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Effects of different nitrogen sources on methane production, free ammonium and
hydrogen sulfide in anaerobic digestion of cheese whey with cow manure

Efecto de las diferentes fuentes de nitrégeno en la produccion de metano, amonio libre y
acido sulfhidrico en la digestion anaerodbica del lactosuero con estiércol de vaca
S. Cisneros de la Cueva!, N. Balagurusamy2, S.B. Pérez—Vegal, I. Pérez—Reyesl, J.A. Vézquez—Castillol, F.J.
Zavala Diaz de la Sernal, I. Salmerén!*
Y Faculty of Chemical Sciences. Autonomous University of Chihuahua (UACH). Circuit 1, New University Campus.

Chihuahua, Chih. México. C.P. 31125.

2 Faculty of Biological Sciences. Autonomous University of Coahuila (UAdeC). Carretera Torreén - Matamoros

Km. 7.5, Torreon, Coahuila, México. C.P. 27000.

Received: August 4, 2021; Accepted: September 29, 2021

Abstract

In this present study, the effect of different nitrogen sources in the anaerobic digestion of cheese whey on methane production,
free ammonia, and hydrogen sulfide. The results showed that supplementation with urea at a concentration of 1000 mg L~! the
maximum methane production values of 513.95 + 2.12mL CHy g VS~! were obtained. On the other hand, supplementation with
ammonium nitrate at a concentration of 1000 mg L} gave a value of methane of 415.93 + 544 mL CHy g VS~ and exhibited
the lowest values hydrogen sulfide of 267.69 + 0.37 ppm and free ammonium of 49.18 + 9.66 mg Ll Supplementation with
ammonium sulfate at a concentration of 2000 mg L~!, methane values of 466.64 + 9.93 mL CHy g vS~! and hydrogen sulfide
of 2768.43 + 20.52 ppm were obtained. The findings from this research contributed to elucidate the role of supplementation with
urea, ammonium sulfate, and ammonium nitrate in the anaerobic digestion process, which could help to solve some problems
related to the reduction of methane production in cheese whey fed biodigesters.
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Resumen

En el presente estudio, se probo el efecto de diferentes fuentes de nitrégeno en la digestién anaerébica del lactosuero sobre
la produccién de metano, amonio libre y acido sulfhidrico. Los resultados mostraron que la suplementacion con urea a una
concentraciéon de 1000 mg L~! se obtuvieron los maximos valores de produccién de metano de 513.95 +2.12mL CHy g vs—L.
Por otro lado, la suplementacién con nitrato de amonio a una concentracién de 1000 mg L~! dio un valor de metano de 415.93 +
544mLCHy g vs! y exhibid los valores més bajos de 4cido sulthidrico de 267.69 + 0.37 ppm y amonio libre de 49.18 + 9,66
mg L. Conla suplementacién con sulfato de amonio a una concentracién de 2000 mg L~! se obtuvieron valores de metano de
466.64 +9.93 mL CHy g vs-l y de 4cido sulfhidrico de 2768.43 + 20.52 ppm. Los hallazgos de esta investigacién contribuyen
a dilucidar el rol que tiene la suplementacion con urea, sulfato de amonio y nitrato de amonio en el proceso digestion anaerobia,
lo que podria ayudar a resolver algunos problemas relacionados con la reduccién de produccién de metano en biodigestores
alimentados con lactosuero.
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1 Introduction

The growing development of modern societies is
closely linked to the use of energy. The high
consumption of fossil fuels to meet the demand
for energy and the growing scarcity of resources is
causing civil and international conflicts, and negative
effects on the environment such as global climate
change (Ahmad and Zhang, 2020). The process of
anaerobic digestion is a technology that has been given
much attention since this process allows the biological
conversion of organic wastes into biofuels such as
biogas which is a mixture of mainly methane and
carbon dioxide (Zhao et al., 2020; Monroy et al., 2020;
Hernandez et al., 2021).

many feedstocks used for biogas production have
been previously studied Guiot and Frigon, (2012),
and it has been reported that these resources are
largely untapped, constituting an abundant source of
bioenergy at the scale of a country (Guiot and Frigon,
2012). Cheese whey is considered a residue of the
dairy industry, which corresponds to around 85-90%
of the total volume of processed milk by-product.
Utilization or, disposal has become a concern due to
the need to comply with environmental regulations.
The presence of biodegradable components in the
cheese whey and the advantages of anaerobic digestion
processes offer the potential production of biogas
(methane), hydrogen, and other biofuels as ethanol
(Chatzipaschali and Stamatis, 2012).

In 2016, the production of cow’s milk in Mexico
reached 11.61 million tons, of which approximately
23% is used for the production of cheeses. A Mexican
cheese factory produces a large amount of cheese
whey since, for each kilogram of cheese produced,
between 8 and 9 L of whey are generated. This
translates into a production of more than 2.4 million
tons per year, of which only half is used and the other
part must be managed as waste, which must be handled
properly since mishandling of it can turn it into a
highly polluting waste (Mazorra and Moreno, 2019).
Therefore the anaerobic digestion of cheese whey
for biogas production provides an excellent approach
in its treatment (Mufioz et al., 2014). For some of
the wastes, a nitrogen source supplement may be
required since the anaerobic digestion process can be
inhibited by a lack or excess of nutrients (Demirel and

Scherer, 2008; El-Mashad and Zhang, 2010), but such
supplements have not been reported widely (Wagner
etal., 2012).

The production of biogas by anaerobic digestion
also entails the formation of various metabolic
products, such as free ammonia (FA) and hydrogen
sulfide (H,S), which have a negative effect on
the anaerobic digestion process. Controlling the FA
concentration in the anaerobic digestion process is
very important as it can lead to failures and consequent
economic loss (Bonk et al., 2018). The concentration
of free ammonia depends on total ammonia nitrogen
concentration, pH, and temperature (Krakat et al.,
2017).

