu is 
necessary to build up the structure of mycelia, which closely af- 
fects cell physiology to enhance the yield of citric acid. 

Alcohols Concentr a tion 

The citric acid production rate speeds up in the presence of 
methanol. The permeability of the membrane can be impr ov ed 

by the addition of alcohol into media as alcohol alters the com- 
position of phospholipids . T he type of micr oor ganisms and media 
composition affect the amount of alcohol r equir ed for citric acid 

production (Mo y er, 1953 ). Accor ding to Ingrain and Buttke ( 1984 ),
citric acid yield increases by adding alcohols, which affect the 
gr owth of micr oor ganisms and sporulation by changing lipid com- 
position of the membrane. Mo y er ( 1953 ) observed that the activity 
of aconitase decreases with the addition of ethanol and increases 
two times the activity of citrate synthase, which is associated with 

an increase in citric acid concentration. The concentration of al- 
cohol should be in the range of 1%–5% to inhibit the negative im- 
pacts of metal ions (Mn 

+ 2 , Fe + 2 ) that decrease citric acid produc- 
tion. Hence, El-Gamal et al. ( 2018 ) reported an optimal methanol 
concentration of 1% for enhanced citric acid production using the 
yeast strain C. parapsilosis NH-3. 
per a tional Par ameters 

H 

edia pH is a critical parameter at initial and end stages of
he fermentation process, as it directly impacts the growth and

etabolic functions of micr oor ganisms accountable for citric acid
roduction, like A. niger . Enzymes such as aconitase, citrate syn-
hase, and isocitrate dehydrogenase display their peak activity in 

he optimal pH range. Metabolic activities of microorganisms such 

s A. niger change the pH of fermentation media due to release of
iffer ent or ganic acids suc h as citric acid that drops the pH. To

nitiate the fermentation process, pH should be higher than 5 for
he proper germination of A. niger spor es; later on, spor es utilize
mmonia present in media and r elease pr oton that helps in high
roduction of citric acid (Takatsuji & Yoshida, 1998 ). Researchers
erry et al. ( 1977 ) found that a pH of 6.0–7.5 is best for molasses
ubstr ate. In contr ast, a pH of 3.0 is optimal for the utilization of
eet molasses substrate (Roukas & Alichanidis, 1991 ). During the
arvest step of the fermentation process, pH should be less than
, which is useful for inhibiting the production of side products
e.g., oxalic acid and gluconic acid), which facilitates citric acid
 ecov ery (Max et al., 2010 ). 

emperature 
n essential parameter in the production of citric acid is temper-
tur e (Ka ppoor et al., 1982 ). Temper atur e has a str ong effect on
he activities of some enzymes , including aconitase , acetyl-CoA,
nd coenzyme A, which are involved in the Krebs c ycle. Bey ond
pecific optim um temper atur e, enzymes do not work efficiently
r denature because enzymes are made of proteins (Prescott &
unn, 1959 ). Prescott et al. reported that 25–30 

◦
C is the best incu-

ation temper atur e both for the fast pr oduction r ate and the high
ield of citric acid. Above this temper atur e, oxalic acid pr oduc-
ion increases. Below this temperature, the growth of organisms 
lo ws do wn (Prescott & Dunn, 1959 ). In submerged fermentation,
emper atur e can be easily regulated in comparison to solid-state
ermentation (Kappoor et al., 1982 ). 

eration 

n aerobic fermentation process proceeds for the production of 
itric acid, which needs oxygen as a mandatory component. A
igh oxygen rate has a prominent influence on citric acid yield
nd process time (Soccol et al., 2006 ). Productivity of citric acid is
ighly influenced by dissolved oxygen concentration. High yield 

ust maintain oxygen amounts higher than 25% saturation. The 
hr eshold oxygen v alue is 9%–12% and 12%–13% for growth and
r oduction phases, r espectiv el y, and the term “thr eshold oxygen”

n micr oor ganisms pertains to minimal oxygen concentration 

ecessary for the growth and viability of a specific micr obe (Gr e-
al & Kalr a, 1995 ). Ther efor e, thr oughout the pr oduction phase,

maller and more compact pellets of A. niger mycelia are pre-
erred. When an organism moves to w ar d filament size, the oxy-
en le v el suddenl y dr ops to less than 50% of the original value
Soccol et al., 2006 ). An optimum aeration rate should be imple-

