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Abstract
The production of carboxylic acids and 1,3-propanediol was assessed from the anaerobic digestion of residual glycerol 
from biodiesel production to investigate the influence of substrate/microorganism ratio on the bioproduct profile and the 
kinetic of the process through the application of different mathematical models to the data. So, the experiments were 
performed in batch reactors for 28 days, and four substrate/microorganism ratios were tested (0.7, 1.1, 1.5, and 2.1 gCOD 
 gVSS−1). About 64–77% of the initial organic matter estimated by the chemical oxygen demand of residual glycerol was 
converted into carboxylic acids and 1,3-propanediol (substrate/microorganism ratio 1.5 showed the highest yield). In 
addition, acetic acid was the bioproduct formed in the highest concentration for all experiments. Propionic acid had a 
higher selectivity in the substrate/microorganism ratio 1.5 and butyric acid and 1,3-propanediol in the ratio 2.1. About 
kinetics results, exponential models were better suited to describe process kinetics. However, sigmoidal models have 
also shown good fit, making it possible to correlate the substrate/microorganism ratio with velocity constant, maximum 
productivity rate, and lag phase time.

Keywords Anaerobic digestion · Carboxylic acids · Kinetic modeling · Residual glycerol · Substrate/microorganism ratio

Introduction

Biodiesel is one of the most important biofuels to reduce the 
demand for petroleum-based fuels, with an estimated world 
production of around 3.7.1010 L  year−1 in 2020 (OECD/FAO 
2016). In its production process, the transesterification of 
oilseeds and animal fats generates residual glycerol (RG) 
as a by-product in the proportion of 10% (mass of glycerol/
mass of biodiesel), whose purity ranges from 55 to 90%, 
making it difficult to industrial use (Leng et al. 2017; Veras 
et al. 2019). So, RG is the major component of wastewater 
from biodiesel production, which contains high chemical 
oxygen demand (COD) (1023–1900 gCOD L−1) (Silva et al. 
2017; Dams et al. 2018).

The glycerol has several industrial applications, such as 
the production of cosmetics, automotive paints, food, medi-
cines, cellulose and paper, leather, and textiles. However, it 
is economically unfeasible to purify all the RG generated, 
making it a waste, which results in an additional cost in 
biodiesel production due to its disposal (Saini et al. 2017). 
Therefore, it is important to analyze biotechnological plat-
forms that convert RG into value-added products. In this 
context, RG presents itself as a promising raw material for 
biological processes, such as anaerobic digestion (AD), a 
technology considered as a low-cost alternative technique 
to convert solid and liquid wastes into products with high 
added value, such as methane  (CH4), hydrogen  (H2), alco-
hols, and carboxylic acids (CA) (Saini et al. 2017). Among 
these compounds, CA stands out due to its high gross added 
value and several industrial applications, such as the pro-
duction of varnishes, paints, perfumes, disinfectants, sur-
factants, textile auxiliaries, medicines, and food products 
(Du et al. 2015).

Traditional AD converts the complex substrate into meth-
ane. However, when the focus is on the production of inter-
mediate compounds, such as CA and alcohols, the metha-
nogenesis step must be inhibited. The longer the CA chain, 
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the higher its added value. Among the alcohols produced 
from RG bioconversion, 1,3-propanediol (1,3-PD) stands 
out due to its high yield and many applications in polymer 
manufacturing (Pan et al. 2019). Many types of research 
have been conducted with the acidogenic fermentation of 
agro-industrial wastes to better understand the biochemis-
try of this bioproduct formation, the process limitations, the 
forms of extraction/purification, and the kinetic processes 
involved (Silva et al. 2020).

The RG has a low COD/BOD ratio (approximately 1.1), 
indicating ease biodegradation. However, the direction of the 
metabolic pathway in acidogenic fermentation is influenced 
by several factors such as type of substrate and inoculum, 
environmental conditions (pH, temperature, nutrients, pres-
ence of toxic or inhibitory compounds etc.), and operational 
parameters (organic loading rate—OLR, hydraulic retention 
time—HRT, and substrate/microorganism ratio—S/X) (De 
Groof et al. 2019). Moreover, some of these parameters, 
like the optimum S/X ratio, are varied among the substrates 
(Reungsang et al. 2016). There are some studies about S/X 
ratio influence on maximum biogas formation by using dif-
ferent substrates such as food waste, a mixture of food waste 
and green waste, and RG (Elbeshbishy et al. 2012; Liu et al. 
2009; Pereira et al. 2019). However, studies about CA pro-
duction in different S/X ratios are rather scarce in the lit-
erature, and no report concerning the use of RG was found.

In addition, mathematical modeling is an alternative that 
can provide a better understanding of AD process, being 
a widely used tool to simulate bioreactors’ performance 
(Mousavian et al. 2019). Mathematical models estimate 
important kinetic parameters to design and operate biologi-
cal treatment plants more efficiently, promoting improve-
ments in systems and thus generating significant economic 
payback (Abou-Elela et al. 2016). These tools are already 
studied for traditional AD, mainly to optimize the production 
of biogas from organic waste (Çetinkaya and Yetilmezsoy 
2019). However, few studies on kinetic modeling evaluate 
the acidogenic fermentation of agro-industrial residues, such 
as dairy (Morais et al. 2019) and swine (Coelho et al. 2020) 
wastewaters as substrate, with no report for RG.

