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H I G H L I G H T S

• Dairy wastewater (DW) is a potential substrate to produce carboxylic acids (CA).• Kinetic modeling is a useful tool to elucidate acidogenic fermentation kinetics.• High yield of CA (0.66 mgCA mgCODA−1) was obtained from DW acidogenic fermentation.• Models that describe an exponential phase are suitable to simulate CA production.• Low concentrations of a medium-chain CA were achieved without e-donors addition.
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A B S T R A C T

Carboxylic acids (CA) are high added-value compounds that can be produced via anaerobic fermentation by
using agroindustrial residues as substrates. However, different compounds in wastewater impose uncontrolled
metabolic pathways, in which the acidogenic fermentation kinetics need to be elucidated. This work aimed to
assess the potential production of CA from dairy wastewater (DW) and to perform the kinetic modeling of the
process. The experiments were conducted in quadruplicate batch reactors (250 mL of working volume) with
inoculum from a brewery UASB at 0.61±0.04 gCOD gVSS−1. To inhibit methanogenesis, 0.05 % (v/v)
chloroform was added to the reactors. The tests showed that DW is a readily fermentable substrate to acidogenic
microorganisms because it presents high rates of short-chain CA formation in the first two days of the experi-
ment. The low concentrations of medium-chain CA found indicate that fats and proteins did not function as the
main carbon source for DW fermentation. The yield obtained was 0.66 mgCA mgCODA−1, which corresponds to
0.83 mgCODCA mgCODA−1. Kinetic modeling studies have shown that mathematical models that can describe an
exponential phase, such as First-order and Fitzhugh models, are suitable for simulating the production of car-
boxylic acids. Finally, DW seems to be a promising substrate to be investigated in the carboxylic platform.

1. Introduction

The recovery of high added-value products from agroindustrial
wastes can be a sustainable and economically viable alternative to de-
crease the dependence on fossil fuels and implement environmentally
friendly chemical processes. Carboxylic acids (CA) are among these
added-value products, which can be prospected anaerobically from
macromolecules fermentation by microbial consortium, usually re-
quiring inhibition of methanogenesis and sulfetogenesis [1–3].
During acidogenic fermentation, the major CAs produced are short-

chain carboxylic acids, which have up to five carbon atoms. These

compounds can be used as carbon source for further processing or in the
synthesis of building block chemicals, pharmaceuticals, cosmetics,
materials, bioplastics, such as polyhydroxyalkanoates (PHA), and bio-
fuels [4–6]. Compared to methane (CH4), they are easier and safer to
store and transport, besides having a higher market price [7].
In the context of agroindustry, dairy production is one of the most

important components of the trade balance in developed and devel-
oping countries. World milk production reached 811 million tons in
2017 [8]. The dairy industry consumes high amounts of water and
generates large volumes of wastewater, about 0.2−10 L of wastewater
per liter of processed milk, with about 4–11 million tons of wastewater

https://doi.org/10.1016/j.bej.2020.107502
Received 25 September 2019; Received in revised form 16 December 2019; Accepted 20 January 2020

⁎ Corresponding author at: Department of Hydraulic and Environmental Engineering, Campus do Pici, Bloco 713. Pici. CEP, 60455-900, Fortaleza, Ceará, Brazil.
E-mail address: andre23@ufc.br (A.B. dos Santos).

Biochemical Engineering Journal 156 (2020) 107502

Available online 22 January 2020
1369-703X/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/1369703X
https://www.elsevier.com/locate/bej
https://doi.org/10.1016/j.bej.2020.107502
https://doi.org/10.1016/j.bej.2020.107502
mailto:andre23@ufc.br
https://doi.org/10.1016/j.bej.2020.107502
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2020.107502&domain=pdf


discharged annually worldwide [9,10]. Dairy wastewater (DW) is
composed of suspended and dissolved solids, soluble organic compo-
nents, lactose, nutrients, fats, detergent residues, and disinfectants
[11,12].
Due to its high chemical oxygen demand (COD) and a high volume

of wastewater generated, they may represent an interesting substrate to
be investigated either on the biorefinery concept or on the carboxylic
platform [11,13]. According to Atasoy et al. [14], it is estimated that,
on a global scale, approximately 9.15 Mt acetic acid, 6.47 Mt propionic
acid, and 5.39 Mt butyric acid could be recovered from DW, evidencing
the potential of using this residue in the production of CA.
Mathematical modeling of fermentation processes is an attractive

strategy for its scaling and optimization, as simulations can be applied
to resource recovery treatment plants for engineering design, operation
and prediction, where small process improvements can generate sig-
nificant economic [15,16]. These tools are already widely studied for
the complete anaerobic digestion [17–19], especially to optimize biogas
production from organic wastes. However, as far as we are concerned,
there are just a few studies of kinetic modeling assessing acidogenic
fermentation of agroindustrial wastes, especially DW, in the perspective
of the carboxylic platform.
Thus, the objective of this work was to assess the potential of CA

production, perform mathematical modeling and estimate kinetic
parameters that describe the hydrolysis of particulate organic matter,
soluble substrate consumption and CA production under acidogenic
anaerobic conditions using DW as substrate and microbial consortium
as inoculum.

2. Materials and methods

2.1. Substrate and inoculum

DW was collected from a dairy industry located in the municipality
of Maranguape, Ceará, Brazil. After collection, the wastewater was
stored in a refrigerator at approximately 3 °C to avoid its degradation.
The physicochemical characterization is shown in Table 1, whose va-
lues are in agreement with the literature [11,20].
The batch reactors used in the assays were inoculated with a sludge

collected from an upflow anaerobic sludge blanket (UASB) reactor used
in the treatment of brewery wastewater. Total solids (TS), total volatile
solids (TVS) and total fixed solids (TFS) concentrations of the sludge
were 81.0, 33.8, 47.2 g L−1, respectively.