ented to avoid foam formation during the growth phase of A.
iger . Hence, a low aeration rate is used at start-up stage of the
r ocess (Vandenber ghe et al., 1999 ). An yhow, a v ery high r ate of
er ation decr eases the partial pr essur e of dissolv ed CO 2 in media.
ecause CO 2 is necessary to maintain the partial pr essur e of oxy-
en for the proper growth of A. niger , an optimum amount of CO 2 

ositiv el y affects the yield of citric acid (Vandenberghe, 2000 ). 
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Fig. 6. Classification of different citric acid recovery methods. 
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ecovery and Citric Acid Purification 

itric acid is r ecov er ed and purified from fermentation broth by
sing different techniques, such as adsorption, solvent extraction,
nd precipitation (Fig. 6 ). It is significant to choose an economical
nd efficient pr ocedur e that gener ates less disposal waste after
 ecov ery of citric acid, as compared in Table 2 . 

recipitation 

recipitation is a phenomenon where a dissolved substance trans-
orms into an insoluble solid state either by interaction of two
alts or manipulation of temper atur e to impact the compound’s
olubility. Ho w e v er, the classical method (precipitation) is lar gel y
sed for r ecov ery of citric acid at commercial scale (Pazouki &
 anda, 1998 ). Se v er al scientists explor ed classical methods to opti-
ize oper ational par ameters (Heding & Gupta, 1975 ; Karklin et al.,

984 ; P azouki & P anda, 1998 ) and concentr ation of CaCl 2 , Ca(OH) 2 ,
nd H 2 SO 4 . The best optimal oper ational par ameters for pr ecipi-
ation of calcium citrate are 50 ◦C temperature for 20 min (Heding
 Gupta, 1975 ). Pazouki and Panda ( 1998 ) further reported that
ashing precipitates several times with water and treating with
 2 SO 4 to form precipitates of calcium sulfates. After removal of
alcium sulfates, the remaining liquid is called mother liquor. The
other liquor needs to be k e pt at a low temper atur e for crystal

ormation of citric acid. 
Furthermore, Karklins et al. ( 1984 ) precipitated calcium citrate

sing Ca(OH) 2 , CaCl 2 , and calcium acetate by adjusting the pH
etween 6.1 and 7.5. Among Ca(OH) 2 , CaCl 2 , and calcium acetate,
aCl 2 produced the highest quantity of calcium citrate. Calcium
able 2. Comparison of Pr ecipitation, Solv ent Extr action, and Adsor pti

actors Precipitation Solvent Ex

 ey par ameters pH, temper atur e, ad diti ves Solv ent c ho
rinciple Formation of solid crystals from solution Transfer of
ecovery efficiency High to moderate Moderate t
electivity Variable Variable 
ase of operation Gener all y simple, depending on process Requir es so
urity of product Can ac hie v e high purity Moderate p
quipment Simple equipment Requires liq

setup 
calability Gener all y scalable Scalable 
itrate was washed out with hot water and dried at 90 and 105 ◦C.
arklin et al. ( 1984 ). pr oduced citric acid thr ough fermentation
nd they obtained a citric acid yield that varied from 64.8% to
2.9% and r ecov er ed citric acid from calcium citrate using cation
xchange KU-2 using ion exchange principle (Pazouki & Panda,
998 ). P azouki and P anda ( 1998 ) hav e done pr ecipitation of cal-
ium citrate by treating fermentation broth with lime adjusting
he pH to 4.3, and after that heating with steam to ac hie v e 60 

◦
C

emper atur e. Filtr ation w as emplo y ed to separ ate the pr ecipitates,
hic h wer e then washed out with hot water at 60 ◦C. They fur-

her treated with H 2 SO 4 adjusting the pH at 1.86 to recover citric
cid. After treatment with H 2 SO 4 , a large amount of gypsum will
e produced. Ho w ever, a drawback of the classical method is the
assive quantity of gypsum and w astew ater produced for every

on of citric acid produced. 

olvent Extraction 

he replacement of the classical method is solvent extraction
Wennersten, 1983 ). Solv ent extr action has some benefits ov er
recipitation (e.g., not producing large solid waste gypsum, avoid-

ng sulfuric acid and lime addition, and pr e v enting the formation
f CaSO 4 ) (Gr e wal & Kalr a, 1995 ). Scientists hav e de v eloped a sol-
 ent extr action method for citric acid r ecov ery using a differ ent
ype of solvent or combination of solvents. Yi et al. ( 1987 ) used a
ombination of solvents containing 60%–70% N, N-disubstituted
lkyl amide, and 30%–40% butylacetate and ac hie v ed 96.6% pure
itric acid. They used a countercurrent extraction column con-
aining five stages. Activated carbon and NaCl were used to in-
ibit emulsification (Pazouki & Panda, 1998 ). Amine extraction
as been de v eloped by se v er al authors to r ecov er carboxylic acids
rom the aqueous phase (Pazouki & Panda, 1998 ; Soccol & Van-
enberghe, 2003 ). 