In this context, this study aims to investigate the effect 
of different S/X ratios on the production of CA and 1,3-PD 
from the AD of RG from biodiesel production. Moreover, it 
evaluates the degree of anaerobic degradation in terms of the 
experimental CA yield and theoretical CA yield. Different 
mathematical models are utilized to estimate the maximum 
CA and 1,3-PD production potential to compare with the 
experimental results. The investigation was carried out in 
the Environmental Sanitation Laboratory of the Department 
of Hydraulic and Environmental Engineering, Federal Uni-
versity of Ceará, Fortaleza, Ceará, Brazil, from August to 
September 2019.

Materials and methods

Substrate and inoculum

The RG used was obtained from the company Petrobrás S.A. 
(Quixadá, Ceará, Brazil). A methanogenic sludge was used 
as inoculum which was obtained from an Upflow Anaerobic 
Sludge Blanket (UASB) reactor that treated sewage (For-
taleza, Ceará, Brazil). The concentrations of total solids 
(TS), total volatile solids (TVS), and total fixed solids (TFS) 
were 72.7, 44.8, and 27.9 g L−1, respectively.

Carboxylic acid production potential (CAPP) assays

The CAPP assays were performed in borosilicate reactors, 
with 300 mL of total volume, 270 mL of reaction volume, and 
30 mL headspace. The pH correction to 7,0, buffering (sodium 
bicarbonate), and addition of nutrients were carried out accord-
ing to Morais et al. (2019). Four S/X ratios were evaluated, 
where the substrate concentrations were varied, and the inocu-
lum concentration was maintained (2.5 g VSS  L−1), reaching 
0.7, 1.1, 1.5, and 2.1 gCOD  gVSS−1. Each statistical treatment 
was performed with three repetitions, totaling twelve assays. 
Inhibition of methanogenic activity was performed by adding 
chloroform 0.05% (v/v) (Viana et al. 2019). Nitrogen gas was 
used to purging each flask for 1 min. The batch assays were 
subjected to a temperature of 35 °C and 150 rpm for 28 days 
(Coelho et al. 2020). Liquid samples were collected on days 0, 
2, 4, 7, 14, 21, and 28 for the analysis of COD and quantifica-
tion of the bioproducts formed (CA and 1,3-PD). At the end of 
the experiment  (28th day), a gas sample was collected from the 
reactor headspace to determine the average concentrations of 
 CH4,  H2,  CO2, and  H2S present in the biogas, and the pH was 
checked again to verify the buffering capacity of the system.

Analytical methods

The pH measurement and the COD and solid series analyses 
were performed according to APHA (2017). For chromato-
graphic and soluble COD analyses, the samples were filtered 
through a 0.45-μm pore glass fiber membrane (EMD Mil-
lipore, USA). For liquid chromatography analysis, in order 
to avoid interference in the method and contamination of the 
equipment, the samples were also centrifuged at 13,000 rpm 
for six minutes (Eppendorf AG, Germany). The CA (lac-
tic—HLa, acetic—HAc, propionic—HPr, butyric—HBu, 
isovaleric—i-HVa, and valeric—HVa) were quantified using 
high performance liquid chromatography (HPLC) (model 
20-AT, Shimadzu Corporation, Japan), with UV/VIS detector 
and Supelcogel 8H cross-linked column (30 cm × 7.8 mm, ID 
9 μm), following the methodology of Dams et al. (Dams et al. 
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2016) with modifications. The oven temperature was 60 °C, 
5 mM  H2SO4 was used as a mobile phase in a flow ranging 
from 0.6 to 1.2 mL min−1, and running time was 40 min.

The 1,3-PD was analyzed in a gas chromatography–flame 
ionization detection (GC–FID) (Trace GC Ultra, Thermo 
Scientific, USA), equipped with capillary column FFAP-CP 
(25 m × 0.32 mm, ID 0.3 μm) from Agilent Technologies 
(The Netherlands). The samples were diluted with ultrapure 
water (Milli-Q system, EMD Millipore, USA) in a 1:1 ratio 
to a final volume of 2 mL directly in borosilicate glass vials 
(20 mL) for extraction of the headspace (10 min at 120 °C) 
(Supelco, USA), which were sealed with PTFE/silicone septa 
and aluminum seals (Supelco, USA), according to Monteiro 
et al. (2016) with modifications. The detector, injector, and 
oven temperatures were 250, 200, and 40 °C, respectively. 
Hydrogen was the carrier gas, and the flow conditions were 
1.5 mL min−1 for 9 min. The qualitative analysis of the biogas 
was performed by gas chromatography using the method 
described by Coelho et al. (2020).

Mass balance, yields, and kinetic study

The fractions of organic matter necessary for calculating the 
mass balance, yields, selectivity, and productivity of the bio-
products were determined according to the equations present 
in the Supplementary material (Online Resource 1). The math-
ematical models used to describe the kinetics of consump-
tion of soluble organic matter that can be converted into bio-
products were the first-order model, first-order with residual, 
monod with growth and logistic; for the generation of bioprod-
ucts were the first-order model, second-order, Fitzhugh, cone, 
BPK, monomolecular, modified Gompertz, logistic, transfer-
ence (Supplementary material, Online Resource 2).

