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Abstract This study aimed to evaluate the feasibility of
using sugar-sweetened beverages (SSB) for citric acid (CA)
production and its impact on chemical oxygen demand
(COD) of SSB. Five types of SSB were used as a carbon
source for CA production by A. niger, and the COD of each
SSB was measured before and after the bioprocess. Results
showed that all tested SSB were suitable for CA production,
with maximum yields ranging from 13.01 to 56.62 g L™ ..
The COD was reduced from 53 to 75.64%, indicating that
the bioprocess effectively treated SSB wastes. The use of
SSB as a substrate for CA production provides an alternative
to traditional feedstocks, such as sugarcane and beet molas-
ses. The low-cost and high availability of SSB makes it an
attractive option for CA production. Moreover, the study
demonstrated the potential of the bioprocess to simultane-
ously treat and reuse SSB wastes, reducing the environmen-
tal impact of the beverage industry.
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Introduction

Citric acid (CA) is the most widely used acidulant in foods
and beverages industries, which are responsible for 70%
of its consumption (Wang et al. 2020). Driven mainly by
increased consumption of ready-to-drink beverages and pro-
cessed meals, the worldwide market of CA reached a vol-
ume of 2.39 million tons in 2020 and it is expected to reach
2.91 million tons by 2026 (Mordor Intelligence 2020). CA’s
different properties, such as flavor enhancer, preservative,
acidulant, chelating agent, and its GRAS status justify the
increased demand for this organic acid (Behera et al. 2021).

In 2021, the global market for non-alcoholic beverages
was valued at US$ 1.23 trillion and it is expected to reach
1.66 trillion in 2026. Soft drinks were the largest seg-
ment with a market valued of US$ 820 billion. The United
States is the market leader with an estimated revenue of
$ 445.20 billion in 2022, followed by China, Japan, Ger-
many, and the United Kingdom (Statista Market Forecast,
2022). Nevertheless, the non-alcoholic beverage industry is
an important contributor to liquid waste production, where
for each liter of beverage produced, approximately 0.5 L of
effluent are generated (Kasmi et al. 2016; Statista Market
Forecast, 2022). A significant portion of this waste is com-
posed of discarded products due to some problems in for-
mulation, carbonation, and/or bottling, packaging problems
or expiration date, leading to beverage losses (Kasmi et al.
2016). It is estimated that 2 to 5% of the total production
of SSB is discarded given the problems aforementioned
(Comelli et al. 2015). SSB present high carbohydrate content
(up to 12% w/v), high chemical oxygen demand (COD) (usu-
ally more than 100,000 mg O, L™") and low pH (less than
4). Owing these pollutant characteristics, SSB discards are
generally added to other industrial wastewaters and treated
conventionally before disposal to meet regulations (Kasmi
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et al. 2016; Wickham et al. 2019). Several studies have
investigated anaerobic fermentation to reduce COD levels in
beverage industry wastewater while producing biogas, biofu-
els, and biomass as main products (Comelli et al. 2015; El-
Kamabh et al. 2010; Kasmi et al. 2016; Tawfik and El-Kamah
2012; Wickham et al. 2019). Nonetheless, no research has
been found about the removal of COD in wastewater via an
aerobic process utilizing A. niger while also producing a
bioproduct such as CA.

Maltose, sucrose, glucose, mannose, and fructose can be
employed for CA, production in a range of 120 g L™ ! to
180 g L~!, with conversions of 0,35 to 1,03 g CA g_1 of
substrate and productivities of 0,05 to 2,57 g L 'h! (Hos-
sain et al. 1984; Ul-Hagq et al. 2002; Mores et al. 2021).
However, the growing demand for CA and the market’s
interest in the circular economy has pushed the search for
low-cost feedstock such as agro-industrial wastes (Dhillon
etal. 2011; Amato et al. 2020; Mores et al. 2021), where the
most common substrates used to produce the organic acid
by submerged fermentation are sugarcane and beet molasses
(Mores et al. 2021). Given the SSB characteristics and the
need to search for low-cost substrates for CA production,
the objectives of this study were: (1) to evaluate the use of
different SSB as substrate for CA production by A. niger,
and (2) to evaluate the impact of the developed bioprocess
on chemical oxygen demand (COD) of SSB.

