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ABSTRACT: This study evaluated the anaerobic digestion of the liquid fraction FVW
of fruit and vegetable waste to optimize energy recovery through sequential <{*] PRE-TREATMENT 9
Ry ;

, 5 1

hydrogen and methane production. Two configurations were tested: a single-stage
OLR =22 KgDQO.m?,.d"

Energy (KJ.d"")

(SS) system using an upflow anaerobic sludge blanket (UASB) reactor and a two-
stage (TS) system combining an anaerobic structured bed reactor (AnStBR) with
a UASB reactor. The objective was to identify the most efficient configuration !
under various organic loading rates (OLR). In the AnStBR, OLR ranged from 40 gqNGLE-STAGE
to 80 g COD/L,.,-day, while in UASB reactors, the OLR range was from 1.5 to
22.0 g COD/L,,iorrday. The TS outperformed the SS in methane production,
achieving 3.6 NL CH,/L,,to;-day at an OLR of 22.0 g of COD/L,,.o,day. It also
demonstrated a higher energy potential, generating a total of 1554.9 KJ/day—
35.7% more efficient than the SS. Additionally, the UASB-TS reactor maintained
stability throughout the study, with minimal acid accumulation and an
intermediate alkalinity/partial alkalinity ratio (IA:PA) consistently below 0.4,
even at elevated OLR. In contrast, the UASB-SS reactor showed signs of acidification at higher OLR. These findings suggest that TS
anaerobic digestion offers a more robust and efficient solution for treating high-strength organic waste, enhancing both energy
recovery and process stability.
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1. INTRODUCTION digestion, enhancing bacterial activity and facilitating biogas
production.” Anaerobic digestion presents a promising
approach for FVW treatment, yielding renewable energy in
the form of biogas—primarily methane (CH,) and hydrogen
(H,)—along with biofertilizers.'"”'' However, optimizing
organic loading rate (OLR) and developing strategies to
mitigate volatile fatty acid (VFA) accumulation are critical for
improving the efliciency and sustainability of biogas
production.'”

In single-stage (SS) reactors, the rapid degradation of FVW
often results in the accumulation of VFA and excessive
acidification.'” This instability restricts the application of
higher OLR, as methanogenic archaea are inhibited at low pH
levels, potentially leading to reactor failure.'”'> To mitigate
these challenges, two-stage (TS) anaerobic digestion systems
separate the acidogenic and methanogenic phases, enabling

In recent years, solid waste management has emerged as a
pivotal topic in global discussions on environmental sustain-
ability. A key objective within the United Nations’ Sustainable
Development Goals (SDG) is to reduce food loss and waste by
50% by 2030." Despite this, projections estimate that global
food waste could reach approximately 2.6 billion tons by that
time.” Current data indicate that around 1.3 billion tons of
food are wasted annually worldwide, representing nearly one-
third of all food produced for human consumption.’

This magnitude of waste not only exacerbates global food
insecurity but also significantly depletes natural resources, such
as land, water, and energy. Furthermore, food loss and waste
account for approximately 8% of global greenhouse gas
emissions, thereby intensifying environmental challenges.4
The agro-industrial sector, particularly the food processing
industry, stands out as one of the largest producers of
biodegradable solid waste.”® Among the various waste Received:  January 3, 2025
management strategies, anaerobic digestion of fruit and Revised:  May 8, 2025
vegetable waste (FVW) has demonstrated significant potential Accepted: May 15, 2025
for biogas production.7’8 Published: May 29, 2025

FVW, rich in soluble carbohydrates such as glucose, fructose,
and sucrose, serves as an excellent carbon source for anaerobic
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more precise control over critical parameters such as the pH
and hydraulic retention time (HRT). This approach promotes
operational stability and enhances energy recovery efficiency.'®

TS digestion of FVW not only facilitates the application of
higher OLR in anaerobic reactors but also achieves methane
yields (MY) up to 35% greater than those observed in SS
processes.”” Almeida et al.'” reported a maximum OLR of 1.5 g
COD/L,yctor-day with an HRT of 20 day for FVW digestion in
a TS continuously stirred tank reactor (CSTR). In comparison,
a CSTR-SS—the conventional configuration for this type of
residue—attained an OLR of only 1.0 g of COD/L,,,day
with an HRT of 34 day.