The calculation of kinetic parameters and the adherence 
of mathematical models to the kinetic process was performed 
according to Yang et al. (2016). The results of this work were 
analyzed statistically using the Microcal Origin 8.1 software 
(Microcal Software Inc., Northampton, MA, USA), through 
analysis of variance (ANOVA) with a 95% confidence level 
and a probability of 5% (p < 0.05). Tukey’s tests were used to 
compare the different treatments (S/X ratios of 0.7, 1.1, 1.5, 
and 2.1). Thus, the data were presented using the mean value 
followed by the statistical treatment letter, where equal letters 
mean that there was no significant difference for p < 0.05.

Results and discussion

Effect of the S/X ratio on the distribution 
of bioproduct profile and productivity

As previously explained, the change in S/X ratio was 
achieved by manipulating the concentration of RG added. 

After the experimental time, the pH in all batch assays 
remained close to 7. The particulate organic matter was 
converted into soluble organic matter, mainly in the form 
of bioproducts (CA and 1,3-PD), as can be seen in the 
Supplementary Material (Online Resource 3). Because 
RG has a low amount of particulate organic matter, the 
residual organic matter present in the inoculum probably 
contributed to the initial particulate COD.

The conversion of the applied organic matter into 
bioproducts usually varied with the S/X ratio (Table 1). 
However, it is noticed that the increase in the S/X ratio 
from 0.7 to 1.1 did not promote a significant difference. 
However, for the ratio of 1.5, there was an increase in the 
conversion efficiency of the applied organic matter into 
bioproducts from 71 to 77%. For the S/X ratio of 2.1, there 
was a reduction to 64%, likely due to the increment of 
impurities, such as NaCl, which can reach a concentration 
that is toxic to microorganisms, consequently reducing 
the organic matter conversion (Sittijunda and Reungsang 
2012). Regarding the fraction of organic matter destined 
for cell growth, there was no significant difference when 
varying the S/X ratio. Furthermore, no methane in the 
biogas was found, which proves the effective inhibition of 
methanogens by chloroform, promoting the accumulation 
of CA, as also found elsewhere (Dams et al. 2018).

Moreover, it is important to highlight that the profile of 
bioproducts varies over time. There is probably a biocon-
version from one product to another (Lonkar et al. 2016), 
as shown in Fig. 1. At the beginning of the experiments, no 
bioproducts were identified, but on day 2, carboxylic acids 
and 1,3-PD were already present, indicating a bioconversion 
of the organic matter added. At the end of the experiments, 
the bioproduct formed in the highest quantity was acetic 
acid, a result also obtained by Forrest et al. (2010) while 

Table 1  Final mass balance of the anaerobic digestion process of 
residual glycerol in different S/X ratios

CODT apl Total COD applied to the reactor at the beginning of the 
experiment (residual glycerol + organic matter from seed sludge); 
CODBP COD converted into bioproducts identified in the chromato-
graphic methods used (HLa, HAc, HPr, HBu, HIVa, HVa, and 1.3-
PD); CODSNB Soluble COD except identified bioproducts (recalci-
trant, liable to bioconversion, and unidentified bioproducts); CODVSS 
COD for cell growth
Equal letters mean that there was no significant difference (p < 0.05)

S/X Final mass balance

CODSNB/
CODT apl

CODBP/CODT apl CODVSS/
CODT apl

0.7 0.22a 0.71a 0.07a

1.1 0.22a 0.72a 0.06a

1.5 0.16b 0.77b 0.07a

2.1 0.30c 0.64c 0.06a
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using RG in batch fermentation performed at 55 °C and pH 
7.0 during 32 days of incubation time.

However, the increase in the S/X ratio favored the for-
mation of other biocomposites. The production of HPr 
was more pronounced in the S/X ratio of 1.5, while the 
production of HBu and 1.3-PD increased in the S/X ratio 
of 2.1. In addition, i-HVa was found only in the S/X ratio 
of 1.5, probably due to the chain elongation of HPr to 
i-HVa in the presence of HAc (Veras et al. 2019). HLa 
was rarely formed and only found in a low concentration 
at the S/X ratio of 0.7, showing that RG is not a favorable 
substrate to produce this acid under the current condi-
tions adopted. Thus, the choice of the S/X ratio depends 
on the desired final destination, in other words, which bio-
product has the greatest interest. This conclusion can be 
better understood when analyzing the concentration and 

yield of these bioproducts (Table 2). It is also important 
to highlight that there is an increase in the concentration 
of acetic acid (980–1700 mg L−1) with an increase in the 
S/X ratio from 0.7 to 1.5; however, the yield  (Y2BP) of 
HAc decreased, probably because there was a microbial 
kinetic saturation (Yu and Wensel 2013), which can be bet-
ter understood with the discussion presented in the topic 
3.2. When increasing the S/X ratio to 2.1, there was no 
significant difference.