Materials and methods
Strain

The strain used in this study, A. niger NRRL 599, was
obtained from the ARS Culture Collection (NRRL), National
Center for Agricultural Utilization Research, Peoria, IL. The
fungus was maintained on potato dextrose agar slants and
stored at 4 °C. Fresh spores were extracted using a Tween-80
solution (0.1% v/v) after being cultured for 7 days at 30 °C
in Erlenmeyer flasks containing potato dextrose agar. Then,
the concentration of spore’s suspension was determined in
a Neubauer chamber and aliquots were used for production
media inoculation so as to have a spore concentration of
1.81x 10° spores. mL.

Media and culture conditions

Five sugar-sweetened beverages were tested as a carbon source
for CA production: soft drink, energy drink, sport drink, fruit
juice and nectar juice. It is important to note that each bever-
age has its own composition of sugars and other components
such as additives, preservatives, acidulants and others. The
beverages were not pretreated and they were simply added of
(per liter): CH,N,O - 0.8 g, KH,PO, - 3.0 g, MgSO, x 7H,0
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—-0.25 g, FeSO,x7H,0 - 0.81 mg, ZnSO, — 3 mg and ethanol
3% (v/v). The pH of the medium was adjusted to 4.5 before
sterilization at 121 °C during 15 min. All the products used
were past their expiration date.

Fermentation was carried out in 250 mL Erlenmeyer flasks
containing 50 mL of fermentation flasks were inoculated with
suspension of spores to obtain a medium. The concentration
of 3.62x 10 spores per mL and were incubated in a rotary
shaker (Solab, Sao Paulo, Brazil) at 150 rpm and 30 °C for 10
days. One mL sample was withdrawn from each Erlenmeyer
flask every 24 h for the analysis of CA, sugars and COD. All
experiments were conducted in duplicate.

Biomass concentration

The mycelia was separated by filtration from production
medium and washed with distilled water after the end of fer-
mentation. The amount of dry biomass was determined gravi-
metrically after drying at 105 °C till constant weight.

Analysis of citric acid, sugar content and chemical
oxygen demand

CA and sugars (glucose and fructose) concentration were esti-
mated by high-performance liquid chromatography (HPLC).
Samples were injected into an Agilent 1260 Infinity 143 Qua-
ternary LC chromatograph coupled to a diode array detector
(DAD) and refractive index (RID). A Hiplex-H (300 7.7 mm)
column (Agilent Technologies, Santa Clara, CA, USA) was
employed with an isocratic mobile phase composed of 4.0 mM
H,SO,, with a flow rate of 0.5 mL min~" for 30 min. The sam-
ple, column and RID detector temperatures used throughout
the run were 25, 70, and 50 °C, respectively.

Chemical oxygen demand (COD) was determined using
the dichromate reduction method (Baird et al. 2017). All
analysis were conducted in duplicate.

Statical analysis

The results of CA concentration and COD removal were
assessed by analysis of variance (ANOVA), and Tukey’s
multiple range test at 5% significance level (p <0.05) were
used to detect differences among mean values. This analysis
was performed using Minitab statistical software (Version
20.3, Minitab Inc., State College, PA, USA).

Results and discussion

Substrate analysis

Five types of commercially available SSB were tested
as carbon sources. The substrates were analyzed after
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Table 1 — Characteristics and composition of different sugar-sweetened beverages medium used for citric acid production

SSB pH Citric acid® Reducing sugar® (g L~!) COD? Ingredients®
(gL™h (mg of O, L)

Energy drink 3.59 5.15+0.25 112.37+0.19 189,050+ 17,135 Carbonated water, sugar, glucose syrup, taurine, caffeine,
vitamins (B2, B3, B6, and B12), guarana extract, sodium
chloride, glucuronolactone, inositol, maltodextrin, citric
acid, natural and artificial flavorings, sodium citrate, sorbic
acid, benzoic acid, anthocyanins.