It has been reported that the inhibitory effect
on anaerobic digestion varies from 55 to 150 mg
NH; L‘l(Strik et al., 2006). Other studies have
suggested that adapted inoculum are inhibited at
FA concentrations of 70-1100 mg L~!(Nielsen and
Angelidaki, 2008). Different studies have elucidated
the inhibitory effects of free ammonia on methanogen
metabolism (Sterling et al., 2001). Different solutions
have been suggested for ammonia inhibition, such
as the direct removal of ammonia from the reactor,
the prevention of high ammonia concentrations by
dilution, and adaptation of the microbial community
(Krakat er al., 2017). Hydrogen sulfide is formed
during the anaerobic digestion of sulfate-containing
feedstock by reduction of inorganic sulfate through
sulfate-reducing bacteria (Négele et al., 2017;
Dannesboe et al., 2019). Hydrogen sulfide in biogas
usually ranges from 50 up to 20000 ppm. It is corrosive
(damages engines, reactor tanks, and pipelines) and
produces sulfur oxides (SOx) due to combustion,
and therefore, its removal is a prerequisite for energy
production from biogas production systems (Dumont,
2015; Igarashi and Kuwabara, 2016).

The supplementation of inorganic nitrogen sources
in the medium of anaerobic digestion may be
an option to redirect the metabolism of anaerobic
digestion to increase methane production and inhibit
the formation of metabolic products that affect the
anaerobic digestion process and equipment (Tanimu
et al., 2014). The present study aims to evaluate the
effect of supplementation of urea, ammonium sulfate,
and ammonium nitrate at different concentrations to
avoid ammonia’s inhibitory effects, remove hydrogen
sulfide, and increase methane production in the
anaerobic digestion process fed with cheese whey.
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Table 1. Physicochemical composition of the substrate and inoculum

Parameters Substrate (Cheese Inoculum

whey) (cow manure)
Total carbohydrates (g L) 59.90+0.10 4.53+0.40
Total phosphorus (g L) 0.2440.02 0.36+0.16
Total nitrogen (g L) 0.71+£0.01 1.76+0.12
pH 6.52+0.09 7.1240.00
Total protein (g L) 4.43+0.50 14.77+0.57
Volatile solids (g L) 59.73+0.50 11.42+0.19
Total solids (g L) 81.96+0.57 21.95+0.83

2 Materials and methods

2.1 Substrate and inoculum

The inoculum of this study was obtained from
a biodigester located at Gémez Palacio, Durango,
Mexico. The liquid manure was passed through a 3-
mm mesh to remove solid materials. Cheese whey
powder, the substrate for the study, was obtained from
a dairy factory located at Torreon, Coahuila, Mexico.
The physicochemical composition of the substrate and
inoculum is given in Table 1 (Marchioro et al., 2018).

2.2 Batch anaerobic digestion

The experiments were carried out in 350-mL glass
serum bottles with a working volume of 150 mL. The
modified mineral medium used in each experiment
was prepared according to the following composition
(mg L™1): 703, NaH,PO4-H,0; 600, KoHPO,; 111,
MgS04-7H,0; 6, CaCl, and 8000, CaCOs3 (Cisneros
etal., 2021).

Different concentrations of ammonium sulfate
[(NH4)2SO4], urea [CO(NHj3);], and ammonium
nitrate (NH4NO3) were added, viz., 1000-5000 mg
L~! at an interval of 1000 mg L~!'. The amount of
inoculum (I) and substrate (S) added for all tests was
according to the I/S ratio of 1:2 based on the volatile
solid content (Ma et al., 2019). A control treatment
(cheese whey, inoculum, and mineral medium) was
maintained to evaluate the effect of the added nitrogen
sources. All the experiments were adjusted to a pH of
7, and to maintain anaerobic conditions, the bottles
were sealed and purged with N»/CO; (80/25% v/v).
The temperature was maintained at 35 °C for 60
days. A factorial block design 1° was used and the
treatments were maintained in duplicate.

2.3 Measurement of methane production

The biogas production was measured using a
diaphragm manometer Dewit®. The measured
pressure value is used to calculate the volume of
biogas produced using equation (1) (Elasri and El
Amin Afilal, 2016; Estevez et al., 2012):

APXV XTy

VBiogas = TTixP ey

where AP = pressure difference between initial and
final readings (kPa), V = volume of gas headspace of
the reactor (mL), 71 = temperature in the reactor, T =
standard condition of temperature (273.15 K), and P
= atmospheric pressure at standard conditions (101.32
kPa).

The methane concentration was determined using
the MQ-4 sensor Arduino® that was connected to
a computer using a data acquisition card (Cadena et
al., 2010). The methane production was normalized
by being expressed in terms of specific methane
production as mL CHy g VS™!' (Angelidaki et al.,
2009).

2.4 Chemical and analytical analyses

Free ammonia (4500-NH3-B) and pH (4500-H*-B)
were determined following the methods described in
standard methods of water and wastewater (APHA,
2012).

Hydrogen sulfide was determined using a gas
hydrogen sulfide Wintact® sensor, model WT8802,
and the concentrations were expressed in ppm.

FOS/TAC is the ratio between volatile fatty acids
concentration (FOS, expressed as mg/L of equivalents
of CH3;COOH) and total alkalinity (TAC, expressed as
mg/L of CaCOQO3), and it was determined in the reactor
according to Sun et al. (2017).
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2.5 Estimation of kinetic parameters

Kinetic modeling of methane production, hydrogen
sulfide production, and the relation of FOS/TAC
was done by using the modified Gompertz equation
(Equation (2)) (Wang and Wan, 2009; Herndndez et

al., 2021):
} 2

where H,x is the maximum cumulative value, Ryax 1S
a maximum rate, e is mathematical constant equivalent
to 2.718282, A is lag time, and 7 is cultivation time.