A review by Dangol et al.'® on TS anaerobic digestion of
food waste highlighted that the HRT in the hydrogenogenic
first-stage reactor typically ranges from 1 to 3 day, while the
methanogenic second-stage reactor operates with an HRT
from 10 to 15 day. In this study, strategies such as separating
solid and liquid fractions, milling followed by centrifugation,
and using high-rate reactors are expected to reduce the HRT
and increase the OLR in SS and TS reactor configurations,
ultimately enhancing the performance. Notably, the dark
fermentation of the liquid fraction of FVW (FVWL) in a high-
rate reactor, specifically the Anaerobic Structured Bed Reactor
(AnStBR), enabled the application of an HRT of just 6 h'"—
significantly lower than the 1 to 3 day range reported in the
literature. Additionally, in the SS reactor, Upflow Anaerobic
Sludge Blanket (UASB), an HRT of 1 day was a%)lied,zo also
lower than the values typically found by Dangol.

Although TS digestion shows significant promise, it does not
fully address the challenges posed by the high total solids
content of FVW, which averages around 18%.'” Separating the
FVWL from the solid fraction may enhance the efficiency of
anaerobic digestion processes.'” In this study, an AnStBR and
an UASB reactor were utilized—a configuration that supports
biomass retention and microbial stability in the acidogenic
phase (AnStBR) at a short HRT of 6 h'” and enables high-rate
effluent treatment durinég the methanogenic phase (UASB)
with an HRT of 24 h.'"” This study examined the effect of
increasing the OLR on H, and CH, production in the TS
anaerobic digestion of FVWL using AnStBR and UASB
reactors. The performance of this TS system was compared to
that of a SS digestion setup.

2. EXPERIMENTAL METHODS

2.1. Feed Substrate. A monthly quantity of 150 kg of
FVW was collected from the Wholesale Supply Center
(CEASA) in Maracanat, Ceara, Brazil. The waste composition,
by mass percentage, was as follows: orange (47.2%), onion
(8.6%), corn (6.1%), papaya (6.2%), avocado (5.3%),
watermelon (3.8%), melon (3.5%), pineapple (3.5%), banana
(3.3%), potato (3.4%), cabbage (2.6%), guava (1.3%), tomato
(1.1%), pepper (1.1%), beetroot (1.0%), apple (0.7%), passion
fruit (0.5%), carrot (0.4%), and pumpkin (0.2%).

After the standard formulation of the FVW, this waste
underwent preliminary mechanical treatment, consisting of
mechanized shredding using a forage harvester, generating the
shredded waste, followed by basket centrifugation at 150 rpm
for S min. This process separated the solid (FVWS) and
FVWL, representing approximately 55 and 45% of the
shredded residue, respectively. The primary distinction
between the FVWL utilized in the present study and that in
the study conducted by de Menezes et al.”’ and Cavalcante et
al.'? lies in the preparation process. In the present study,

FVWL was derived from FVW subjected solely to
centrifugation. In contrast, Cavalcante et al.'’ employed
FVWL obtained from FVW that underwent both centrifuga-
tion and pressing, resulting in a higher concentration of total
solids.

For the physicochemical characterization, the FVWL
samples were diluted (S0 g/L) and homogenized at 10,000
rpm for 15 min using the T25 digital Ultra-Turrax
homogenizer (IKA) to reduce errors due to the heterogeneity
of the waste. Therefore, the samples were characterized for
chemical oxygen demand (COD), total solids, volatile solids
(VS), and total Kjeldahl nitrogen according to APHA, AWWA,
and WEF.”' Total carbohydrates were determined according to
Dubois et al.”> The protein content was determined by
combustion, using the DUMAS method on a Nitrogen/Protein
Analyzer NDA 701 Dumas with EDTA as the standard, based
on the AOAC 992.23 method. Lipid concentrations were
measured according to the Am 5-04 method of the American
Oil Chemists’ Society, using a high-pressure and high-
temperature extraction system in an XT-15 Ankom device
(ANKON Technology Corporation).