2.2. Batch tests

CA production assays were performed in quadruplicate batch re-
actors in borosilicate flasks with 300 mL total volume, 250 mL reaction
volume and 50 mL headspace. Basal medium and pH 7.0 buffering,
previously adjusted with 1 M HCl or NaOH, were performed according
to the guidelines of Dams et al. [21]. The food/microorganism (F/M)
ratio was 0.61±0.04 gCOD gVSS−1. To inhibit methanogenesis and
promote the accumulation of the products of interest, 0.05 % (v/v)
chloroform was added to batch reactors [22].
The bioreactors were sealed with butyl rubber stoppers and purged

with nitrogen (N2) for approximately 1 min to establish an anaerobic
atmosphere within the flasks. They were then kept in an incubator (MA-
420, Marconi LTDA, Brazil) under orbital agitation of 150 rpm and a
temperature of 35±0.3 °C for 7 days, which was the period required to
observe the total conversion of COD added in the reactors.
Samples of 1 mL were collected from reactors on days 0, 2, 4 and 7

for COD analysis and quantification of CA in order to assess substrate
conversion kinetics. At the end of the experiment, a gas sample was
extracted from the headspace of the batch reactors to verify the effi-
ciency of methanogenic inhibition and to determine the average con-
centrations of CH4, hydrogen (H2), carbon dioxide (CO2) and hydrogen
sulfide (H2S) in the biogas.

2.3. Analytical methods

Physicochemical characterization analyses were performed ac-
cording to Standard Methods for the Examination of Water and
Wastewater [23].
Biogas composition was analyzed by gas chromatography with di-

electric barrier ionization discharge (GC BID-2010 Plus, Shimadzu
Corporation, Japan) equipped with a GS-GASPRO column (60 m x 0.32
mm) (Agilent Technologies Inc., USA). The oven, injector and detector
temperatures were 250, 50 and 100 °C, respectively. Helium gas (White
Martins LTDA, Brazil) was used as a carrier gas in a 2 mL min−1 flow,
and the run time of the method was 9 min. Biogas quantification was
performed by recording the accumulated pressure in each batch reactor
using a gauge pressure transmitter (Warme LTDA, Brazil).
Acetic (HAc), propionic (HPr), butyric (HBu), isovaleric (i-HVa),

valeric (HVa) and caproic (HCa) acids concentrations were determined
by high performance liquid chromatography (HPLC) using HPLC LC-
20A chromatograph (Prominence, Shimadzu Corporation, Japan)
equipped with Aminex HPX-87H (300 mm x 7.8 mm) column (Bio-Rad,
USA) at 65 °C with sulfuric acid (H2SO4) 5 mM in deionized water as
eluent (0.6 mL min−1 isocratic flow) and refractive index detector (RID-
10A, Shimadzu Corporation, Japan). For chromatographic and soluble
COD analyses, the samples were filtered through a 0.45 μm pore glass
fiber membrane (EMD Millipore, USA).

2.4. Mass balance and yields

A mass balance of the system was performed in terms of COD using
Eq. (1–10) expressed in Table 2. The concentrations of CA were

Table 1
Physicochemical characteristics of the dairy wastewater used for batch testing.

Parameter Representation Average
Values

Unit

Hydrogen potential pH 5.40 –
Electric conductivity EC 5.260 μS cm−1

Color Color 424 mgPt-Co L−1

Turbidity TB 3,760 NTU
Alkalinity Al 223.1 mgCaCO3 L−1

Acidity Ac 861.6 mgH3COOH L−1

Total Nitrogen TN 168.4 mg-N L−1

Total Kjeldahl Nitrogen TKN 168.0 mg-N L−1

Organic Nitrogen ON 160.5 mg-N L−1

Ammoniacal Nitrogen AmN 9.4 mg-N L−1

Total Oxygen Chemical
Demand

CODT 17,629 mgO2 L−1

Soluble Chemical Oxygen
Demand

CODS 12,365 mgO2 L−1

Particulate Chemical Oxygen
Demand

CODP 5,264 mgO2 L−1

Total Biochemical Oxygen
Demand

BOD520°CT 11,875 mgO2 L−1

Soluble Biochemical Oxygen
Demand

BOD520°CS 10,000 mgO2 L−1

Particulate Biochemical
Oxygen Demand

BOD520°CP 1,875 mgO2 L−1

Total Phosphorous TP 105.4 mg-P L−1

Orthophosphate PO4−3 52.9 mg-P-PO43− L-1

Sulfate SO42− 43.9 mg L−1

Fluoride F− 36.3 mg L−1

Chloride Cl− 2984.8 mg L−1

Total Solids TS 18,263 mg L−1

Total Volatile Solids TVS 12,292 mg L−1

Total Fixed Solids TFS 5,971 mg L−1

Total Dissolved Solids TDS 15,679 mg L−1

Volatile Dissolved Solids VDS 9,796 mg L−1

Fixed Dissolved Solids FDS 5,883 mg L−1

Total Suspended Solids TSS 2,584 mg L−1

Volatile Suspended Solids VSS 2,496 mg L−1

Fixed Suspended Solids FSS 88 mg L−1

Hexane Soluble Substances O.G 94.6 mg L−1
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multiplied by the reaction volume in the bioreactor on the day of col-
lection to obtain the mass of CA. The concentration of organic matter
(COD in the form of acids) of each acid was obtained by the following
conversion factors: 1 mgHAc = 1.07 mgCOD. 1 mgHPr = 1.51 mgCOD.
1 mgHBu = 1.82 mgCOD. 1 mgi-HVa = 2.04 mgCOD. 1 mgHVa =
2.04 mgCOD. 1 mgHCa = 2.21 mgCOD [24].
The yield, selectivity, and productivity of CA were calculated ac-

cording to Eqs. (11), (12) and (13), respectively.