Amine extr action tec hnique is w ell-kno wn for r ecov ery of cit-
ic acid. Amine extraction has proved a good prospect for cit-
ic acid r ecov ery, as a nontoxic solvent is the main demand of
his process. Primary , secondary , tertiary , and quaternary amines
ave a good distribution coefficient. Primary amine has a good
istribution coefficient but also has a good affinity for water.
s distribution coefficient is a parameter within solvent extrac-

ion pr ocedur es, aiming to measur e how a solute is distributed
r divided betw een tw o phases that cannot be mixed, usually
nvolving a solvent phase and an aqueous phase. Secondary
mines pr oduce irr e v ersible amide formation follo w ed b y distil-
ation. Ho w e v er, with incr easing loading of quaternary amines,
he ability to build stable emulsion is also increased. Tertiary
mines are a good option for amine extraction as a solvent be-
ause tertiary amines have a large number of R groups for ex-
raction of acids as compared to other amines (Pazouki & Panda,
998 ). 
on 

traction Adsorption 

ice, pH, mixing Adsorbent type, pH, contact time 
 solute between two liquids Attachment of solute to solid surface 
o high Variable, depending on adsorbent 

High selectivity possible 
lv ent, mixing, separation Relativ el y simple 
urity may require refining Can ac hie v e high purity 
uid–liquid extraction Adsor ption column, pac ked bed, or batc h 

Scalable 
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Fig. 7. Applications of citric acid in different industries. 
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Adsorption 

Adsorption is a phenomenon where molecules , ions , or particles 
within a fluid, such as gas or liquid, attach or gather on the sur- 
face of a solid material or interface . T his adherence is driven by at- 
tr activ e forces existing between substance being adsorbed (known 

as adsorbate) and solid material or interface (r eferr ed to as the 
adsorbent) (Pazouki & Panda, 1998 ). Using ion exchange resins,
man y r esearc hers inv estigated the r ecov ery and purification of 
organic acid (such as citric acid oxalic acid) and sugar. Maria Pa- 
pagianni ( 2007 ) conducted innovative research on the adsorption 

(ion exchange process) of several acids, including lactic acid, malic 
acid, acetic acid, and another organic acid on a profitable resin Di- 
aion WA30. Carlos Jacinto et al. ( 2020 ) also worked on adsorption 

of citric acid using different adsorbents such as Amberlite IRA- 
900(Cl), IRA-67, pol yvin ylpyrr olidone (PVP), r etardion 11A8, and 

pol yvin ylpol ypyrr olidone (PVPP). They have got good absorption 

capacity for citric acid in PVP adsorbent with adsorption capacity 
( > 30 wt. %) at low pH. 

Further, Delgado Dobladez et al. ( 2019 ) reported recovery of 
citric acid above 95% having a purity above 99%. They have 
used a simulated moving bed column containing a Reillex ® 425 
resin worked as an adsorbent and desorption of adsorbed ma- 
terial is performed with methanol. Each recovery technique has 
dv anta ges and disadv anta ges; still, the classical method is more
opular among all these techniques because of its low opera-
ional cost. Carlos Jacinto et al. ( 2020 ) de v eloped an adsor ption
rocess for the citric acid recovery using Do w ex™ Marathon™
BA r esin and r ecov er ed 85% of citric acid with a purity of 92%

t low pH ≈1.5. This resin has shown a good absorption capacity
f 0.46 g citric acid/g of resin used. 