2.2. Reactors Setup. The first system consisted of an SS
configuration (Figure 1A), comprising an UASB reactor
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Figure 1. Schematic representation of the two systems: (A) SS system
composed of an upflow anaerobic sludge blanket (UASB) reactor and
(B) TS system, consisting of a anaerobic structured-bed reactor
(AnStBR) followed by an upflow anaerobic sludge blanket (UASB)
reactor: (1) FVWL; (2) Pump; (3) Hydraulic seal; (4) Gasometer.

(UASB-SS) with a volume of 12.6 L, designed for CH,
production. The second system was a TS setup (Figure 1B),
which included an AnStBR as a first stage with a volume of 3.0
L, targeting H, and VFA production. The acidified effluent
from AnStBR was subsequently directed to a second UASB
reactor (UASB-TS) for sequential CH, production.

Each UASB reactor was inoculated with 7.0 kg of mesophilic
anaerobic sludge obtained from a UASB reactor treating a
brewery effluent. The inoculum sludge contained 3.9% of total
solids and 68.4% of VS/total solids. For the AnStBR, the
inoculum sludge underwent thermal pretreatment at 90 °C
with agitation for 10 min, followed by thermal shock as
described by Maintinguer et al.”> to inhibit methanogenic
archaea activity.

The feed flow rate to the reactors was set at 0.5 L/h,
resulting in HRT of 6 h for the AnStBR'? reactor and 24 h for
each of the UASB reactors. In the TS process, the AnStBR was
fed with substrate concentrations increased from 10 to 12, 15,
18, and 20 g/L, resulting in an OLR varying from 40.0 to 80.0
g of COD/L,,.1oday. Meanwhile, the UASB-TS received the
effluent from the AnStBR, with nearly the same concentration,
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Table 1. Characterization of FVWL Obtained at CEASA-CE and Comparison with the Literature®

parameter this study
total COD (g COD/Kg,pstrarey W-W-) 115.8 + 4.2
total solids (%,w.w.) 82+ 03
moisture content (%) 90.8 + 0.3
VS (%total solids, w.w.) 93.1 + 0.1
COD/VS ratio (kg COD/kg VS, d.w.) 124 + 0.2
total carbohydrate (g/L, w.w.) 45.6 +29
lipids (% d.w.) 0.7 + 0.1
raw proteins (%w.w.) 1.1 +£0.1
total nitrogen (g/kgubsiater d-W-) 152 + 0.1
C/N (g COD/g TN, d.w.) 7.61
pH 45 +0.1
acetic acid (mg/L, w.w.) 176.7 + 36.2
lactic acid (mg/L, w.w.) 2582 + 1289
isobutyric acid (mg/L, w.w.) 505.1 + 150.1

de Menezes et al.*’

Cavalcante et al.'’ Martinez-Mendoza et al.”®

116.0 137.1 111.5
11.0 11.0 9.5
90.6 91.7 90.5
93.6 90.1 94.0
1.33 1.7 1.24
45.7 55.2 78.9
0.8 0.2 1.2
1.2 1.7 18.5
15.0 n.d. n.d.
23.8 n.d. 31.6
n.d. 4.4 4.6
162.0 n.d. n.d.
n.d. n.d. n.d.
192.0 n.d. n.d.

“Values + standard deviation. w.w. = wet weight. d.w. = dry weight. n.d. = not determined.

leading to an OLR ranging from 1.5 to 22.0 g of COD/L
day.

Similarly, in the SS process, the UASB-SS was operated with
an OLR comparable to that of the UASB-TS (1.5-22.0 g of
COD/L,eyetorrday). The initial OLR applied to both UASB
reactors, ranging from 1.5 to 10 kg COD/m®day, enable a
direct comparison with the UASB reactor operated by
Cavalcante et al.'’ Each OLR was maintained in UASB-SS
and UASB-TS until stabilization, defined as a variation of less
than 10% in organic matter removal efficiency and methane
production yield over ten consecutive days.