=Y M
COD

2CA
TCA

A (11)

= M
M

xSelectivity 100CA

TCA (12)

= C C
Time

Productivity CA D CAB1
(13)

where: Y2CA: CA production in relation to the available COD (mgCA
mgCODA−1); MTCA: total mass of CA formed during the incubation
period (mgCA); CODA: total COD mass fraction available to be converted
at the beginning of the batch (mgCOD); Selectivity: percentage of each
CA formed in relation to the total acids produced (%); MCA: mass of CA
formed during the incubation period (mgCA); Productivity: quantity of
CA present per working volume and per time (mgCA L−1 d−1); CCA1D:
CA concentration at one day of collection (mgCA L−1); CCAB: CA con-
centration at the beginning of the batch (day zero) (mgCA L−1); and
Time: unit of time (d).

2.5. Model fitting

The equations of the kinetic models selected to describe the hy-
drolysis process of particulate organic matter, soluble substrate con-
sumption, and CA production in terms of COD and individual CA pro-
duction are presented in Table 3.
A nonlinear least-squares regression analysis was performed using

the Microsoft Office Excel 2019 Solver tool to estimate the parameters

of the selected kinetic models. This method adjusts the values of the
model variables in order to minimize the sum of the squares of the
differences between predicted and measured values. Data obtained
from kinetic modeling were applied to plot the curves of each process
using Origin software version 8.1 (OriginLab Corporation,
Northampton, MA, USA).

2.6. Statistical analyses

The selection of the model that best describes each organic matter
conversion process was performed using the determination coefficient
(R2) and the following error functions: root mean square error (RMSE);
normalized root mean square error (NRMSE) and Akaike Information
Criterion (AIC) [25,26].

=RMSE
Y Y

n
( )i i exp i est, ,

2

(14)

=NRMSE RMSE
Y Y

x
( )

100
max min (15)

= +AIC N ln SS
N

k. 2
(16)

Table 2
Equations used for mass balance calculations.

Equation Mass balance equation

1 =COD COD CODP T S
2 =COD COD CODA T CA t( 0)
3 =COD COD CODC A Bio tf( )
4 =COD COD CODBio S CA
5 =COD COD CODCA CA tf CA t( ) ( 0)
6 =COD COD COD COD CODVSS A CA Bio tf BG( )
7 =YC

CODC
CODA

8 =Y1CA
CODCA
CODA

9 =YSSV
CODVSS

CODA
10 = + +Mass Balance CODS CODBG CODVSS

CODT

Legend: CODP: particulate COD added in the batch reactor. CODT: total COD
added in the batch reactor. CODS: soluble COD added in the batch reactor.
CODA: fraction of the total COD available to be bioconverted to CA or directed
to cell growth and biogas formation, corresponds to the total COD fraction
applied at the beginning of the experiment that is not in the form of CA.
CODCA(t0): fraction of soluble COD in the form of CA at the beginning of the
batch. CODC: COD directed to the production of CA, cell growth and biogas
formation. CODBio(tf): soluble COD fraction not related to CA at the end of the
incubation period. CODBio: fraction of COD soluble not referring to CA. CODCA:
mass of CA formed during the incubation period. CODCA(Tf): mass of CA at the
end of the incubation period. CODVSS: COD directed to cell growth. CODBG:
COD removed by biogas production (methane or hydrogen). YC: stoichiometric
coefficient of total yield of converted COD. Y1CA: stoichiometric coefficient of
COD yield converted to CA. YVSS: stoichiometric coefficient of cell growth yield.
Units in mgCOD.

Table 3
Selected models to describe the conversion of organic matter (hydrolysis, so-
luble substrate consumption and production of carboxylic acids – in terms of
COD and individual acids).

Kinetic Model Equation of the Kinetic Model

Hydrolysis
First-order =C C exp kt( )t 0
First-order with

Residual
= +C C C C exp kt( ) ( )t r r0

Consumption of Soluble Substrate (Biodegradable COD)
First-order =C C exp kt( )t 0
First-order with

Residual
= +C C C C exp kt( ) ( )t r r0

Logistic = +

+ +( )Ct
C X

X C exp KL C X t
0 0

1 0 0 [ ( 0 0) ]

Monod with Growth

=
+ + + +

C expt

C X KS
X
X

C X µm x t Ks C

Ks

( 0 0 )ln
0

( 0 0) á ln( 0)

Production of Carboxylic Acids
First-order =CA CA exp k t[1 ( )]t f CA
Second-order

= +CAt
kCA CAf t

kCA CAf t
( )2

1 ( )

Fitzhugh =CA CA exp k t[1 ( ) ]t f CA n

Cone = +CAt
CAf
kCAt n1 ( )

BPK
= ( )CA CA exp m1 ( 1)t f

t
t

m

0

1/

=µm
CAf exp m m

e m t
( )(1 )

0
=kCA

exp m m
e m t
( )(1 )

0

Monomolecular =CA CA exp k t{1 [ ( )]}t f CA
Modified Gompertz

= +CA CA exp exp t( ) 1t f
µm e
CAf

Logistic =
+ +

CAt
CAf

exp
µm t

CAf
1

4 ( )
2

Legend: Ct: concentration of organic matter over time; C0: initial organic matter
concentration; k: velocity constant (kH: hydrolysis rate constant/kB: soluble
substrate degradation rate constant); Cr: residual organic matter concentration;
X0: initial biomass concentration; X: final biomass concentration; kL: Logistic
model constant; KS: saturation constant/Monod constant; μmax: maximum mi-
crobial growth rate; CAt: CA concentration over time; CAf: final concentration
of CA; kCA: first-order CA production rate constant, kCA”: second-order CA
production rate constant, t: digestion time, n: shape constant; m: constant of the
BPK model; e: Euler number; λ: lag phase time; μm: maximum CA productivity.
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where: n is the number of experimental data points (observations); Ymax
and Ymin are the observed maximum and minimum values for the
evaluated response variable, respectively; AIC is the Akaike Information
Criterion (dimensionless); N is the number of observations of experi-
mental data; SS is the square sum of the residuals and k is the number of
model parameters.