R
H= Hmaxexp{—exp[Hm—a"eu—t)+ |

max

Excel version 2018 was used to analyze the data.
To solve the equations this software utilizes the
solver tool, which used the nonlinear-least-squares
model estimation by the Levenberg-Marquardt method
(Marquardt, 1963).

2.6 Statistical analysis

Statistical significance was assessed by analysis of
variance (ANOVA) using Minitab software (Version
16, Minitab, Inc., State College, PA, USA).

3 Results and discussion

3.1 Methane
modeling

production and  kinetic

The average cumulative methane production for
treatments supplemented with urea, ammonium
sulfate, and ammonium nitrate at different
concentrations are presented in Fig. 1.

These profiles of curves resulted in a reverse L-
shape cumulative curve characterized by high daily
methane production in the initial phase of anaerobic
digestion (approximately the first 15 days), followed
by a decrease in daily methane production, until
the end of the process at 60 days. At the end
of the experimental period, the cumulative methane
production from all treatments achieved average
ranged from 7.1 up to 513 mL CHy g VS~
This cumulative behavior curve is characteristic
during the wusage of organic waste that is
composed of simple organic matter that is easily
hydrolyzed into soluble compounds, enhancing the
rate of the anaerobic digestion with subsequent
methane production during the initial stages,

Table 2. Parameters obtained from the Gompertz model of the cumulative production of methane, hydrogen sulfide and FOS/TAC ratio for different sources of
nitrogen. The values mean of parameters that do not share a letter are significantly different according to the one-way ANOVA. The first letter of the alphabet
indicates higher mean values. Asterisks indicate the nitrogen source: * Urea, ** Ammonium Sulfate and *** Ammonium nitrate that were compared with the

control
Methane production Hydrogen Sulfide FOS/TAC ratio
Source Concent H,Cn'k Rfﬂ‘h Acu, R? {12504 R:"nfx‘“ Auys0, R? Rf::,{“c Akos/TAC R?
Nitrogen ration (mL CH4 g VS™) (mL gVS™ day (day) (ppm day™) (day) (mg L' CaCO3/mgL" (day)
(mgL) 1 CH3COOH) day™
Control 0 430.89+11.89%"  87.56+1.89  1.86+1. 0.99  1617.14£9.21°%  253.35+4.37%  1.79+743E"  0.99 0.07+8.44E 4.18+0.11°%  0.95
Arrpver B, BCH* A% - Jrrx A e A 03A% AR DR 04C*,CHr D*ss ok n
1000 513.95£2.124  109.96£0.0  1.63£5.0  0.98  1529.20+7.47°"  212.2445.58¢  1.90+2.29E°  0.97 0.02:1.08E "F* 15.07£1.42E  0.98
5 QE02B* * 024% 02A%
2000 490.67+1.05%" 102.66£0.0  1.824#2.7  0.98  1572.94£51.09°  219.19+4.90¢  1.84+£2.13E"  0.98 0.0449.38EP* 12.01+7.82E"  0.98
3A“ XEVOPAB“ * * 02A% 02B*
Urea 3000 346.49+12.54¢  74.06+3.91  2.03:1.6 099  1735.10+15.17¢  242.78+3.02%  1.5245.52E°  0.97 0.05+1.86E " 5.76+0.42¢" 0.99
c* 3EVUZAB" * B* 02B*
4000 160.58+4.74%  33.39£0.51 211424 0.99  1996.67+9.93%"  252.43+2.80*  1.534#2.98E" 0.9 0.07£3.61E#* 3.35+4.23E°  0.96
D* QE-(HA' * 02B* 02E*
5000 89.57+0.25%" 21.33£1.05  2.18+4.7 098  2092.96+14.68*  257.25£1.35%  1.50£6.24E"  0.99 0.11£1.21E% 1.13+0.12" 0.97
E* 6EVUZA" * * 02B*
1000 44537171 92214041  1.8443.1 098  2475.97+£31.20%  343.82+4.64%  1.56£2.69E°  0.97 0.06+2.27E 0™ 5.90+0.388"  0.97
B 7020 - - fisy
2000 461.76£10.11%"  100.16£2.1  1.7745.6 097  2768.43+20.52°  391.81+1.00°  1.45+5.51E°  0.98 0.06£1.26E P 5831334 091
" oA QE02D* e o 02BC*
Ammonium 3000 325.63£16.50%"  80.54+1.78  1.99+4.1 0.95  3231.88+24.82¢ 495584243  1.34+4.59E°  0.97 0.07£7.04E ¢ 4.53£6.62E°  0.98
Sulfate (o SE-02BC™ E - 02CD** 02B**
4000 112.93+12.35%"  29.6444.24  2.1243.1 095  3824.89+6.24%"  554.64+2.16® 12142.78E°  0.96 0.13:4.08E 8 1.12£1.03E  0.96
* D 7E-02An"' b 02D** 02C**
5000 75.06£6.65"  21.44+1.88  2.1943.1  0.97  4044.90+41.87*  576.16+2.94*  0.9443.17E°  0.95 0.35+3.24E 34" 0.69+£1.32E°  0.97
s e - - i 02D%
1000 415.93£5.448  60.80£1.33  2.05£2.2 098  267.69£0.37°"  49.33+2.01°"  2.65+2.40E  0.94 0.04+5 49E 5™ 13.64£1.91E°  0.98
e Py p oo f
2000 71.08£1.49%  12.70+0.28  2.53+9.4  0.99  280.39£3.16°""  52.0240.40°"  2.64+540E°  0.97 0.16+5.39E ¢ 1.11£1.58E  0.99
(o R34 * 0248 02CHee
Ammonium 3000 11.20£0.44  6.36+0.18""  2.6242.8  0.93  324.52£1.73¢"  76.62+0.04" 237+1.98E"  0.98 0.17+8.59E4BC 0.96+£2.34E°  0.97
nitrate e 3020 * 02B** 020+
4000 7.88+0.24C"  435£0.18""  2.73+3.1 090  34225+3.49C""  84.84+0.11%"  2.19+6.33E" 093 0.17+1.96ETAP" 0.96+2.33E" 091
- OF02B*** - 02CH# 020w
5000 7012015 4.24+£0.04>"  2.8242.1  0.89  445.68+4.16%"  87.65+£0.63%"  2.09+4.40E°  0.94 0.18£5.59E A" 0.93£730E° 091
- | E02Ar * 020k 03CH*
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Fig. 1. Kinetic behavior of methane production of the different experimental treatments with A) Urea, B) Ammonium
sulfate and C) Ammonium nitrate. Error bars represent standard error of the mean.