The pH in the AnStBR was maintained between 4.5 and .5,
and in the UASB reactors, it was kept at 8.5. To ensure pH
buffering in the methanogenic reactors, sodium bicarbonate
(NaHCO;) was added to the feed at a ratio of 0.3—1.0 g
NaHCO;/g COD,4.>* Both systems were operated under a
mesophilic temperature (32 °C).

2.3. Sampling and Analysis. The concentration of total
solids, VS, COD, Total Kjeldah Nitrogen (TKN), and pH
were analyzed according to Standard Methods.”' The
carbohydrate content, with sucrose as a reference, followed
the methodology proposed by Dubois et al.”** Total alkalinity
and total volatile acids were determined according to Ripley et
al.”® and Dilallo and Albertson,*® respectively.

The volume of biogas generated by the reactors was
monitored using a Ritter TG 0.5 gasometer (RITTER
Apparatebau GmbH & Co. KG, Bochum, Germany). Gas
composition analysis was conducted by gas chromatography
(Shimadzu Nexis GC-2030), and the acids were identified by
high-performance liquid chromatography (Shimadzu UFLC
HPLC System).

The statistical analysis of the data was performed using SPSS
software, version 13.0. The statistical parameters obtained were
the mean, variance, and standard deviation. The paired t-
Student method and analysis of variance (ANOVA) were used
to determine statistical significance (p-value < 0.05).

I‘EaCtOl"

3. RESULTS AND DISCUSSION

3.1. Characterization of Substrates. Table 1 shows the
main characterization results of FVWL, including total COD
and VS, and a comparison with similar substrates reported in
the literature. The pH of the residue was 4.5 + 0.1, with acidic
characteristics attributed to the high proportion of oranges
(47.2%) in the FVW composition. In general, FVW have low

22849

pH (<6.0), which promotes acidification and consequently an
accelerated production of VFA, potentially limiting anaerobic
digestion for this type of substrate.”” The characterization of
FVWL aligns with literature values for potential substrates for
anaerobic digestion.

Although the FVW used in this study originated from the
same initial composition as that in the works of de Menezes et
al” and Cavalcante et al,'® differences in pretreatment
processes—specifically the pressing of the residue—led to
variations in total solids concentration. The higher total solids
content in the SS UASB reactor operated by Cavalcante et al."’
resulted in challenges such as sludge washout and solid
accumulation within the reactor. These issues constrained the
OLR to a maximum of 10 g of COD/L,,,day. In contrast,
reducing the total solids concentration, as done in the present
study, is expected to enable the application of the OLR
exceeding 10 g of COD/L,,.-day, even in SS UASB reactors,
thereby improving process efficiency and performance.

FVW generally contain adequate concentrations of potas-
sium (K), calcium (Ca), and magnesium (Mg) but show
deficiencies in cobalt (Co), nickel (Ni), selenium (Se), and
molybdenum (Mo).””*® These elements are essential for
microbial growth and efficient biogas production during
anaerobic digestion. Table 2 presents the main results of the
mineral characterization of the FVWL used in this study.

However, nutrient composition is often overlooked, based
on the assumption that trace elements are naturally present in
the various waste components.?’1 Nevertheless, ignoring

Table 2. Mineral Characterization of FVWL*

minerals unit values =+ s.d.
total phosphorus (P) (g/kg d.w.) 3.0+01
potassium (K) (g/kg dw.) 25.7 + 0.3
calcium (Ca) (g/kg dw.) 2.5+ 0.0
magnesium (Mg) (g/kg dw.) 1.7 + 0.0
sulfur (S) (g/kg d.w.) 1.2 £ 0.1
sodium (Na) (g/kg dw.) 0.8 + 0.0
copper (Cu) (g/kg dw.) 48 + 1.0
iron (Fe) (g/kg d.w.) 4062 + 4.1
zinc (Zn) (g/kg dw.) 139 + 1.4
manganese (Mn) (g/kg dw.) 19.4 + 0.6

“s.d.: standard deviation. d.w. = dry weight.