Fruit Juice 3.94 6.33+0.31 75.92+1.44 189,383 +2522  Pasteurized fruit juice

Nectar juice 294 4.09+0.17  93.65+5.60 141,167+9428  Water, concentrated orange juice, sugar, citric acid, ascorbic
acid, natural flavoring, carotene.

Soft drink 3.32 0.56+0.08 105.41+6.36 151,383+9734  Carbonated water, sugar, guarana extract, citric acid, sodium
benzoate, potassium sorbate, flavoring, caramel coloring I'V.

Sportdrink  3.19 1.85+0.10 33.61+0.65 115,186 +£2662  Water, sucrose, maltodextrin, sodium chloride, sodium citrate,

monobasic potassium phosphate, citric acid, tartrazine,
sunset yellow.

Each value is an average of two replicates; ® Information contained on product labels; + Denotes standard deviation among the replicates

supplementation. These beverages have a complex and
varied composition (Table 1) including acidity regulators,
colorants, sweeteners, antioxidants, caffeine, taurine, glu-
curonolactone, natural and artificial flavorings, vitamins,
preservatives, among others. All tested beverages had a pH
lower than 4.0.

Analyses of beverages’ composition indicated an initial
sugars’ content and COD ranging from 33 to 112 g L™ ! and
115,186 to 189,050 mg of O, L™, respectively. The high
reducing sugars’ content of beverages is the main cause of
elevated COD (Comelli et al. 2015). However, organic acids
such as CA, ascorbic acid, also contributes to it. Among
the evaluated beverages, the lowest COD was observed for
sport drink, which also presented the lowest concentration
of sugars.

For fruit juice, energy drink, nectar juice, sport drink
and soft drink, the amount of citric acid were: 4.09 +0.17,
6.33+0.31, 4.48+0.69, 4.09+0.17, 1.85+0.10 and
0.56+0.08 g L™, respectively. These results confirm the
preference and wide use of citric acid as an acidulant by the
SSB industry.

Kinetics of reducing sugar and citric acid production
by A. niger using different SSB

CA concentration (Fig. 1a), sugars concentration (Fig. 1b),
and chemical oxygen demand (Fig. 1c) were monitored
during fermentation. As it is shown in Fig. la, the highest
CA concentrations of 56.62 and 53.08 g L™! were reached
after 240 h of fermentation using soft drink and nectar
juice, respectively. These results are significantly (p <0.05)
higher than those obtained for other beverages. This can be
explained by the fact that these beverages have the highest
concentrations of sugars: 105.41 +6.36 for soft drink and
93.65+5.60 g L™! for nectar juice. It is well known that the

initial sugar concentration greater than 10% results in higher
CA yields (Behera et al. 2021). A. niger was able to consume
a large part of the sugars present in the medium. The fermen-
tation broth of energy drinks exhibited approximately 26 g
L~ ! of residual sugars at the end of fermentation. Others had
sugar levels below 5 g L™! (Fig. 1b).

The yield of CA obtained with the energy drink was sig-
nificantly lower compared to the soft drink and nectar juice.
The presence of B vitamins in the energy drink may have
favored biomass formation at the expense of CA accumula-
tion. Sirisansaneeyakul et al. (2000) observed a significant
increase in cell dry weight when the culture medium for
A. niger was supplementing with a solution of B vitamins.
Besides, previous studies indicated the deleterious effect of
some vitamins and amino acids in CA biosynthesis (Lal and
Srivastava 1982; Lesniak and Podgorski 2000).

It is well established in the literature that limited growth is
crucial for CA bioproduction. Previous works indicate high
CA production with biomass concentrations in the range
of 12 to 24 g L' (Yin et al. 2017; Ozdal and Kurbanoglu
2019). Similarly, in this study, the best CA yields (Table 2)
were obtained with soft drink and sports drink, with lower
biomass productions: 20.0 and 18.4 g L™, respectively. All
beverages promoted low biomass growth (Table 2) with con-
centrations lower than 24 g L™, indicating that the medium
composition was adequate to limit fungus growth. Further-
more, sport drink and soft drink had the highest substrate-to-
product conversions, despite having the lowest final biomass
concentrations of 10.5 and 9.3 g L™, respectively. This fact
shows that even if the composition of SSB (additives, pre-
servatives, and others) may affect growth, it is not a signifi-
cant point in CA production processes where the limitation
of growth leads to better synthesis of the organic acid. So,
there is no need to remove these components or to conduct
SSB pretreatment before the fermentation step.