The present study showed a total CA yield  (CAT = 
413–639  mgCODBP  gCODT apl −1) (Table 2) significantly 
higher than that obtained by Reungsang et al. (2013)—99 
 mgCODBP  gCODT apl −1—where the RG was submitted to 
AD in an upflow anaerobic sludge blanket reactor (UASB) 
with immobilized Enterobacter aerogenes ATCC13048, 
using thermal treatment of the inoculum and slightly acidic 

Fig. 1  Profile of bioproducts over time in the process of anaerobic digestion of residual glycerol for the S/X ratios of 0.7 (a), 1.1 (b), 1.5 (c), and 
2.1 (d)
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pH (pH 5–6,5) as a methanogenic inhibition method. The 
results obtained in the current investigation were also supe-
rior to those presented by Chookaew et  al. (2015)—54 
 mgCODBP  gCODT apl −1, where the RG was bioconverted 
by dark fermentation in a batch reactor using a pure culture 
of Klebsiella sp. TR17. These researchers probably obtained 
much lower yields because they focused on hydrogen pro-
duction from the RG, likely indicating that the operational 
configurations were not the most suitable for CA formation. 
However, Dams et al. (2018) obtained a yield of approx-
imately 1250 mg gCODT apl −1, more than double of this 
work, likely because they used both an external electron 
donor (ethanol) and bio-augmentation, two techniques that 
promote a higher formation of CA (De Groof et al. 2019).

Figure 2 shows the productivity of bioproducts through-
out the experiments, in which the S/X ratio of 0.7 usually 
showed the lowest productivity. The highest productivity of 
HAc (131 ± 8 mg L−1 d−1) was reached in the S/X ratio of 
1.1, while i-HVa (51 ± 5 mg L−1 d−1) was at S/X ratio of 
1.5, and 1,3-PD (134 ± 5 mg L−1 d−1) at S/X ratio of 2.1. 
In general, bioproducts had maximum productivity between 
days 2 and 4, but acetic acid reached a maximum productiv-
ity around day 7. It is also noticed that the increase in the 
productivity of HAc is accompanied by the decrease in pro-
ductivity of the other by-products. Therefore, this increase 
is possibly due to the degradation of these other compounds 
due to a low partial pressure of hydrogen (PPH) and poten-
tial redox or equivalently, on the ratio Nicotinamide Adenine 
Dinucleotide in the reduced form (NADH) to its oxidized 
form  (NAD+) [NADH]/[NAD+] still achieved in the micro-
biome, even for the highest S/X ratio used in the present 
investigation (Kleerebezem et al. 2015; Lonkar et al. 2016).

Another important point is that the productivity of 1,3-PD 
increased fast, reaching its maximum value very quickly. 
However, a fast decrease was also verified after day 2. This 
probably occurs because, at the beginning of the process, 

the reductive pathway that leads to the production of 1,3-PD 
prevails. Afterward, the oxidative pathway is predominant, 
so the 1,3-PD starts to be degraded, providing more CA 
formation. Leng et al. (2017) also found a similar pattern 
while studying the bioconversion of RG with an anaerobic 
sludge in batch assays incubated at pH 7 and 37 °C. The 
productivity of 1,3-PD on the 28th was zero at S/X ratios of 
0.7, 1.1, and 1.5. Only on the S/X ratio of 2.1 the productiv-
ity stabilized from the 14th day, presenting at the end of the 
experiment (28 days) a value of about 15 mg L−1 d−1. So, 
high S/X ratios possibly might favor the oxidative pathway 
required to form CA instead of 1,3-PD.

Kinetic modeling

Mathematical models are also extremely important for the 
field of bioprocess engineering. So, the results of kinetic 
studies obtained from laboratory-scale experiments can be 
used for full-scale design reactors under similar operational 
conditions and estimating its treatment efficiency (Borghei 
et al. 2008). Such models are very mature for the AD focus-
ing on methanization (Çetinkaya and Yetilmezsoy 2019). 
However, the kinetic modeling of CA formation from RG is 
not reported in the literature.

Among the different mathematical models used to 
describe kinetics, exponential models, such as first order 
with residual (Fig. 3a–d), were more suitable to describe 
the soluble substrate degradation curve, with a high coeffi-
cient of determination  (R2) and lower value for Akaike infor-
mation criterion (AIC) (Supplementary material, Online 
Resource 4). The soluble substrate degradation rate constant 
(KB), which represents the substrate degradation velocity, 
showed to be influenced by the S/X ratio (Fig. 4a), being the 
kinetics more favored in the S/X ratio of 1.1. The correla-
tion of the S/X ratio can be described by the second-degree 
polynomial equation y =−0.43x2 + 0.95x−0.35 in S/X ratios 

Table 2  Concentration, 
selectivity, and yield of the 
bioproducts identified at the end 
of the experiments of anaerobic 
digestion from residual glycerol 
in different S/X ratios

HLa Lactic acid; HAc acetic acid; HPr propionic acid; HBu butyric acid; i-HVa Isovaleric acid; HVa 
valeric acid; 1.3-PD 1.3-propanediol; CAT total carboxylic acid
Equal letters mean that there was no significant difference (p < 0.05)

Bioproduct Concentration (mg  L−1) Yield—Y2BP (mg  gCODT apl
−1)