3. Results and discussions

3.1. Mass balance

The mass balance showed that most of the initial substrate COD that
was available to the microorganisms (691.97±0.00 mgCOD −CODA)
was converted to CA (83±1 %), while the remaining COD was either
directed to new cell formation (15±1 %) or remained available for
microbial conversion or other non-detected products (1±1 %)
(Table 4). Therefore, 99±1 % of the total applied COD was biologi-
cally transformed in CA and new cells, representing a mass of
684.5± 4.9 mgCOD (CODC), and demonstrating a high biodegrad-
ability of the DW, as reported by Silva et al. [27].
The yield of CA formation in relation to the available COD (Y1CA),

as well as the biomass formed in relation to the converted COD (YVSS),
were 0.83±0.01 mgCODCA mgCODA−1 and 0.15± 0.01 mgCODVSS
mgCODA−1, respectively, resulting in a converted COD yield (YC) of
0.99±0.01 mgCODC mgCODA−1 (Table 4). These coefficients are es-
sential to the design of biochemical reactors, to determine if the process
would be economically viable and to help the process optimization in
terms of efficiency and costs [28].
The biogas formed was mainly composed of CO2 followed by traces

of H2. The concentrations of CH4 and H2S were below the quantification
limit of the chromatographic method. Therefore, COD removal by
biogas production was considered null (CODBG = 0). Thus, it can be
inferred that the inhibition of methanogenic archaea with 0.05 % (v/v)
chloroform was efficient. Chloroform is a nonspecific inhibitor capable
of inhibiting the methyl-coenzyme M reductase in methanogenic ar-
chaea, and may also interfere with the metabolism of homoacetogenic
and sulfate-reducing bacteria (SRB) [29].
About 577.5±6.4 mg of COD was produced in terms of CA con-

sidering the available organic matter that was applied (CODA), from
which 305.3± 7.4 mgCOD was directed to HAc production,
176.9± 3.1 to HPr, 48.0± 1.4 to HBu, 26.8± 1.0 to i-HVa, 8.9±0.4
to HVa and 11.7± 0.2 to HCa. Therefore, 53±1 % of the converted
COD was directed to the formation of HAc; 31± 1 % to HPr; 8±1 % to
HBu; 5±1 % to i-HVa; 2±1 % to HVa and 2±1 % to HCa.
In this sense, 92 % of the converted COD was to the production of

HAc, HPr, and HBu. The result obtained is consistent with the literature,
as HAc, HPr and HBu are the main CA synthesized during acidogenic
fermentation of organic waste using microbial consortium, and the
distributions of the main soluble products reflect the predominant
metabolic pathways in the bioreactor [30,7].
About 2±1 % of the organic matter converted to CA was directed

to the production of HCa, which differs from the others because it is a

medium-chain carboxylic acid (MCCA) and has a higher added-value in
the industry. HCa can be biologically formed by an elongation process,
which takes place via the reverse β-oxidation pathway, in the presence
of an electron donor such as lactic acid (HLa), ethanol (EtOH) or H2
[31,32].
At the beginning of the experiment, 124.5 and 13.1 mgCOD of HLa

and EtOH were detected, respectively, which may have been directed to
HAc and other acids production or even to elongation processes. Other
short-chain acids such as HBu, i-HVa, and HVa can also be produced by
chain elongation, as this is a process of sequentially adding two carbons
to an even or odd chain CA [32]. After the beginning of the experiment,
no concentrations of HLa and EtOH were detected, indicating that these
compounds were consumed.
In literature, DW is commonly used in studies aimed at H2 pro-

duction, since lactose is a potential substrate [33]. On the other hand,
reports of CA production from DW are scarce. Some studies have used
cheese whey, a liquid by-product of the dairy industry – made up of
lactose, protein, and lipids – to evaluate CA production.
For instance, Silva et al. [27] studied the acidification potential (i.e.

the ratio between acid COD produced and the total applied COD) of a
variety of organic residues, including cheese whey. They used batch
reactors (working volume of 230 mL) with sewage sludge as inoculum,
F/M ratio of 4 gCOD gVSS−1, temperature of 37 °C and 2-bromoetha-
nesulfonic acid (BES) to inhibit methanogenesis. The results indicated
that cheese whey was a highly fermentable substrate, with an acid-
ification degree of 39.8± 1.3 %, and 51.6±3.8 % of the soluble COD
was CA on the last day of the experiment (30th day).
On the other hand, in the current investigation, about 98 %±0.81

of the soluble COD corresponded to CA on the seventh day of the ex-
periment, indicating that in Silva et al. [27] other metabolites, such as
alcohols, may have been produced over the experimental time, con-
tributing to the reduction of the CA formed in relation to the soluble
COD available. Therefore, depending on the type of substrate and
conditions applied, the COD available can be transformed into acids in
the first days of testing as reported elsewhere [34,35].

3.2. Productivity, selectivity, and yield of carboxylic acids

The maximum productivity rate (μm) of CA occurred on the second
day of the experiment for all acids (Table 5), and the highest values
achieved were for HAc (μm = 420.4±34.5 mg L−1 d−1) and HPr (μm
= 202.8±13.3 mg L−1 d−1). The average of μm was 999.65±597.35
mg L−1 d−1 and the total yield of CA (Y2CA) was 0.66 mgCA
mgCODA−1, which corresponds to 0.83 mgCODCA mgCODA−1 (Y1CA).
The maximum productivity of HAc and HBu occurred on the second

day (Table 5), suggesting that the addition of electron donors on this
time of fermentation could favor the chain elongation process for HCa
production in processes with similar kinetics, as HAc and HBu are the
main electron acceptors to the chain elongation for HCa [31,32]. Since
there was no addition of electron donors for HCa production, the results
of using DW as a substrate for acidogenic fermentation and chain
elongation studies are promising.