and after the majority of the organic material is
consumed, methane production declines (Yao et al.,
2018).

The methane production for different sources
of nitrogen was modeled based on the modified
Gompertz equation; kinetic parameter values are
presented in Table 2. The high correlation coefficient
(R%) values that were at least 0.98 indicated a
very strong linear relationship between experimental
values and modeling data, which suggests that the
modified Gompertz model fit the experimental data
well. ANOVA complemented with the Tukey test was

applied, to identify the statistical differences between
nitrogen sources.

The experimental results of methane production
presented in Fig. 1A showed that treatment
supplemented with urea at a concentration of 1000
mg L' recorded 19.5% higher methane production
than the control. The maximum production obtained
was 513.0 + 328 mL CHy g VvS~! and 91.0% of
this was produced within the first seven days of
the digestion period. Likewise, the treatment at a
concentration of 2000 mg L~! exhibited the second-
best effect on anaerobic digestion and recorded a
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methane production level of 489.3 + 1.16 mL CHy g
VS~!, which was 14.0% more than the control. About
87.2% of this methane production was reached in the
first seven days. This could be attributed to the addition
of urea which allowed achieving high values for the
FOS/TAC ratio (Table 2), enhancing the production of
methane. The treatments supplemented with urea at
a concentration of 3000 mg L', recorded a methane
production of 345.5 + 12.16 mL CH4 g VS~!, which
was 19.4% less than the control. Concentrations of
4000 and 5000 mg L1, recorded values of 159.32 mL
CH4 g VS™! and 90.22 mL CHy4 g VS™!, respectively,
which were 62.8% and 78.9% less than the control
(Fig. 1A).

According to the results obtained relative to FA
(Fig. 2) for the treatments at urea concentrations of
3000-5000 mg L1, a correlation between FA and
decrease in methane production can be observed,
since FA inhibits the activity of methanogens. The
free ammonia produced in these concentrations could
because of the direct hydrolyzed product of urea
according to the following reaction (Equation (3))
(Tian et al., 2018):

CO(NHs), +2H> — 2NH3 + HyCO3  (3)

Earlier, Jiang et al. (2012) also reported that an excess
in urea concentration in anaerobic digestion led to
inhibition of methanogens.

The kinetics values of the Gompertz equation for
treatments supplemented with urea are presented in
Table 2. The largest difference between experimental
values and modeled methane production showed
variability between 0.1% and 0.8%, indicating that
the Gompertz equation adequately describes methane
production.

The treatments at a urea concentration of 1000
mg L~! showed a Acp, value significantly lower
than the control, indicating that the availability and
biodegradability of the substrate favored hydrolysis,
and reduced methane production. However, treatments
supplemented with urea at concentrations beyond
1000 mg L~!, but less than 3000 mg L~ showed
a positive effect on the rate of methane production,
since Hﬁg{‘ and Rgf,? values were significantly higher
than the control. However, for treatments with urea
at concentrations of 4000 and 5000 mg L~!, Hﬁﬁfg‘
and Rﬁﬁ{f values were significantly lower than the
control (Table 2). In these concentrations, Acp, value
was significantly higher, which suggests that the
microorganisms must have a longer adaptation period
to overcome the stress caused by urea concentration.
The results obtained can be due to the addition of

urea after adjusting initial pH to 7 and 8 was a
significantly stronger inhibitor with longer lag phases
to methanogenesis than other nitrogen sources (Tian et
al., 2018).

Results for the methane production using
ammonium sulfate at different concentrations is shown
in Fig. 1B. The highest methane production values
were obtained at a concentration of 2000 mg L7,
which was 466.64 + 9.93 mL CH4 g VS™! and 8.78%
higher than the control. At this concentration, 82.5%
of the methane produced was within the first seven
days of the digestion period. Supplementation at
1000 mg L~! resulted in 448.41 + 1.64 mL CH4 g
VS~!, and this was 4.51% higher than the control.
In the present study, the presence of photosynthetic
bacteria (data not reported in this study) was detected
in reactors supplemented with ammonium sulfate,
which could have used the hydrogen sulfide produced
as electron donor (Fig. 4B) and could have induced
the displacement of NH} and helped to overcome
ammonia (Fricke et al., 2007; Kitazaki, 2014).

At 3000 mg L7!, 320.7 + 16.78 mL CHy g
VS~! was recorded, which was 23.14% less than
the control. A clear inhibitory effect on anaerobic
digestion was observed at 4000 mg L~! and 5000
mg L™, as the lowest methane production of 114.80
+ 1273 mL CHy g VS™! and 75.64 + 6.80 mL
CHj, g VS™! respectively was recorded. The inhibitory
effect at higher concentrations could be the result
of the breakdown of the potential membrane of
microorganisms due to osmotic or ionic stress, as
reported by Miiller et al. (2006).

Previous studies have shown that methanogens are
the most sensitive to high values of FA (Deublein
and Steinhauser, 2008). Koster and Lettinga, (1988)
reported that methanogens lost 56.5% of their activity
at ammonia concentrations in the range of 4051-5734
mg L~!, while the acidogenic population was hardly
affected.