https://doi.org/10.1021/acsomega.5c00073
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deficiencies in nutrients such as nickel, zinc, and iron can delay
the growth of methanogenic microorganisms, resulting in
toxicity and even complete inhibition of CH, synthesis.”>**
Cobalt, for instance, is uncommon in vegetable waste and thus
must be supplemented, as it is essential for the synthesis of
vitamin B12, required for microbial metabolism.** Sulfur, on
the other hand, present in waste containing sulfur-rich foods
like onion, avocado, guava, and corn, can increase dissolved
H,S production, becoming toxic to anaerobic microorgan-
isms.”> Therefore, to guarantee the necessary elements for
efficient metabolic activity of the microorganisms, the reactor
feed was supplemented with micro- and macronutrients.*
3.2. Influence of OLR on the Performance of the
Hydrogenogenic Reactor. The AnStBR was operated with
an OLR ranging from 40.0 to 80.0 g of COD/L,,~day. The
pH was maintained within the range of 4.5—5.5 (Figure 2A), a
condition that promotes the production of lactic acid over H,
production.”” However, some studies suggest that H, can be
produced from lactate.”® The high production of VFA (Figure
2B) and H, (Figure 2C) observed in the AnStBR at low pH
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Figure 2. (A) pH, (B) volatile fatty acids, (C) hydrogen production
(VHP), and (D) hydrogen yield (HY) under different organic loading
rates (OLR) (40—80 g COD/L,,day) applied to the AnStBR

reactor.

(4.0-5.0) may be attributed to this phenomenon, as H,
production from lactate has been documented to occur within
a pH range of 3.8—7.5.%" Several metabolic pathways for
converting lactate to H, have been identified in the literature,
involving bacteria of the Clostridium genus (eqs 1 and 2) and
mixed cultures (eqs 3 and 4).”” In these pathways,
simultaneous production of butyrate and acetate, alongside
H,, is observed. According to Brodowski et al,, the presence of
acetate promotes the utilization of lactate for H, production
through an acetate/lactate pathway."'

CH,CH(OH)COOH

— 0.5CH,CH,CH,COOH + H, + CO, + 0.5H,0
(1)

CH,CH(OH)COOH + H,0
— CH,COOH + 2H, + CO, )

CH,CH(OH)COOH + 0.28CH,COOH
— 0.67CH,CH,CH,COOH + 0.47H, 3)

CH,CH(OH)COOH + 0.5CH,COOH
— 0.7SCH,CH,CH,COOH + 0.5H, + CO,
+ 0.5H,0 (4)

Recent studies have demonstrated that the production of H,
from FVW via lactate-driven dark fermentation can achieve
significant hydrogen yields.”” Martinez-Mendoza et al.*’
reported a H, production of 1897.5 + 370.4 N mL H, /L,
at pH S.5 and 3443.1 + 464 N mL H,/L.,.. at pH 7.0,
associating this result with a conversion of lactate to H,,
butyrate, and acetate, since an increase in butyrate and acetate
concentrations was observed along with H, production and
low lactate concentrations. Martinez-Mendoza et al.** also
highlighted that lactate-driven dark fermentation is prominent
to achieve high H, productions from FVW.

The OLR significantly influences volumetric H, production
(VHP) in anaerobic reactors. However, excessively high OLR
can lead to the accumulation of VFA, resulting in lower
hydrogen yields (HY),**** as observed in Figure 2D. In this
study, the variation at the OLR in the AnStBR influenced
VHP, ranging from 0.5 + 0.1 to 1.3 + 0.3 L H,/L,. . day.
Nevertheless, the highest average H, production (2.2 L of H,/
L,cactor-day) was observed at an OLR of 60.0 g of COD/L,,qior"
day, with peak values reaching 2.9 L of H,/L,,.day. For
instance, Paudel et al.*® reported a maximum H, production of
0.44 L H,/L,. 1, day in the acidogenic CSTR, using a mixture
of food waste as the substrate at the OLR of 106.0 g TS/
Lyeactor'day. In another study, Araujo et al.*’ using an AnStBR
with the same HRT of 6 h as in this study and fermenting
sucrose observed a maximum VHP of 0.7 L H,/L,. . day.
Using FVW as the substrate, de Menezes et al.'? observed the
production of 2.094 L H,/L,.,day in an AnStBR at 20 g
COD/L,eptorrday (HRT of 6 h), and with an increase in the
OLR to 40 g COD/L,,or-day (HRT of 3 h), the production
decay to 0.516 L H,/L,,rday. These results reinforce that
the optimal OLR for H, production depends on the reactor
configuration, substrate, and the OLR.