Table 4
Mass balance of fermentative assays using dairy wastewater as substrate.
aTime bCODT bCODP bCODS bCODCA bCODBIO bCODBG

0 700.7± 0.0 250.0± 0.0 450.7± 0.0 9.0± 0.0 441.7±0.0
2 660.6± 27.1 133.3± 38.3 527.3± 39.7 440.6± 35.2 86.6± 23.9
4 657.6± 5.2 96.6± 14.3 561.0± 18.8 525.8± 5.9 35.2± 16.2
7 654.4± 10.3 60.7± 11.3 593.7± 9.8 586.5± 6.4 7.2± 4.9 0.0±0.0

bCODA bCODCA bCODC bCODVSS cYC dY1CA eYVSS
691.7± 0.0 577.5± 6.4 684.5± 4.9 107.0± 9.8 0.99±0.01 0.83± 0.01 0.15± 0.01

Legend: a. Time in day (d); b. Mass in mgCOD; c. YC: Yield of converted COD (mgCODC mgCODA−1); d. Y1CA: COD yield converted to carboxylic acids (mgCODCAf
mgCODA−1); e. YVSS: yield of COD converted to biomass (mgCODVSS mgCODA−1).
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In addition, the highest productivity and selectivity found for HAc
are consistent with the studies of Chartrain and Zeikus [36], who re-
ported that acetate corresponded to about 70 % of the intermediate
metabolites produced from anaerobic lactose digestion. The substrate
composition used in CA synthesis can influence both the amount pro-
duced and the distribution of acids and is one of the factors determining
the choice of bioprocess operating parameters [37].
As the ranges are well-reported in the literature [38], it is known

that DW is composed mainly of lactose (250−930 mg L−1), but fats
(35−500 mg L−1) and proteins (210−560 mg L−1) are also part of its
composition, likely being used as carbon sources during the fermenta-
tion process. Carbohydrates such as lactose are converted to glucose by
enzymes, and most of the anaerobic bacteria use the Embden-Meyerhof-
Parnas (EMP) glycolytic pathway to metabolize lactose [38].
Lactose hydrolysis involves sequential reactions with intermediate

saccharides by β-galactosidase, which catalyzes lactose hydrolysis to
galactose and glucose. Pyruvate produced from the EMP pathway is the
main control point for fermentation, as it can be converted by acido-
genic bacteria into a wide variety of metabolites such as HAc, HPr, HBu,
alcohols (EtOH, propanol, and butanol), H2 and CO2. Subsequently,
HPr, HBu, alcohols, and CO2 are converted to HAc by proton reducing
acetogenic pathways or by the homoacetogenic pathway [7,38,39].
In literature, it is already well established that HAc, HPr, and HBu

are the acids mostly produced in carbohydrate fermentation [37]. Ki-
saalita et al. [40] studied the acidogenic fermentation of lactose in
continuous flow reactor (1.5 L) using anaerobic sewage sludge at me-
sophilic temperature, pH 6.5 and stirring at 400 rpm. The authors
concluded that HAc and HBu were the main products formed, and
EtOH, HPr and HCa were formed in lower concentrations.
Although the carbohydrate fraction was not quantified in the phy-

sicochemical characterization of DW (Table 1), it is possible to infer
from the CA profile generated that, carbohydrates, especially lactose,
were the carbon source mostly used by the acidogenic microorganisms.
In addition, lactose degradation provides the highest formation of HAc
and HBu, according to the studies by Kisaalita et al. [38]. However, HPr
was produced in larger proportions than HBu in DW fermentation, in-
dicating that differences in individual CA depend on the complexity and
heterogeneity of substrates (such as protein and lipid content) and the
different operational parameters applied, which may activate or in-
activate specific metabolic pathways [5,37].
Concentrations of oils and greases (94.6 mg L−1) and total nitrogen

(168.3 mg-N L−1) in the DW physicochemical characterization
(Table 1) indicate, respectively, the presence of lipids and proteins
(such as casein) in milk. Lipids and proteins are considered less bio-
degradable than carbohydrates. In slow lipid metabolization, long-
chain fatty acids (LCFA) are produced which can adhere to the bacterial
cell wall and cause metabolic inhibition. Proteins, by presenting ter-
tiary and quaternary three-dimensional structures, make proteases ac-
tion more difficult. For these reasons, lipid and protein hydrolyses are
usually considered the limiting step of acidogenic fermentation [37,41].
Because it is a wastewater from industrial processes that involve heat
exchange [38], protein hydrolysis was not a limiting factor of acido-
genic fermentation, since it is likely that proteins have gone through a
denaturation process, which compromises its three-dimensional struc-
ture.

In addition, satisfactory i-HVa, HVa, and HCa production are related
to protein fermentation, since the acidogenesis of non-proteinaceous
substrates showed low yields of these CAs [42,43]. The low con-
centrations of these acids, as well as the short lag time in relation to CA
production (section 3.4), indicate that in our case fats and proteins did
not function as the main carbon source for DW fermentation, which is
in agreement with other investigations [35,41].
Bengtsson et al. [44] studied the acidogenic fermentation of cheese

whey in batch reactors (1.0 L) with acidogenic anaerobic sludge, me-
sophilic temperature (37 °C), pH 6.0 and reaction time of 17–57 days
until CA stabilization production was achieved. The authors obtained
higher selectivity of HAc (43 %), HPr (15 %) and HBu (42 %) and yield
of 0.60 gCA gCODA−1. The acids i-HVa, HVa and HCa acids were
produced with low selectivity, and EtOH was not detected. The results
were similar to the current experiments performed with DW since the
yield obtained was 0.66 gCA gCODA−1.