Results of kinetic parameters for treatments
supplemented with sulfate ammonia are presented
in Table 2. The values of Hrcnfx“ and Rﬁf{‘
were significantly higher for 2000 mg L~', when
compared to the control, while Acy,) value was
significantly lower (Table 2). For the treatment

supplemented at 1000 mg L~!, the values of HGot

and Rﬁl‘;{f were slightly higher and the Acy, value
was slightly lower than the control. The results
showed that supplementation with ammonia sulfate
at concentrations 1000 and 2000 mg L~! increased
the rate of methane production and decreased the

lag phase. This can be attributed to the fact that at
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lower sulfate concentrations, sulfate-reducing bacteria
(SRB) used propionate as substrate and reduced its
toxicity, and the syntrophic activity with propionate
oxidizing activity could have increased the methane
production rate and decreased the lag phase (Reis et
al., 1991; Zan and Hao, 2020). Li et al. (2015) also
reported that the addition of sulfate (up to 200 mg
L~!) in the anaerobic digestion system could acclimate
the sulfate-reducing bacteria to propionate utilization,
causing those bacteria to oxidize propionate to acetate
(Equation (4)), and having a positive effect on methane
production.

C2HsCOO™ +0.755 03~ — CH3COO™ + HCO;
+0.75HS ™ +0.25H* )

In the treatments supplemented with ammonium
sulfate at concentrations of 3000 up to 5000 mg L',
the Hglgf and Rgg;‘ values were significantly lower,
while Acpy, values were significantly higher compared
to the control (Table 2). These results indicated
that at these concentrations, the methane production
rate was affected. We attribute this behavior to the
sulfate-reducing bacteria being able to successfully
outcompete the methanogens for electrons, which
affected the methane production (Schonheit et al.,
1982; Bhattacharya et al., 1996).

The methane production values from the
treatments supplemented with ammonium nitrate
at different concentrations are shown in Fig. 1C.
The methane production at concentration of 1000
mg L' was 417.01 + 5.081 mL CHy gVS7!,
which was 2.80% lower compared to the control. At
concentrations of 2000, 3000, 4000, and 5000 mg
L™, methane production was significantly affected
and was 83.4%, 97.4%, 98.16%, and 98.34% less
than the control, respectively. This behavior can be
due to the higher presence of nitrate rerouting the
anaerobic digestion process towards denitrification
(Ghyselbrecht et al., 2019a) and negatively affecting
methane production. Similar behavior in the reduction
of methane production concerning the increase in
nitrate concentration was reported by Sheng et al.
(2013). They reported that with the addition of
sodium nitrate at a concentration of 0.5 g Ll a
maximum methane production yield of 314.7 mL CHy4
g VS~! was obtained, but the methane production
yield was reduced by 50.1% when the added NO3-N
concentration exceeded 1.5 g L™1.

The results of kinetic parameters Hﬁ{;’;‘ and Rﬁ{a’;‘
at a concentration of 1000 mg L~! were significantly
lower compared to the control, while Acy, was

significantly higher compared with control. For
concentrations from 2000 to 5000 mg L1, anf,f and
Rﬁ’;; values were significantly lower, whereas Acy,
values were significantly higher than the control (Table
2). The presence of nitrate inhibits methanogenesis
directly by changing the potential redox and as well
as due to the formation of metabolic intermediates
formed during denitrification, viz., nitrite, NO and
N>O (Roy and Conrad, 1999).

To determine the significant effects of
supplemented treatments with urea, ammonium
sulfate and ammonium nitrate on methane production,
the Tukey test of a one-way ANOVA for media
comparison of experimental methane production
values was established as a statistical tool to help
determine the best treatment (Table 2). For the
treatment with urea at a concentration of 2000 mg
L~!, a methane production value of 513.0 + 3.28 mL
CHy g VS™! was obtained, which was significantly
higher compared to the control and other treatments.
The maximum methane production results of this
study were compared with other studies, which
used cheese whey as a substrate (Table 3), and the
methane production reported in this study is higher
than the values reported in previous studies. Our
results revealed that supplementation with urea at a
concentration of 2000 mg L~! improves the anaerobic
digestion of cheese whey and increased methane
production.

3.2 Free ammonia concentration

The result of FA concentration for different treatments
is presented in Fig. 2. The significant difference
between treatments is indicated with distinct letters
based on ANOVA. Free ammonia concentrations
for different treatments supplemented with urea are
presented in Fig. 2A. The treatments supplemented
with urea at concentrations between 3000, 4000, and
5000 mg L~! at 60 days anaerobic digestion recorded
free ammonium concentrations of 19523 + 1.12,
225.11 + 4.28, and 239.40 + 0.60, respectively, and
were significantly higher than the control (150.26 +
5.13). As mentioned earlier, the addition of higher
concentrations of urea promoted the production of free
ammonia and affected methane production (Lv et al.,
2018). On the other hand, treatments supplemented
with urea at concentrations of 1000 and 2000 mg L™!
recorded free ammonium concentrations of 158.92 +
0.88 and 159.29 + 1.10 mg L~!, which were not
significantly different when compared to the control.
These results indicate that the supplementation of
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urea in concentrations of 1000 and 2000 mg L~!
does not promote free ammonia production, but
rather improves the nutritive value of the anaerobic
digestion process, which induced a greater production
of methane (Fig. 1A). Free ammonia concentration
values at different concentrations of ammonia sulfate
are shown in Fig. 2B. Free ammonia concentrations
values for treatments supplemented with ammonia
sulfate at concentrations of 1000 and 2000 mg L~!
at 60 days of anaerobic digestion were 157.88 + 0.17
and 159.67 + 1.33 mg L' respectively, which were
not significantly different from the control. However,
free ammonia concentrations were significantly higher
than the control, with values of 218.84 + 0.72, 256.70
+ 2.66, and 263.99 + 1.22 mg L~! at ammonia sulfate
at concentrations between 3000 and 5000 mg L.
From the results obtained at concentrations of 1000
and 2000 mg L1, the free ammonium concentration
did not increase, and hence did not show a negative
effect on methane production (Fig. 1B). Previous
studies have also shown that the increase in the
addition of ammonia and sodium sulfate corresponded