S/X Ratio

0.7 1.1 1.5 2.1 0.7 1.1 1.5 2.1

HLa 50 – – – 30 – – –
HAc 980a 1352b 1700c 1686c 579a 487b 468b 324c

HPr – 274a 495b 162c – 99a 136b 31c

HBu 39a 30b – 301c 23a 11b – 58c

i–HVa 13 – – – 7 – – –
HVa – – – – – – – –
1.3-PD – 44a 58b 423c – 16a 16a 81b

CAT 1082a 1629b 2195c 2091c 639a 597b 604b 413c
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from 0.7 to 1.5 (R2 = 0.998) then becoming constant until 
S/X ratio of 2.1. The  KB decreases at S/X of 1.5, probably 
due to the microorganisms’ inhibition by a high concentra-
tion of substrate (Sittijunda and Reungsang 2012) or impuri-
ties present in the RG. Another important kinetic parameter 
is the maximum microbial growth rate (µmax) which was 
estimated using the Monod with Growth model. The values 
found were low for all experiments, decreasing with the S/X 
ratio increase (Fig. 4b).

Analyzing the kinetics of bioproduct production, expo-
nential models are also better suited to describe this pro-
duction, such as cone and Fitzhugh models (Fig. 3e–h) 
that presented the highest coefficient of determination 
(R2) and lowest values for AIC (Supplementary mate-
rial, Online Resource 4). Figure 4c shows the correlation 
between S/X ratio and the first-order bioproduct produc-
tion rate constant (KBP) estimated by cone model, which 
can be described by the second-degree polynomial equation 

y = − 0.43x2 + 0.95x−0.24 for S/X ratios from 0.7 to 1.5 
(R2 = 0.994). It then presents a lower reduction rate for S/X 
2.1. So, among the studied S/X ratios, the relation 1.1 is the 
most favorable kinetic condition for the formation of bio-
products and the degradation of the soluble organic matter.

In addition, the maximum production rate (µm) was cal-
culated using the modified Gompertz, logistics, BPK, and 
transference (Supplementary material, Online Resource 
4). The correlation between S/X ratio and µm estimated by 
the transference model (Fig. 4d) showed that the maximum 
production rate of bioproducts increased with the S/X ratio 

Fig. 2  Productivity of bioproducts over time in the anaerobic digestion process of residual glycerol for the S/X ratios of 0.7 (a), 1.1 (b), 1.5 (c), 
and 2.1 (d)

Fig. 3  Kinetic curves of substrate consumption (first order with resid-
ual model) in the S/X ratios of 0.7 (a), 1.1 (b), 1.5 (c), and 2.1 (d) 
and kinetic modeling of bioproduct production in the form of COD 
in the S/X ratios of 0.7 (cone model) (e), 1.1 (cone model) (f), 1.5 
(Fitzhugh model) (g), and 2.1 (Fitzhugh model) (h) from the batch 
assays using residual glycerol as substrate

▸
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increase from 0.7 to 1.1. However, any significant differ-
ence was found when increasing to the S/X ratio of 1.5, and 
a decrease in the maximum production rate of bioproducts 
was obtained for the S/X ratio of 2.1. Furthermore, these 

four sigmoidal models also estimated the lag phase, where 
increasing the S/X ratio from 0.7 to 1.1 reduces this delay 
period from 0.42 to 0.03 d−1 (Fig. 4e). The form factor n 

Fig. 4  Correlation of the S/X ratio with the degradation of the soluble substrate constant (kB) (a), maximum microbial growth rate (µmax) (b), 
bioproduct production rate constant (K) (c), maximum bioproduct productivity (µm) (d), and lag phase time (λ) (e)
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of the Fitzhugh model also indicates that there was a delay 
period only to S/X ratios of 0.7 (n = 3.55) and 1.1 (n = 1.11).

Regarding the kinetics of individual bioproducts (Sup-
plementary material, Online Resource 5), the formations of 
HAc and HPr were better described by exponential models, 
such as cone and Fitzhugh, for the S/X ratios of 0.7 and 
1.1. However, for the S/X ratios of 1.5 and 2.1, sigmoidal 
models were more appropriate, such as modified Gompertz 
and Richards. The HBu production curve, in general, was 
better described by exponential models, except for S/X of 
2.1, which showed a better fit to the modified Gompertz 
sigmoidal model. The remaining acids were not modeled 
individually due to their low production or no detection. The 
sigmoidal curves consist of three phases: the slow phase of 
production or acclimatization of microorganisms, the phase 
of rapid production (exponential phase) with higher con-
sumption of substrate and growth of biomass, and phase 
of production stabilization, in which the production rate 
decreases and it reaches zero. Therefore, an elongated 
S-shaped curve indicates the continuous availability of sol-
uble organic matter and a more continuous CA production 
over time (Morais et al. 2019). So, the best fit of sigmoidal 
models for higher S/X ratios can be likely justified by the 
increased inhibition of the process, resulting in a greater lag 
phase, typical of sigmoidal models.

Analyzing the mathematical models that best described 
the CA production curves, it can be seen that the veloc-
ity constant (K) and the maximum productivity rate 
(μm) of HAc were higher at S/X ratios of 1.1 and 1.5 
(K = 0.16 ± 0.01 and 0.19 ± 0.02 d−1; μm = 0.14 ± 0.01 and 
0.14 ± 0.02 mg L−1 d−1). However, the lag phase time (λ) 
was higher at the S/X ratio of 1.5 (2.45 d). For HPr, the 
highest values of K and μm were found in the S/X ratio of 
2.1 (0.72 ± 0.05 d−1 and 0.08 ± 0.01 mg L−1 d−1), which pre-
sented a lag phase of 1.81 days. Finally, for HBu, the S/X 
ratio of 1.1 provided higher values of K (1.23 ± 0.11 d−1) 
and μm (0.12 ± 0.01 mg  L−1  d−1) when a λ value of 1.82 
was used.