3.3. Kinetic modeling of hydrolysis and soluble substrate consumption

There was a continuous hydrolysis process of the particulate COD,
as this fraction decreased in the system. Thus, soluble and biodegrad-
able COD represented by carbohydrates, proteins and lipids and other
soluble organic compounds, became available gradually.
Simultaneously, the portion of biodegradable COD (available for con-
version) decreased progressively and continuously, as shown in Fig. 1A,
indicating that the consumption of this COD fraction occurred faster
when compared to the COD fraction generated from the hydrolytic
process. These results can be confirmed from the analysis of the esti-
mated kinetic parameters from the mathematical COD conversion
modeling (Table 6).
Soluble substrate degradation rate constant (kB = 0.86± 0.31 d−1)

was higher than the hydrolysis rate constant (kH = 0.47±0.50 d−1),
according to First-order with residual model (Table 6). Since kB> kH,
the biodegradable COD consumption rate was higher than the de-
gradation rate of the particulate COD fraction (Figs. 1B and 1C). The
soluble substrate decay is high, between the first and the second day
(Fig. 1C), while the decay of particulate organic matter is slower con-
sidering the same period (Fig. 1B). The higher concentration of biode-
gradable COD available on the first day (1.77 gCOD L−1) compared to
particulate COD concentration (1.00 gCOD L−1) may have contributed
to this [45].
The First-order kinetic model with residual was the model that best

fit not only the hydrolysis curve of particulate organic matter (Fig. 1B),
with a high coefficient of determination (R2 = 0.995) and lower AIC
value (-29.062), but also the curve formed by the consumption of so-
luble substrate (Fig. 1C), with high R2 (0.999) and lower AIC values
(-25.950). This model, when considering the concentration of residual
soluble organic matter (Cr) in its equation, may provide a better fit than
the First-order model. Nevertheless, the First-order kinetic model
(without residual) was also quite suitable for the mathematical simu-
lation of both processes.
Logistic and Monod with growth models were also used to describe

the consumption of soluble substrate and presented the least satisfac-
tory adjustment performance (Table 6). The Logistic model is increas-
ingly applied in the study of fermentative processes [18], being able to

Table 5
Maximum productivity rate, selectivity and yield of carboxylic acids from the fermentative assays using dairy wastewater as substrate.

Parameter HAc HPr HBu i-HVa HVa HCa

aMaximum productivity rate 420.4± 34.5 202.8± 13.3 31.8± 6.6 15.0± 1.3 4.9±0.6 4.4±1.28
bSelectivity 63± 0.8 26±0.6 6± 0.2 3± 0.1 1± 0.0 1± 0.0
cYield 0.4±0.02 0.17± 0.01 0.04± 0.01 0.02± 0.01 0.01± 0.01 0.01± 0.01

Legend: a. Maximum productivity rate (μm) of each acid produced (mg L−1 d−1); b. Percentage of each acid formed in relation to the total acids produced (%); c. Each
acid yield in relation to the applied COD (mgCA mgCODA−1).
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Fig. 1. Organic matter concentration profiles (A), Kinetic modeling of hydrolysis of particulate COD (B) and Kinetic modeling of the biodegradable COD (C), during
the fermentative tests using dairy wastewater as substrate.

Table 6
Parameters estimated from hydrolysis kinetic modeling and soluble substrate consumption from fermentative assay using dairy wastewater as substrate.

Model Parameter Value Model Parameter Value

Hydrolysis
First-order kH (d−1) 0.24±0.14 First-order with

Residual
Cr (gCOD L−1) 0.25± 0.05

R2 0.962 kH (d−1) 0.47± 0.50
RMSE 0.055 R2 0.995
NRMSE 7.363 RMSE 0.021
AIC −21.215 NRMSE 2.761

AIC −29.062

Consumption of Soluble Substrate
First-order kB (d−1) 0.77±0.19 First-order with

residual
Cr (gCOD L−1) 0.05± 0.03

R2 0.997 kB (d−1) 0.86± 0.17
RMSE 0.037 R2 0.999
NRMSE 2.135 RMSE 0.024
AIC −24.359 NRMSE 1.363

AIC −25.950
Monod with growth KS (gCOD L−1) 5.86±2.18 Logistic kL (L gCOD−1 d−1) 0.66± 0.11

X (gSSV L−1) 4.70±0.00 kB (d−1) 0.14± 0.02
μmáx (d−1) 0.70±0.31 R2 0.996
kL (L gCOD−1 d−1) 0.12±0.02 RMSE 0.044
kB (d−1) 0.56±0.09 NRMSE 2.549
R2 0.997 AIC −22.940
RMSE 0.037
NRMSE 2.133
AIC −20.366

Legend: kH: hydrolysis rate constant; kB: soluble substrate degradation rate constant; Cr: residual COD concentration; KS: saturation constant/Monod constant; X: final
biomass concentration; μmax: maximum microbial growth rate; kL: Logistic model constant; R2: coefficient of determination; RMSE: roof mean square error; NRMSE:
normalized roof mean square error; AIC: Akaike Information Criteria.
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estimate a constant kL, defined as the ratio between the maximum
growth rate (μmax) and the Monod saturation constant (KS), therefore kL
= μmax/KS. The higher μmax, the higher the kL and the higher the affi-
nity of the microorganisms for the substrate. Through mathematical
relationships, kL (0.66± 0.11 L gCOD−1 d−1) was obtained from the
data estimated by the growing Monod model and, through it, kB
(0.14±0.02 d−1).
Mathematical modeling using the growing Monod kinetic model

presented the least satisfactory performance among the models tested
for soluble substrate consumption. The Monod constant KS obtained
was 5.86± 2.18 gCOD L−1.
It is noteworthy that the final biomass concentration value esti-

mated by the model (X = 4.70± 0.00 gVSS L−1) was the same as the
initial biomass concentration (X0) added in the assays, indicating that
there was no cell growth. Nevertheless, 15±1 % of the converted or-
ganic matter was directed to biomass production (Table 4, Section 3.1),
which allows inferring low cell growth, as expected for anaerobic sys-
tems.
Some factors may have influenced the fit, given this inconsistency,

as the Monod model is highly accurate for pure cultures and simple
substrates, but fails to satisfactorily describe substrate consumption for
heterogeneous cultures. In addition, its use is limited when cultivation
conditions change rapidly or when there are low substrate concentra-
tions [28,46].