@ Springer
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Fig. 1 Citric acid production (A), sugar concentration (B) and COD (C) profiles during sugar-sweetened beverage (SSB) fermentation by A.
niger. Bars indicate deviation among the replicates

Table 2 Performance of citric acid production parameters by A. niger using different SSB as substrate

SBB Parameters

Biomass (g L™") Yx/s* (g g™h Yp/s® (g g™ Yp/x© (g g™ h COD removal® (%) COD removal rate®
(mg of O, L'h7hH

Soft drink 10.5347+0.3911 0.103 0.547 5.321 61.89+1.24 390+17
Energy drink 18.0800+0.3631 0.538 0.489 0.909 75.51+£1.97 595+69
Sport drink 9.3087+0.1821 0.277 0.782 - 73.19+2.93 351422
Nectar juice 13.9280+0,1821 0.149 0.523 3.517 53.80+1.75 317+31
Fruit juice 13.9280+0.3854 0.241 0.124 - 75.64+0.08 597+9

3Calculated as (g of biomass/ g of reducing sugar utilized); ®Calculated as (g of citric acid produced/ g of reducing sugar utilized); “Calculated
as (g of citric acid produced/ g of biomass); dCalculated as (initial COD — final COD)/(initial COD); °Calculated as (initial COD — final COD)/
(fermentation time); Each value is an average of two replicates; + Denotes standard deviation among the replicates

CA final concentrations, which were obtained using soft ~ used conventional substrates and mutant strains of A. niger:
drinks (56.62 g L), nectar juice (53.08 g L™!) and energy ~ 68.8 g L™! CA with sugar beet molasses and chicken feather
drink (47.05 g L™"), are similar to previous studies that  peptone as media (Ozdal and Kurbanoglu 2019), 53 g L™
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CA with sucrose as substrate (Hossain et al. 1984) and 42 g
L~! CA with cane molasses (Ikram-Ul et al. 2004).

Those results demonstrate that SSB can be used as a sub-
strate for CA production without requiring pre-treatment.
This is an advantage concerning others substrates. Carbon
sources such as molasses and date syrup, commonly used for
CA bioproduction, require treatments to remove metal ions
and other inhibitors (Roukas and Kotzekidou 1997; Mostafa
and Alamri 2012). Also, materials composed of complex
sugars, such as corn and agro-industrial waste, need to be
transformed to release fermentable sugars (Zhou et al. 2017).

The CA yield factors (Yp/s),in g g~ 1 were: 0.54, 0.49,
0.78, and 0.52 for soft drink, energy drink, sport drink, and
nectar juice, respectively. These production yields are higher
than those obtained in different works that used sucrose
(0.48 g g7 1), glucose (0.35 g g~ 1), and sugarcane molas-
ses (0.45 g g~ 1) for CA production by parental strains of A.
niger (Hossain et al. 1984; Ul-Hagq et al. 2002).

On the other hand, fermentation using fruit juice as sub-
strate showed much lower performance when compared
to other beverages. Fruit juices have complex rheological
behavior and high viscosity because they are heterogene-
ous suspensions formed by large insoluble particles and
fragments of cellular tissues (Dahdouh et al. 2016). This
may have affected the production of CA due to the difficult
homogenization of the culture medium and, consequently,
by altering mass and oxygen transfer and the formation of
pellets.

Aspergillus niger can utilize sugars, such as maltose,
galactose, and fructose, but glucose and sucrose produce the
best results for CA production (Amato et al. 2020). These are
the main sugars of these beverages, such as sucrose and/or
high fructose corn syrup, which are usually used to sweeten
SSB. In addition, these carbohydrates, maltodextrin is com-
monly added to energy drinks and sports drinks. This can
explain the increase in the amount of reducing sugars in the
48 h of fermentation when these beverages were used as
substrate. Probably the fungus secreted enzymes capable of
degrading maltodextrin into glucose and fructose (Bagheri
et al. 2014).