In addition, the lag phases for the formation of these acids 
in the most favorable kinetics S/X ratio were around two 
days, indicating that the microorganisms do not immedi-
ately transform the RG into CA. As hydrolysis is not the 
limiting step of the process since the RG is practically all in 
the soluble and non-complex form, this occurred probably 
because at the beginning of the process, the reductive path-
way that leads to the production of 1,3-PD prevails, reach-
ing its maximum productivity within the first two days, and 
after it starts to be degraded (predominance of the oxidative 
pathway), providing more CA formation. Leng et al. (2017) 
found similar results while evaluating glycerol fermentation 
at pH 7 and 37 °C, where 1,3-PD formation occurred within 
3 days, decreasing afterward.

Therefore, according to the estimated kinetic parameters, 
the kinetic of bioproduct formation is favored at S/X ratio 
1.1, where the highest productivity of HAc was also reached. 
However, the maximum productivity of i-HVa and 1,3-PD 
was found at S/X ratios of 1.5 and 2.1, respectively. In other 
words, such effects can be reflected as increased productiv-
ity, accelerated biodegradation processes, or a combination 
of both (Xie et al. 2017).

Conclusion

The increase in the S/X ratio from 0.7 to 1.5 had a positive 
effect on the percentage of RG conversion into bioproducts 
(71 to 78% of organic matter was converted into bioprod-
ucts), but the higher ratio (2.1) caused a conversion reduc-
tion (64%). Moreover, HAc was the bioproduct formed in 
the highest concentration for all assays. The S/X ratio of 1.5 
provided higher selectivity for HPr, and S/X 2.1 for HBu and 
1,3-PD. The S/X ratio 1.5 showed the best results in terms of 
concentration and total CA production yield. Furthermore, 
exponential models were better suited to describe this kinet-
ics process. However, sigmoidal models have also shown a 
good fit, mainly in higher S/X ratios, making it possible to 
correlate the S/X ratio with coefficients K, μm, and λ.

Supplementary Information The online version of this article contains 
supplementary material available at (https ://doi.org/10.1007/s1376 
2-021-03170 -z)

Acknowledgements The authors would like to thank the support given 
by the following Brazilian institutions: CNPq, CAPES, FAPEMIG, and 
National Institute of Science and Technology in Sustainable Sewage 
Treatment Stations – INCT Sustainable ETEs.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

References

Abou-Elela SI, Hamdy O, El Monayeri O (2016) Modeling and 
simulation of hybrid anaerobic/aerobic wastewater treatment 
system. Int J Environ Sci Technol 13:1289–1298. https ://doi.
org/10.1007/s1376 2-016-0966-7

APHA (American Public Health Association), American Water 
Works Association W, Federation E (2017) Standard Methods 
for the Examination of Water and Wastewater, 23rd edn. Ameri-
can Public Health Association (APHA), American Water Works 

https://doi.org/10.1007/s13762-021-03170-z
https://doi.org/10.1007/s13762-021-03170-z
https://doi.org/10.1007/s13762-016-0966-7
https://doi.org/10.1007/s13762-016-0966-7


600 International Journal of Environmental Science and Technology (2022) 19:591–600

1 3

Association and Water Environment Federation, Washington, 
DC

Borghei SM, Sharbatmaleki M, Pourrezaie P, Borghei G (2008) Kinet-
ics of organic removal in fixed-bed aerobic biological reactor. 
Bioresour Technol 99:1118–1124. https ://doi.org/10.1016/j.biort 
ech.2007.02.037

Çetinkaya AY, Yetilmezsoy K (2019) Evaluation of anaerobic biodeg-
radability potential and comparative kinetics of different agro-
industrial substrates using a new hybrid computational coding 
scheme. J Clean Prod 238:117921. https ://doi.org/10.1016/j.jclep 
ro.2019.11792 1

Chookaew T, O-Thong S, Prasertsan P (2015) Biohydrogen production 
from crude glycerol by two stage of dark and photo fermentation. 
Int J Hydrogen Energy 40:7433–7438. https ://doi.org/10.1016/J.
IJHYD ENE.2015.02.133

Coelho MMH, Morais NWS, Pereira EL et al (2020) Potential assess-
ment and kinetic modeling of carboxylic acids production using 
dairy wastewater as substrate. Biochem Eng J 156:107502. https 
://doi.org/10.1016/j.bej.2020.10750 2

Dams RI, Guilherme AA, Vale MS et  al (2016) Fermentation of 
residual glycerol by Clostridium acetobutylicum ATCC 824 in 
pure and mixed cultures. Environ Technol (United Kingdom) 
37:2984–2992. https ://doi.org/10.1080/09593 330.2016.11731 14

Dams RI, Viana MB, Guilherme AA et  al (2018) Production of 
medium-chain carboxylic acids by anaerobic fermentation of 
glycerol using a bioaugmented open culture. Biomass Bioenerg 
118:1–7. https ://doi.org/10.1016/j.biomb ioe.2018.07.023