pplications 

itric acid has numerous applications across various industries,
articularly in food production due to its characteristic sour taste.
 he WHO expert/J oint FAO committee a ppr ov ed it as a “GRAS”
orld wide (Pande y et al., 2001 ; Soccol & V andenberghe, 2003 ; V an-
enberghe et al., 1999 ). It is pr edominantl y a pplied in food, phar-
aceutical, and cosmetics industries (Fig. 7 ). With the expansion

n processed food consumption, citric acid demand is rising with
rowing population (Mores et al., 2021 ). According to a new survey
n 2016, 62.53% of global citric acid is consumed in food and bev-
r a ges industries. Further, personal care and pharmaceuticals are
tilizing 17.08% of citric acid. Ho w e v er, 12.27% and 8.12% of total
itric acid are consumed in detergents and other applications, re-
pectiv el y. On the other hand, citric acid demand has increased in
ood and be v er a ges, a ppr oximatel y 6.03% from 2016 to 2021, and
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or other industries, 5.084% for the personal care and pharmaceu-
ical industry. Up until 2025, the consumption rate of citric acid
as the potential to increase demand at a rate of 5.24% (Mores
t al., 2021 ). An assessment of the worldwide citric acid market’s
imensions stood at a ppr oximatel y $3.52 billion in 2022. Accord-

ng to Zhang et al. ( 2023 ), the economy will grow at a compound
nnual growth rate of 3.82% within the predicted timeframe from
023 to 2032, valued at around $5.12 billion. 

harmaceuticals 

itric acid can perform multiple functions due to presence of
hree carboxyl and one hydroxyl groups as well as an economical
nd nontoxic monomer for the pharmaceutical industry (Salihu
t al., 2021 ). Citric acid plays a critical part in controlling phase of
iner alization, metabolism, stone pr e v ention, and neur onal exci-

ations (Ma et al., 2018 ). Trisodium citrate constitutes one of the
ribasic salts of citric acid that comes in both dihydrous and an-
ydrous forms. It is widely used to cure kidney stones . T he di-
ydrous form has taken up fluids and aptitude to take up other
uids and water (Lambros et al., 2022 ). Sodium citrate is used
or stor a ge of blood acting as an anticoa gulant. It is the main
omponent of oral rehydration solution (Nangare et al., 2021 ).
he presence of citric acid in formulation of different medicines
as solved many problems because of its chelating characteris-
ics (Salihu et al., 2021 ). Furthermore, citric acid shows amazing
uor escence in man y biomedical activities (Nangar e et al., 2021 ).
itric acid minimized the disintegration time of tablets getting
enefit of its hydr ophilic pr operty. Additionall y, it pr esents effi-
ient drug delivery and loading to targeted areas (Lambros et al.,
022 ; Nangare et al., 2021 ). People use various products contain-
ng citric acid as it impr ov es ma gnesium, phosphor ous, and cal-
ium absorption via the gut. Moreover, it prevents calcium crys-
al formation in the kidney due to mineral-binding characteristics
Salihu et al., 2021 ). 

ood and Be ver ages 

itric acid is an essential product for food and be v er a ges indus-
ry. Tw o-thir ds of global citric acid is consumed by the food and
e v er a ges industry, as it performs many diverse functions such
s preserving food by inhibiting the growth of yeast, mold, fungi,
nd bacteria. It impr ov es food taste due to its sour taste (Behera et
l. 2021 ). Mor eov er, citric acid is ordinarily applied as a flavor en-
ancer, ad diti ve, antio xidant, and pH adjustment. It is used in car-
onated soft drinks as an acidulant (Mores et al. 2023 ). Citric acid
as a tendency to form chelates and pH adjustments . T herefore ,

t is used in food industry for frozen food items to pr e v ent color
nd flavor alteration and also enhance the shelf life of frozen fish
Moledina et al. 1977 ). 

extile and Detergents 

itric acid is gaining popularity in the detergent industry by pro-
iding less harmful formulation benefits as compared to phos-
hates by providing good chelating properties. In addition, it pro-
ides benefits for co-builders with zeolites in liquid detergents
Mores et al., 2023 ). On the other hand, it is also used as a house-
old dishwasher and detergent because it chelates metals such
s Mg + 2 and Ca + 2 present in hard water. Ultimately, it removes
 ater har dness and helps out in making foam. Detergents per-

orm well in soft water (Ciriminna et al., 2017 ). Citrate is applied
n the textile industry as a foaming agent to enhance the sup-
leness of fabrics (Hu et al., 2019 ). When metals combine with
itric acid, they tend to form chelates, making them water sol-
ble . Hence , it is used for cleaning boilers and removing scal-
ng fr om v arious equipment, placed at po w er stations (Behera,
020 ). Furthermore, it is used for cleaning nuclear places that are
ontaminated with radionuclear particles (Kantar & Honeyman,
006 ). 