Kinetics of COD for different SSB used as substrate
for CA production by A. niger

As well as the sugars, the COD showed a decreasing profile
(Fig. 1c) throughout CA fermentation. The analysis of the
fermentation broths at the end of process indicated a COD
removal (Table 2) higher than 53.80% and could reach up
to 75.64%.

The COD reduction is directly related to the consump-
tion of sugars medium during fermentation. However,

CA presents a theoretical COD of 0.75 g of O, g~ !. This
explains the significantly lower COD removal for soft
drink and nectar juice, which are beverages that promoted
higher CA concentration at the end of fermentation. Like-
wise, these results indicate that the COD removal of the
discards can be even higher after CA recovery. Alam
et al. (2007), for example, obtained higher removal of
COD (80%), but lower CA production by A. niger (5.2 g
L~!) using sed palm oil mill effluent (POME) as the main
substrate.

In this work a COD removal rates up to 597 mg of O,
L~' h~! was obtained. These results are higher than those
reported in several previous studies that used conventional
anaerobic processes for the treatment of similar wastes.
Sheldon and Erdogan (2016) reported a maximum removal
rate of 458 mg of O, L™! h™! when soft drink industry
wastewater (COD between 2242 and 11,717 mg L™") was
treated with an anaerobic expanded granular sludge bed
(EGSB) reactor. Similarly, soft drink and fruit processing
waste with loadings of 312.5 mg of O, L' h™! were treated
using anaerobic fluidized bed reactors with a COD removal
of 78% (Stronach et al. 1987). A COD removal of 61 and
67,4% with an organic loading rate of 362.5 and 245.8 mg
of of 0, L™ h™! were obtained during the treatment of high
strength wastewater from the fruit juice industry using a two-
stage up-flow anaerobic sponge reactor and two anaerobic
hybrids reactors, respectively (El-Kamabh et al. 2010; Tawfik
and El-Kamah 2012).

The use of SSB waste for CA production dispenses the
need for chemical or physical pretreatment for organic
load reduction since the characteristics of the substrate are
favorable for the process. Thus, the consumption of reagents
and the number of steps can be reduced during wastewater
treatment. Furthermore, aerobic treatments have advantages
such as to minimize the problems of longer retention time,
production of undesirable odors, slow startup, and difficul-
ties to operate that are observed in conventional anaerobic
processes.

Mas balance of CA production processes using SSB

The mass balance of the proposed process with the use of
soft drink, energy drinks, or nectar juice as carbon sources
is presented in Fig. 2. In this case, only glucose was con-
sidered as the carbon source, and urea as nitrogen source.
However, probably, the fungus also utilized others sources
of carbon and nitrogen that are present in SSB compositions.
During fermentation, A. niger uses carbon, nitrogen, and
oxygen to produce CA, carbon dioxide, water and biomass.
For example, when utilizing soft drink, for each 1000 kg
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Fig. 2 Mas balance of CA production processes using SSB (output=1000 kg of CA)

of CA produced, 1821 kg of glucose, 14.28 kg of urea and
755,7 kg of oxygen are necessary. In addition, carbon diox-
ide (793 kg), water (617 kg) and biomass (187.86 kg) are
also generated. The production of other organic acids was
not detected.

Conclusions

This study demonstrated the potential use of sugar-sweet-
ened beverages (SSBs) waste as a substrate for A. niger
CA synthesis. The fungus was capable of producing CA in
every SSB medium tested, with the highest concentration
observed when soft drink (56.62 g L™!) and nectar juice
media as substrates (53.08 g L™ 1y were used. Furthermore,
chemical oxygen demand (COD) was greater than 53%
for all tested SSBs, with fruit juice (75.64%) and energy
drink (75.51%) showing the highest COD rate removal.
These results suggest that despite the complexity and char-
acteristics of SSBs, A. niger can be used to promote the
valorization of this kind of waste through CA production.
Future studies may focus on the optimization and scale-up
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of CA fermentation and investigate the use of SSBs for the
production of other bioproducts in a biorefinery approach.
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