to an increase in free ammonium concentration,
which caused a decrease in biogas production (Siles
et al., 2010). Further, free ammonia could diffuse
passively into the cell, causing proton imbalance and
consequent changes in the intracellular pH, potassium
deficiency, an increase in the maintenance energy
requirement, and inhibit enzyme activity (Sprott
and Patel, 1986). The treatments supplemented with
ammonia nitrate at a concentration of 1000 mg L~!
at 60 days of anaerobic digestion recorded a free
ammonia concentration of 49.18 + 9.66 mg L,
which was significantly lower than the control (Fig.
2C). The results indicated that this concentration
of ammonium nitrate did not show an inhibitory
effect on the production of methane (Fig. 1C).
Low concentrations of free ammonia may be due
to the possibility that nitrate addition denitrification
occurs for reduced to nitrite, which will stimulate
the development of anammox bacteria that, under
anaerobic conditions, converted ammonia and nitrite
to nitrogen gas (Gonzalez et al., 2019).

Table 3. Methane production values reported in anaerobic digestion studies that used

cheese whey as substrate

Reactor Inoculum Temperature
UASB** SST 35°C
UASB**  SAWW 21.6°C
AD*** SST 35°C
AD#*** CD 35°C
AD* PM 37°C
SBR* SWwW 32°C
ASBR* SST 35°C
AD* PD 36.5°C
AD* BS 35°C
AD* CS 37°C
CSTR*** BS 37°C
AD* CD 35°C
AD* CD 35°C

Methane Reference
production
424 Ergiider et al. (2001)
mL CHy /g COD
238-308 Cardenas ef al. (2020)
mLCH, /g COD
211 Comino et al. (2009)
mL CHs/ g VS
340 Comino et al. (2012)
mL CHs/ g VS
223 Carlini et al. (2015)
mL CHs/ g VS
270 Antonelli ef al. (2016)
mL CHa/g VS
314 Fernandez et al (2016)
mL CHs / g COD
321 Kim et al. (2017)
mL CHs/ g VS
22-36 Mainardis et al. (2017)
mL CH, / g COD
600 Escalante et al. (2017)
mL CHa/ g VS
381 mL CH4/g VS Ramos et al. (2019)
469mL CH4/g VS Cisneros et al. (2021)

513 mL CHs/ g VS

This Study

AD: Anaerobic digester; ASBR: Anaerobic sequencing batch reactors; BS: Biodigester sludge; CD: Cow
dung; COD: Chemical oxygen demand; CS: Cattle slurry; CSTR: Continuous stirred-tank reactor; PD:
Pig Droppings; PM: Poultry manure; SAWW: Sludge anaerobic of wastewater; SBR: Sequential batch

reactors; SST: Sewage sludge treatment; SWW: Swine wastewater; UASB: Up=flow anaerobic sludge

blanket; VS: Volatile solid; *One treatment phase; **Two treatment phases; *** Three treatment phases;
****Four treatment phases.
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A) Urea

control 1000 2000 3000 4000 5000
Concentration mg L)

B) Ammonium Sulfate

control 1000 4000 5000

C) Ammonium nitrate

control 1000

et o 1 o o
0.5 days W5.9days I 9.20 days B 20.35 days B 35.60 days

Fig. 2. Free ammonia (FA) in treatments with
different concentrations of nitrogen source. The values
in graphs show the FA concentration in mg L~!
according to the period of each treatment. The values
mean of FA that do not share a letter are significantly
different according to the one-way ANOVA. The first
letter of the alphabet indicates higher mean values.
Negative values indicate loss of FA concentration.
Error bars represent standard error of the mean.

Therefore in such processes, the coordination
of anammox and denitrifying bacteria for nitrogen
removal the following reactions occurs (Equations (5)
and (6)) (Waki et al., 2013; Li and Peng, 2020)

2NOj3 +2H* +2¢” — NO; + H,0
(Denitrification: nitrate reduction to nitrite) 5)
NH; +NO; — N +2H,0

(Anammox) (6)

In the case of treatments supplemented with
ammonium nitrate at concentrations from 2000 to
5000 mg L~!, free ammonia concentrations of 71.64+
7.63, 82.77+9.14,96.25+0.49 and 113.37+0.15
mg L, respectively, were recorded, which were
significantly higher compared with treatment
supplemented at a concentration of 1000 mg L=!, but

significantly lower than the control. Therefore in the
supplemented with ammonium nitrate we attribute that
the concentration of free ammonia was not the cause
of the inhibitory effect of methane production (Fig.
1C). Percheron ef al. (1999) reported that methane
production stopped as soon as denitrification started.
Concurrently, increases in the redox potential and
transient nitrite production were observed.

3.3 FOS/TAC ratio

The FOS/TAC ratio is one of the most significant
operative parameters in AD processes, since it allows
us to know the digester’s stability. The optimum
FOS/TAC ratio for anaerobic digestion is between
0.3-0.4, in which the biogas production is maximized
(Logan et al., 2019; Fiore et al., 2016).

The kinetic behaviors of FOS/TAC ratios for
different sources of nitrogen are shown in figure 3. To
better interpret and characterize the data obtained, the
Gompertz model was used to determine the parameters
of RQZ,S(/ TAC and ArosiTAc (Table 2). The parameter
of Arpes/Tac indicated the time that the treatment
remained in the optimal region of the FOS/TAC ratio
for methane production. Meanwhile the RL%5/TAC
parameter indicated the maximum rate at which the
anaerobic digestion process takes place as a function
of the FOS/TAC ratio.