griculture 

he application of lo w-molecular-w eight organic acid such as cit-
ic acid is crucial for altering the bioavailability and chemical re-
ctivity of the heavy metals and improving phytoextraction. Cit-
ic acid is widely used as a synthetic chelator for improving phy-
oextr action ultimatel y enhancing plant gr owth (Han et al., 2018 ).
praying of a combination of citric acid with some micronutri-
nts (Zn, Mn, and Fe) named citrine on the maize plants resulted
n wonderful growth, high yield, and productivity of seeds with
mazing quality (Larqué et al., 2010 ; Salas Pérez et al., 2018 ).
itric acid facilitates degrade-conjugated phenols into simpler
henolic compounds and, as a r esult, pr omotes the synthesis
f phen ylpr opanoid-deriv ed compounds and activ ates signaling
athways that enhance antio xidant acti vity in plants . T he advan-
ageous impact of antioxidants considering citric acid can be at-
ributed to its major contribution in increasing cell division, and
rotecting the cell wall from free radicals, which play a crucial
ole in plant senescence . Furthermore , these properties are closely
inked to their tendency to mitigate stress caused by diseases,
alinity, and dr ought. Additionall y, citric acid demonstr ates aux-
nic activity, thereby encouraging plant growth and stimulating
he synthesis of nutraceutical compounds, such as phenolic com-
ounds and fla vonoids , which work as antioxidants (Elade, 1992 ;
ér ez-Balibr ea, 2008 ; Raskin, 1992 ). 

osmetics 

n cosmetics, citric acid mainly acts as an antioxidant and exfoli-
ting agent. Citric acid mitigates the influence of fr ee r adical dam-
ge on the skin although contributing to skin toning and firmness.
hen combined with citrate, citric acid demonstrates exceptional

uffering capacity, although its superior metal ion c helating pr op-
rties enhance its physicochemical properties, making it highly
uitable for wonderful applications in the cosmetics industry. An
fficient buffering capacity property is very helpful for improv-
ng and maintaining the stability of the products (Ciriminna et
l., 2017 ). In 2011, Rothenberg and Alberts from the University of
msterdam found a unique application of citric acid as a cross-

inking agent. They revealed that citric acid and gl ycer ol do poly-
erize reactions to form a water-soluble thermoset r esin, pr esent-

ng quick degradation in an environment (Alberts & Rothenberg.,
012 ). 

onclusion and Future Outlook 

his r e vie w extensiv el y explor es the bioc hemistry, bioengineering,
nd metabolic engineering techniques involved in citric acid pro-
uction and its hyper pr oduction pr ocesses. Giv en all the abov e-
entioned aspects, it becomes clear that producing citric acid in-

ustrially at a reasonable cost is a very complicated and sensitive
r ocedur e. It r elies on se v er al v ariables, including the r aw mate-
ials used, the micr oor ganisms c hosen, the fermentation process,
 ppr opriate design of biofermenter with specific contr ol ov er oper-
tional parameters, the metabolic pathways and factors influenc-
ng the production of citric acid, additionally methods for strain
mpr ov ement, quantification, and r ecov ery. Substantial r esearc h
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efforts are essential to establish solutions for these incoming chal- 
lenges. 

The global citric acid market observed significant growth 

throughout the COVID-19 pandemic, driven by the highest de- 
mand according to the rising number of individuals affected by 
the COVID-19 virus . T her e has been observ ed notable attention in 

utilizing bulk amounts of citric acid in the manufacturing of phar- 
maceuticals, food and be v er a ges, and cosmetics. Furthermor e, cit- 
ric acid has antimicrobial properties that lead to faster production 

of disinfectant products . T his peak demand for citric acid has par- 
ticularl y encour a ged manufacturing of disinfectant items based 

on citric acid, such as germicidal detergent wipes, comet disin- 
fecting bathroom cleaner, and other solutions targeted to prevent- 
ing COVID-19 infections. Additionall y, ther e is a rising trend of 
consuming food and be v er a ges comprising citric acid to enhance 
individual immunity and combat COVID-19 infections. It will be 
compulsory to closely monitor changes in consumer preferences, 
tec hnology adv ancements, and r egulatory de v elopments due to 
the increased demand for citric acid in recent years. 
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