De Groof V, Coma M, Arnot T et al (2019) Medium chain carboxylic 
acids from complex organic feedstocks by mixed culture fermenta-
tion. Molecules 24:398. https ://doi.org/10.3390/molec ules2 40303 
98

de Silva Sousa A, Morais NWS, Coelho MMH et al (2020) Potentiali-
ties of biotechnological recovery of methane, hydrogen and car-
boxylic acids from agro-industrial wastewaters. Bioresour Technol 
Reports. https ://doi.org/10.1016/j.biteb .2020.10040 6

Du G, Liu L, Chen J (2015) White biotechnology for organic acids. In: 
Industrial biorefineries and white biotechnology. Elsevier BV, pp 
409–444. https ://doi.org/10.1016/C2013 -0-19082 -4

Elbeshbishy E, Nakhla G, Hafez H (2012) Biochemical methane 
potential (BMP) of food waste and primary sludge: Influence of 
inoculum pre-incubation and inoculum source. Bioresour Technol 
110:18–25. https ://doi.org/10.1016/j.biort ech.2012.01.025

Forrest AK, Sierra R, Holtzapple MT (2010) Effect of biodiesel 
glycerol type and fermentor configuration on mixed-acid fer-
mentations. Bioresour Technol 101:9185–9189. https ://doi.
org/10.1016/j.biort ech.2010.07.041

Kleerebezem R, Joosse B, Rozendal R, Van Loosdrecht MCM (2015) 
Anaerobic digestion without biogas? Rev Environ Sci Biotechnol 
14:787–801. https ://doi.org/10.1007/s1115 7-015-9374-6

Leng L, Yang P, Mao Y et al (2017) Thermodynamic and physi-
ological study of caproate and 1,3-propanediol co-production 
through glycerol fermentation and fatty acids chain elonga-
tion. Water Res 114:200–209. https ://doi.org/10.1016/j.watre 
s.2017.02.023

Liu G, Zhang R, El-Mashad HM, Dong R (2009) Effect of feed to 
inoculum ratios on biogas yields of food and green wastes. Biore-
sour Technol 100:5103–5108. https ://doi.org/10.1016/j.biort 
ech.2009.03.081

Lonkar S, Fu Z, Holtzapple M (2016) Optimum alcohol concentra-
tion for chain elongation in mixed-culture fermentation of cel-
lulosic substrate. Biotechnol Bioeng 113:2597–2604. https ://doi.
org/10.1002/bit.26024 

Monteiro C, Proença P, Tavares C et al (2016) Interference of anes-
thetics in blood alcohol analysis by HS-GC-FID: a case report. 

Forensic Sci Int 265:65–69. https ://doi.org/10.1016/j.forsc 
iint.2016.01.010

Morais NWS, Coelho MMH, de Silva Sousa A et al (2019) Kinetic 
modeling of anaerobic carboxylic acid production from swine 
wastewater. Bioresour Technol. https ://doi.org/10.1016/j.biort 
ech.2019.12252 0

Mousavian S, Seyedsalehi M, Paladino O et al (2019) Determining 
biokinetic coefficients for the upflow anaerobic sludge blanket 
reactor treating sugarcane wastewater in hot climate conditions. 
Int J Environ Sci Technol 16:2231–2238. https ://doi.org/10.1007/
s1376 2-017-1631-5

OECD/FAO (2016) OECD-FAO Agricultural Outlook 2016–2025. 
Paris

Pan C, Tan G-YA, Ge L et al (2019) Two-stage microbial conversion 
of crude glycerol to 1,3-propanediol and polyhydroxyalkanoates 
after pretreatment. J Environ Manage 232:615–624. https ://doi.
org/10.1016/J.JENVM AN.2018.11.118

Pereira EL, Borges AC, Heleno FF et al (2019) Central composite 
rotatable design for startup optimization of anaerobic sequencing 
batch reactor treating biodiesel production wastewater. J Environ 
Chem Eng. https ://doi.org/10.1016/j.jece.2019.10303 8

Reungsang A, Sittijunda S, O-Thong S, (2013) Bio-hydrogen produc-
tion from glycerol by immobilized Enterobacter aerogenes ATCC 
13048 on heat-treated UASB granules as affected by organic 
loading rate. Int J Hydrogen Energy 38:6970–6979. https ://doi.
org/10.1016/j.ijhyd ene.2013.03.082

Reungsang A, Sittijunda S, Sreela-or C (2016) Methane production 
from acidic effluent discharged after the hydrogen fermentation 
of sugarcane juice using batch fermentation and UASB reactor. 
Renew Energy 86:1224–1231. https ://doi.org/10.1016/j.renen 
e.2015.09.051

Saini M, Wang ZW, Chiang C-J, Chao Y-P (2017) Metabolic engineer-
ing of Escherichia coli for production of n-butanol from crude 
glycerol. Biotechnol Biofuels 10:173. https ://doi.org/10.1186/
s1306 8-017-0857-2

Silva FMS, Oliveira LB, Mahler CF, Bassin JP (2017) Hydro-
gen production through anaerobic co-digestion of food waste 
and crude glycerol at mesophilic conditions. Int J Hydrogen 
Energy 42:22720–22729. https ://doi.org/10.1016/J.IJHYD 
ENE.2017.07.159