An ANOVA was performed on the data of the
parameters obtained in the different treatments. Fig.
3A presents the graphs that show the kinetic behavior
of the FOS/TAC ratio for the different treatments
supplemented with urea. The graphs showed that the
control and the treatments supplemented with urea
at concentrations of 1000 up to 3000 mg L~! show
a decreasing trend in the FOS/TAC ratio values,
obtained for 60 days values in a range between
0.3 and 0.2. On the other hand, for the treatments
supplemented with 4000 and 5000 mg L~!, the
values obtained from the FOS/TAC ratio showed an
increasing trend about the control, having values in a
range between 0.8 and 1.2 for 60 days. These results
indicated that at concentrations of 4000 and 5000
mg L~! there is an accumulation of volatile fatty
acids (VFA) which is attributable to an inhibition of
methanogenesis. We attribute that the accumulation
of VFA may be because, at concentrations 4000 and
5000 mg L~!, a higher concentration of free ammonia
was generated (Fig. 2A), which is potentially toxic
to methanogenic microorganisms, which could have
led to an inhibition of VFA consumption. Lv et al.
(2018) reported that the accumulation of VFA could
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affect methane production (Fig. 1A) since, in VFA,
there are undissociated acids that have an inhibitory
effect on the anaerobic digestion process. According
to the ANOVA for the treatments supplemented
with urea at concentrations of 1000 up to 3000 mg
L7, the A, s/TAc were significantly higher than the
control, while the treatments supplemented with the
concentrations of 4000 and 5000 mg L~! obtained
significantly lower values. The RE9S/TAC values for
the concentrations of 1000 up to 3000 mg L™ were
significantly lower compared to the control, while the
treatments supplemented with the concentrations of
4000 and 5000 mg L' obtained significantly higher

Fos/Tac

values (Table 2).

This indicated that supplementation with urea
at concentrations of 1000, 2000, and 3000 mg
L~' maintained the optimal FOS/TAC ratio for a
longer time, which induced greater stability in the
anaerobic digestion process. This could explain the
highest values in methane production (Fig. 1A). This
behavior could be due to the enzymatic hydrolysis of
urea (CO(NH>);) that produces CO2 and ammonia,
resulting in the addition of 2 eq. of H* per mole of
urea, thus increasing buffering capacity of the system
and potentially improving the degradation of VFA to
convert to methane (Boncz et al., 2012).

B) Ammonium Sulfate
1.4
13
1.2
11

1
0.9
0.8
0.7

Fos/Tac

Time (days)

0 5 10 15 20 25

C) Ammonium nitrate
14

30 35 40 45 50 55 60

Time (days)

13
1.2
1.1
1
o 09
< 0.8
=
£l
=05
0.4
0.3 5
0.2
0.1
0
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (days)

—e— Control --e- 1000 ——2000

w3000 —m—4000 - -o-- 5000

Figure 3. FOS/TAC trends measured during the lab scale tests performed of different treatments supplemented with
different concentrations of A) Urea, B) Ammonium sulfate and C) Ammonium nitrate. Error bars represent standard

error of the mean.

10 WWW.rmiq.org



Cisneros de la Cueva et al./ Revista Mexicana de Ingenieria Quimica Vol. 20, No. 3(2021) Bi02566

Fig. 3B shows the kinetic behavior of the
FOS/TAC ratio values for the treatments supplemented
with ammonium sulfate at concentrations of 3000,
4000, and 5000 mg L~!, showing a trend of increase
compared to the control, reaching values of 0.78
+ 1.31 E®, 1.18 + 3.77 E™® and 123 = 1.05
E~03 respectively for 60 days of anaerobic digestion.
Meanwhile for the concentrations of 1000 and 2000
mg L~!, the kinetic behaviors showed a trend of
decrease in the FOS/TAC ratio values, obtaining
values for 60 days of anaerobic digestion of 0.24 +
5.22 E"% and 0.20 + 3.16 E~3, respectively.

According to the ANOVA, the treatments
supplemented  with  ammonium  sulfate  at
concentrations of 1000 and 2000 mg L, the Ap,y JTAC
values obtained were significantly higher compared
to the control, while the Ar,s74c at a concentration
of 3000 mg L~' was without significant differences
compared to the control. On the other hand, for the
concentrations of 4000 and 5000 mg L1, the Ap,y JTAC
obtained were significantly lower compared to the
control (Table 2). The RE9S/TAC for the concentrations
of 1000 and 2000 mg L' were significantly lower
than the control, while for the concentration of 3000
mg L™, there was no significant difference compared
to the control. For the concentrations of 4000 and
5000 mg L', the RESY/TAC values obtained were
significantly higher compared to the control (Table
2). These results indicated that with supplementation
with ammonium sulfate at concentrations of 1000 and
2000 mg L', there is greater stability of the anaerobic
digestion process, and this may have influenced
the increase in methane production (Fig. 1B). The
gradual increase in the concentration of ammonium
sulfate from 3000 to 5000 mg L~! causes instability
in the anaerobic digestion process, suggesting an
inadequate conversion of the substrate to methane.
This is because, at concentrations of 3000 to 5000 mg
L~!, the concentration of H,S was higher (Fig. 4A),
which is an indicator of the proliferation of reducing
sulfate bacteria, which presumably in the presence
of sulfate tend to consume hydrogen and acetate
(Equations (7) and (8)). This causes causing instability
in the anaerobic digestion process that leads to an
inhibitory effect during methanogenesis (Karhadkar et
al., 1987; McCartney and Oleszkiewicz, 1991).