3.4. Kinetic modeling of carboxylic acids production

Among the models tested to describe CA production in terms of
COD, the First-order model presented the best fit to CA production data,
with satisfactory R2 (0.997) and lower AIC values (-21.683) compared
to the other models, allowing to estimate the CA production rate con-
stant (kCA) of 0.60±0.06 d−1. It is noticed that the production of CA in
terms of COD from DW follows first-order kinetics [45], as evidenced by
the lower values of the error functions of the First-order model in re-
lation to that of Second-order model (Table 7).
The COD production curve in terms of COD (Fig. 2) resembles a

reverse L-shape, which characterizes a high COD productivity in the
first days of incubation and an absence or short lag period relative to
the production of acids [19]. At the end of the seven days of the ex-
periment, 2.42±0.03 gCOD L−1 of CA were formed, and 64 % of this
concentration was produced in the first 48 h. Probably, the kinetics of
acid production from DW resembles the kinetics of microbial growth,
conventionally described by the Monod model (1942), the enzymatic
kinetics of Michaelis-Menten (1902) and the kinetics of CH4 production
in anaerobic reactors, whose curves are hyperbolic functions and have
an exponential phase [19,47]. Therefore, the First-order, Fitzhugh, and
Cone models may be suitable for this purpose.
Three models (Monomolecular, Modified Gompertz and Logistic)

provided as output lag phases (λ) lower than one day, and one of them

Table 7
Parameters estimated from the kinetic modeling of COD production for carboxylic acids from fermentative assay using dairy wastewater as substrate.

Model Parameter Value Model Parameter Value

First-order kCA (d−1) 0.60± 0.06 Second-order kCA”(L gCOD−1 d−1) 0.65± 0.11
R2 0.997 R2 0.985
RMSE 0.052 RMSE 0.117
NRMSE 2.142 NRMSE 4.819
AIC −21.683 AIC −15.197

Fitzhugh kCA (d−1) 0.47± 0.09 Cone kCA (d−1) 0.81± 0.17
n 0.69± 0.33 n 1.91± 0.30
R2 0.998 R2 0.996
RMSE 0.041 RMSE 0.057
NRMSE 1.699 NRMSE 2.343
AIC −21.539 AIC −18.967

Monomolecular kCA (d−1) 0.60± 0.06 Modified Gompertz μm (gCOD L−1 d−1) 0.98± 0.11
λ (d) 0.00± 0.00 λ (d) 0.16± 0.02
R2 0.997 R2 0.987
RMSE 0.052 RMSE 0.109
NRMSE 2.142 NRMSE 4.491
AIC −19.683 AIC −13.762

Logistic μm (gCOD L−1 d−1) 1.29± 0.18 BPK m 0.47± 0.07
λ (d) 0.62± 0.05 t0 (d) 1.83± 0.28
R2 0.976 μm (gCOD L−1 d−1) 0.88± 0.04
RMSE 0.145 kCA (d−1) 0.36± 0.02
NRMSE 5.983 R2 0.997
AIC −11.466 RMSE 0.052

NRMSE 2.142
AIC −19.683

Legend: kCA: first-order CA production rate constant, kCA”: second-order CA production rate constant; n: form constant; λ: lag phase time; μm: maximum CA
productivity; m: constant of the BPK model; R2: coefficient of determination; RMSE: roof mean square error; NRMSE: normalized roof mean square error; AIC: Akaike
Information Criteria.

Fig. 2. Kinetic modeling of COD production in the form of carboxylic acids
(First-order model) from the fermentative assays using dairy wastewater as
substrate.
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(Monomolecular) estimated λ = 0.00 d. The form factor n of the
Fitzhugh (n = 0.69±0.33) and Cone (n = 1.91±0.30) model in-
dicates that there was a lag period related to CA production, although
short (Table 7). Nevertheless, it can be concluded that the lag phase in
relation to acid COD production from DW is quite short, which is de-
sirable in biotechnological processes since the start-up time treating
DW for product recovery would be small. Discrepancies between values
may be related to the parameters used in each mathematical equation.
Another important parameter that has been estimated by the three

models (Modified Gompertz, Logistic and BPK) is the maximum pro-
ductivity rate (μm). The highest production rate was estimated by the
BPK model (μm = 1.83±0.28 gCOD L−1 d−1), while the lowest was
found by the Modified Gompertz model (μm = 0.98±0.11 gCOD L−1

d−1). The Logistic model provided intermediate productivity between
the values estimated by the other two previous models (μm =
1.29±0.18 gCOD L−1 d−1).
The best models to simulate individual CA production from DW

were: First-order model for HAc, HBu, and HVa; Second-order model

for HPr; and Fitzhugh model for i-HVa and HCa (Table 8). There was a
satisfactory visual adjustment of all models to the CA progression curve
over time (Fig. 3), with an emphasis on the HAc curve (Fig. 3A), de-
scribed optimally by the First-order model (R2 = 0.999 and AIC =
-34.242), and for the i-HVa curve (Fig. 3D), which was perfectly de-
scribed by the Fitzhugh model (R2 = 0.999 and AIC = -59.304).
Considering the models that best fit the experimental data, the first

order product formation rate constant (kCA), which could be estimated
from both First-order and Fitzhugh models, was higher for i-HVa (kCA
= 0.748 d−1, Fitzhugh model) and smaller for HVa (kCA = 0.401 d−1,
First-order model). HAc, HBu, and HCa presented intermediate values,
with kCA equal to 0.611; 0.411 and 0.544 d−1, respectively. Although
CA production was characterized by first-order kinetics, the Second-
order model was better adjusted to HPr production, and the second-
order rate constant (kCA”) was 5.093 L g−1 d−1. Such value cannot be
directly compared with kCA of the other acids because it has a different
unit.
Maximum productivity rate (μm) could be estimated by three

Table 8
Parameters estimated from the kinetic modeling of the production of carboxylic acids from the fermentative assays using dairy wastewater as substrate.