Sittijunda S, Reungsang A (2012) Biohydrogen production from waste 
glycerol and sludge by anaerobic mixed cultures. Int J Hydro-
gen Energy 37:13789–13796. https ://doi.org/10.1016/J.IJHYD 
ENE.2012.03.126

Veras STS, Cavalcante WA, Gehring TA et al (2019) Anaerobic pro-
duction of valeric acid from crude glycerol via chain elongation. 
Int J Environ Sci Technol. https ://doi.org/10.1007/s1376 2-019-
02562 -6

Viana MB, Dams RI, Pinheiro BM et al (2019) The source of inoculum 
and the method of methanogenesis inhibition can affect biological 
hydrogen production from crude glycerol. Bioenergy Res 12:733–
742. https ://doi.org/10.1007/s1215 5-019-09994 -5

Xie S, Wickham R, Nghiem LD (2017) Synergistic effect from anaer-
obic co-digestion of sewage sludge and organic wastes. Int Bio-
deterior Biodegrad 116:191–197. https ://doi.org/10.1016/j.ibiod 
.2016.10.037

Yang H, Deng L, Liu G et al (2016) A model for methane production in 
anaerobic digestion of swine wastewater. Water Res 102:464–474. 
https ://doi.org/10.1016/j.watre s.2016.06.060

Yu L, Wensel PC (2013) Mathematical Modeling in Anaerobic 
Digestion (AD). J Bioremediation Biodegrad. https ://doi.
org/10.4172/2155-6199.s4-003

https://doi.org/10.1016/j.biortech.2007.02.037
https://doi.org/10.1016/j.biortech.2007.02.037
https://doi.org/10.1016/j.jclepro.2019.117921
https://doi.org/10.1016/j.jclepro.2019.117921
https://doi.org/10.1016/J.IJHYDENE.2015.02.133
https://doi.org/10.1016/J.IJHYDENE.2015.02.133
https://doi.org/10.1016/j.bej.2020.107502
https://doi.org/10.1016/j.bej.2020.107502
https://doi.org/10.1080/09593330.2016.1173114
https://doi.org/10.1016/j.biombioe.2018.07.023
https://doi.org/10.3390/molecules24030398
https://doi.org/10.3390/molecules24030398
https://doi.org/10.1016/j.biteb.2020.100406
https://doi.org/10.1016/C2013-0-19082-4
https://doi.org/10.1016/j.biortech.2012.01.025
https://doi.org/10.1016/j.biortech.2010.07.041
https://doi.org/10.1016/j.biortech.2010.07.041
https://doi.org/10.1007/s11157-015-9374-6
https://doi.org/10.1016/j.watres.2017.02.023
https://doi.org/10.1016/j.watres.2017.02.023
https://doi.org/10.1016/j.biortech.2009.03.081
https://doi.org/10.1016/j.biortech.2009.03.081
https://doi.org/10.1002/bit.26024
https://doi.org/10.1002/bit.26024
https://doi.org/10.1016/j.forsciint.2016.01.010
https://doi.org/10.1016/j.forsciint.2016.01.010
https://doi.org/10.1016/j.biortech.2019.122520
https://doi.org/10.1016/j.biortech.2019.122520
https://doi.org/10.1007/s13762-017-1631-5
https://doi.org/10.1007/s13762-017-1631-5
https://doi.org/10.1016/J.JENVMAN.2018.11.118
https://doi.org/10.1016/J.JENVMAN.2018.11.118
https://doi.org/10.1016/j.jece.2019.103038
https://doi.org/10.1016/j.ijhydene.2013.03.082
https://doi.org/10.1016/j.ijhydene.2013.03.082
https://doi.org/10.1016/j.renene.2015.09.051
https://doi.org/10.1016/j.renene.2015.09.051
https://doi.org/10.1186/s13068-017-0857-2
https://doi.org/10.1186/s13068-017-0857-2
https://doi.org/10.1016/J.IJHYDENE.2017.07.159
https://doi.org/10.1016/J.IJHYDENE.2017.07.159
https://doi.org/10.1016/J.IJHYDENE.2012.03.126
https://doi.org/10.1016/J.IJHYDENE.2012.03.126
https://doi.org/10.1007/s13762-019-02562-6
https://doi.org/10.1007/s13762-019-02562-6
https://doi.org/10.1007/s12155-019-09994-5
https://doi.org/10.1016/j.ibiod.2016.10.037
https://doi.org/10.1016/j.ibiod.2016.10.037
https://doi.org/10.1016/j.watres.2016.06.060
https://doi.org/10.4172/2155-6199.s4-003
https://doi.org/10.4172/2155-6199.s4-003

	Effect of the substratemicroorganism ratio on the anaerobic production of carboxylic acids from residual glycerol
	Abstract
	Introduction
	Materials and methods
	Substrate and inoculum
	Carboxylic acid production potential (CAPP) assays
	Analytical methods
	Mass balance, yields, and kinetic study

	Results and discussion
	Effect of the SX ratio on the distribution of bioproduct profile and productivity
	Kinetic modeling

	Conclusion
	Acknowledgements 
	References