SOF +4H3 — HyS +2H,0 +20H™ (7
SO03” +CH;COOH — H,S +2H,CO5 +20H™ (8)

Another effect that may have caused the
destabilization of the anaerobic digestion process was

reported by Yuan and Zhu (2016) and Stirmeli et
al. (2019), where hydrogen sulfide can easily diffuse
through the cell membrane and suppress the activity
of methanogens.

Fig. 3C shows the kinetic behaviors for the
different treatments supplemented with ammonium
nitrate from 1000 up to 5000 mg L~!, showing a
decreasing trend in the FOS/TAC ratio, obtaining
values for 60 days of anaerobic digestion in a range
from 0.1 to 0.17. These results indicate that the
decrease in the FOS/TAC ratio in the anaerobic
digestion process of the different treatments was
because of the lack of VFA (Logan et al., 2019). From
the ANOVA, it was obtained that the Ar,s/Tac values
for the treatments supplemented with ammonium
nitrate at a concentration of 1000 mg L' were
significantly higher compared with the control, while
the values from the concentration 2000 to 5000 mg
L' were significantly lower (Table 2). The R52S/TAC
values obtained in the treatments supplemented with
ammonium nitrate at a concentration of 1000 mg
L~ were significantly lower than the control, while
for the treatments supplemented at concentrations of
2000 to 5000 mg L~!, significantly higher values were
obtained (Table 2).

We correlated these results with the data obtained
in the production of methane (Fig. 1C and 2C)
since only for the concentration of 1000 mg L~! the
highest production of methane values were obtained,
suggesting that the metabolic transformation of the
VFA was directed to methane and reduction of
ammonia by denitrification.

However, for concentrations from 2000 to 5000
mg L1, there was a low production of methane,
which indicates that most likely, as there was a greater
quantity of nitrates, the denitrification process was
increased, consuming more VFA and part of the
methane produced, and therefore there was a greater
destabilization of the anaerobic digestion process.

Earlier, Lin and Gu. (2020) and Soto et al. (2007)
reported that denitrification is carried out by anoxic
microorganisms that can use nitrate as a terminal
electron acceptor and organic compounds as electron
donors for microbial respiration.

3.4 Hydrogen sulfide concentration

The cumulative H>S concentration over the digestion
period of different sources of nitrogen is illustrated
in Fig. 4. In general, the H,S concentrations of all
treatments were in the range of 266.5 to 4024.1 ppm.
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Figure 4. Hydrogen sulfide concentration accumulation in treatments with different concentrations of A) Urea, B)
Ammonium sulfate and C) Ammonium nitrate. Error bars represent standard error of the mean.

Table 2 shows the Earameters of the maximum were significantly higher compared to the control,
H,S production rate (R 2504 , maximum production while the Ag,50, values were significantly lower
p max p 2S04 g y
(Hggf 04), and period of duration of the lag phase compared to the control, which indicated that at these
(AH,50,) determined from the Gompertz model, concentrations, the metabolism of H;S production
which allowed us to learn more about the effect is favored during the anaerobic digestion process.
of different treatments on the anaerobic digestion On the other hand, treatments supplemented with
process. According to the ANOVA, the H{:ﬁf % and urea at concentrations of 1000 and 2000 mg L~!
H2S 04 i had H{2 %, RE289) and A 1 ithout
Ry ¢ values obtained for treatments supplemented A max > fmax » and Ag,s0, values withou
with urea at concentrations of 3000 to 5000 mg L! significant differences compared to the control (Table
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2), suggesting that at these concentrations, the
metabolic synthesis of H;S is not favored. The
treatments supplemented with ammonium sulfate
at concentrations of 1000 up to 5000 mg L~!
had H2504 and RH2504 yalues significantly higher
compared to the control, while the Ag,50, values
were significantly lower compared to the control
(Table 2). This behavior can be attributed to the
sulfate supplement serving as an electron source
for sulfate-reducing bacteria since these bacteria use
inorganic sulfate as an external electron acceptor
in the oxidation of energy substrates, resulting in
the production of HpS (Barton and Fauque, 2009;
Hedderich et al., 1998). In treatments supplemented
with ammonium nitrate at concentrations from 1000

to 5000 mg L~!, significantly lower H25% and

RH2504 yalues were obtained compared to the
control, while the Ap,s0, values obtained were
significantly higher than the control. Comparing
the different treatments supplemented with urea,
ammonium sulfate and ammonium nitrate shown in
Fig. 4, the supplementation of ammonium sulfate
had the greatest positive effect on the metabolic
production of H»S. While on the other hand, with
the supplementation with ammonium nitrate, the
production of H,S decreased notably, since the lowest
concentration values were obtained.

One possible explanation is that nitrate-reducing
bacteria used nitrate as an alternative terminal acceptor
leaving sulfate aside, which led to a decrease in HS
(Marietou, 2016). Another explanation is that nitrate
produces inhibitory osmotic stress in sulfate-reducing
bacteria, affecting their metabolism and growth (He et
al., 2010).

Conclusions

The highest methane production was recorded in
the treatment supplemented with urea at 1000 mg
L~!, which showed a 19% increase from the control.
Furthermore, the addition of 1000 mg L1 of urea
led to less variation in the FOS/TAC ratio, which is
one of the crucial parameters related to the anaerobic
digestion stability. The addition of ammonium nitrate
at a concentration of 1000 mg L' resulted in a
63.2% reduction of free ammonium concentration
when compared to the control. However, with this
treatment, it was possible to reduce the concentration
of H,S, obtaining lower values of 267.69 + 0.37 ppm,
which is very important and interesting in terms of the

WWW.rmiq.org

quality of the biogas and production costs.

The addition of ammonium sulfate at higher
concentrations increased the hydrogen sulfide
production, and the highest values were recorded at
5000 mg L~!, which negatively affected the anaerobic
digestion process. These results revealed that the effect
of supplementation of nitrogen varied with type and
its concentrations in the anaerobic digestion process
of cheese whey.
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