Model Parameter HAc HPr HBu i-HVa HVa HCa

First-order kCA (d−1) 0.611 0.800 0.411 0.453 0.401 0.321
R2 0.999 0.988 0.990 0.990 0.993 0.969
RMSE 0.011 0.021 0.004 0.002 0.001 0.001
NRMSE 0.874 4.254 3.745 3.940 3.209 6.542
AIC −34.242 −28.985 −41.908 −47.070 −57.522 −50.255

Fitzhugh kCA (d−1) 0.587 0.292 0.409 0.748 0.478 0.544
n 0.936 0.244 0.993 2.397 1.307 2.316
R2 0.999 0.996 0.990 0.999 0.994 0.993
RMSE 0.010 0.012 0.004 0.000 0.001 0.001
NRMSE 0.850 2.391 3.744 0.665 2.807 3.020
AIC −32.464 −31.595 −39.908 −59.304 −56.592 −54.438

Monomolecular kCA (d−1) 0.611 0.800 0.411 0.457 0.405 0.328
λ (d) 0.000 0.000 0.000 0.024 0.024 0.079
R2 0.999 0.988 0.990 0.990 0.993 0.971
RMSE 0.011 0.021 0.004 0.002 0.001 0.001
NRMSE 0.874 4.254 3.745 3.899 3.207 6.397
AIC −32.242 −26.985 −39.908 −45.153 −55.526 −48.434

Logistic μm (g L−1 d−1) 0.764 0.419 0.027 0.019 0.005 0.005
λ (d) 0.838 0.955 0.023 0.535 0.154 0.508
R2 0.985 0.977 0.937 0.985 0.957 0.981
RMSE 0.059 0.029 0.010 0.003 0.001 0.001
NRMSE 4.768 5.979 9.232 4.719 7.742 5.193
AIC −18.665 −24.262 −32.688 −43.626 −48.476 −50.102

BPK m 0.457 0.404 0.529 0.508 0.532 0.578
t0 (d) 1.948 1.841 2.171 2.138 2.189 2.272
μm (g L−1 d−1) 0.438 0.215 0.028 0.015 0.005 0.005
kCA (d−1) 0.355 0.441 0.256 0.277 0.251 0.210
R2 0.999 0.988 0.990 0.990 0.993 0.969
RMSE 0.011 0.021 0.004 0.002 0.001 0.001
NRMSE 0.874 4.254 3.745 3.940 3.209 6.542
AIC −32.242 −26.985 −39.908 −45.070 −55.522 −48.255

Second-order kCA” (L g−1 d−1) 1.322 5.093 7.914 18.071 45.701 26.412
R2 0.982 0.994 0.957 0.939 0.948 0.893
RMSE 0.065 0.015 0.008 0.005 0.002 0.003
NRMSE 5.237 3.067 7.693 9.590 8.476 12.189
AIC −19.914 −31.602 −36.148 −39.953 −49.751 −45.276

Cone kCA (d−1) 0.743 1.604 0.570 0.532 0.528 0.411
n 2.218 1.306 1.840 2.787 2.078 2.455
R2 0.999 0.995 0.983 0.999 0.989 0.987
RMSE 0.018 0.014 0.005 0.001 0.001 0.001
NRMSE 1.465 2.841 4.783 1.375 3.877 4.253
AIC −28.106 −30.215 −37.949 −53.491 −54.008 −51.699

Modified Gompertz μm (g L−1 d−1) 0.526 0.271 0.028 0.018 0.005 0.005
λ (d) 0.274 0.276 0.016 0.373 0.115 0.115
R2 0.992 0.980 0.970 0.998 0.983 0.989
RMSE 0.042 .027 0.007 0.001 0.001 0.001
NRMSE 3.390 5.587 6.439 1.687 4.848 3.887
AIC −21.394 −24.805 −35.571 −51.854 −52.221 −52.420

Legend: kCA: first-order CA production rate constant, kCA”: second-order CA production rate constant; n: form constant; λ: lag phase time; μm: maximum CA
productivity; m: constant of the BPK model; R2: coefficient of determination; RMSE: roof mean square error; NRMSE: normalized roof mean square error; AIC: Akaike
Information Criteria.
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models (Modified Gompertz, Logistic and BPK). The values that most
closely approximated to the real maximum productivity calculated from
the concentration data obtained on the collection days (Table 5, Section
3.2) were, in mg L−1 d−1, 438 (BPK model); 215 (BPK model); 28
(Modified Gompertz model); 15 (BPK model); 5 (BPK model) and 5
(BPK model), for HAc, HPr, HBu, i-HVa, HVa and HCa, respectively,
and the BPK model estimated this parameter more satisfactorily. Lag
phase lower than one day to start the production of all acids indicated
that the microorganisms quickly used the substrate for CA production,
as discussed for the production curve of acid in terms of COD (Fig. 2).

4. Conclusions

The tests showed that DW is a readily fermentable substrate to
acidogenic microorganisms because it presents high rates of short-chain
CA formation in the first two days of the experiment. The low con-
centrations of medium-chain CA found indicate that fats and proteins
did not function as the main carbon source for DW fermentation.
However, HCa was produced without the external addition of electron
donors. The yield obtained was 0.66 mgCA mgCODA−1, which corre-
sponds to 0.83 mgCODCA mgCODA−1. Models that describe an ex-
ponential phase are the most suitable for the simulation of CA

Fig. 3. Kinetic modeling of the individual production of carboxylic acids from the fermentative assays using dairy wastewater as substrate. A. HAc. B. HPr. C. HBu. D.
i-HVa, E. HVa. F. HCa.
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production. Therefore, DW appears to be a high potential substrate for
producing added-value products such as short-chain and medium-chain
carboxylic acids.
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