During the operation of AnStBR, carbohydrate conversion
remained around 90%, while COD reduction was about 15%.

https://doi.org/10.1021/acsomega.5c00073
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Table 3. Average Concentrations of Acidic Metabolites Produced in the AnStBR Reactor under Organic Loading Rates (OLR)

of 40—80 g COD/Lreactor.dayu

OLR (g COD/L 0 day)

parameter unit 40 60 72 80

pH S+ 0.6 5+03 S+02 S+0.1 S+04
VHP L H,/L,qtorday 1+01 1+£03 2+0S5 2+ 04 1+03
HY mL H,/g COD 13+ 4 26 + 8 25+ 7 18 + 4.
VFA mg/L 2424 + 218 2581 + 298 3407 + 117 3628 + 297 3910 + 849
HBu mg/L 1094 + 124 1630 + 443 2921 + 489 3357 + 222 1408 + 528
HAc mg/L 451 + 22 456 + 128 1107 + 191 703 + 149 35S + 82
HIsBu mg/L 52 + 34 317 + 193 642 + 107 626 + 74 690 + 38
HLa mg/L 77 £2 399 + 195 148 + 54 260 + 86 144 + 35
HPr mg/L 746 + 97 73 + 19 86 + 16 62 + 28 N.D

HVa mg/L 153 + 16 86 + 0.1 N.D 190 + 52 106 + 11

“Value + standard deviation; N.D.: not detected; VHP: volumetric hydrogen production; HY: hydrogen yield; VFA: volatile fatty acids; HAc:
acetic acid; HLa: lactic acid; HPr: propionic acid; HVa: valeric acid; HIsBu: isobutyric acid; HBu: butyric acid.

The concentration of each metabolite detected in the AnStBR
under an OLR of 40—80 g COD/L,.,.,day is shown in Table
3. At an OLR of 40.0 g COD/L,,,.day, where the lowest
VHP was recorded, the total concentration of VFA in the
effluent was 2423 + 218 mgHAc/L, with the major
metabolites distributed as butyric acid (1094 + 124
mgHBu/L), propionic acid (746 + 97 mgHPr/L), acetic
acid (451 + 22 mgHAc/L), valeric acid (153 + 16 mgHVa/L),
and lactic acid (77 = 2 mgHLa/L). In contrast, at an OLR of
60.0 g of COD/L,,co-day, where the VHP was highest, the
concentration of VFA in the effluent increased to 3407 + 117
mgHAc/L, with butyric acid as the main metabolite (2991 +
489 mgHBu/L), followed by acetic acid (1107 + 191 mgHAc/
L), isobutyric acid (642 + 107 mgHIsBu/L), lactic acid (148
+ 54 mgHLa/L), and propionic acid (86 + 16 mgHPr/L).
At the highest volumetric H, production, the favored
metabolic pathways are associated with the production of
acetic acid and butyric acid. These pathways are responsible for
the highest hypothetical H, production, ie., 4 mol of H, per
mol of glucose (acetate pathway) and 2 mol of H, per mol of
glucose (butyrate pathway).*® However, butyric acid at higher
concentrations and lower pH levels can inhibit H, production,
as a greater fraction of this acid remains in its undissociated
form (C,H;0,).” According to Nicolaou et al,”® undis-
sociated organic acids can diffuse through the cell membrane
of microorganisms and accumulate in either their anionic or
cationic forms, significantly impacting cell physiology. The
anionic form of organic acids facilitates the influx of
undissociated acids into the cell, promoting a balance between
the intra- and extracellular environments. This leads to the
accumulation of anions. Additionally, an increase in the
concentration of undissociated acids results in a decrease in
intracellular pH, creating a disparity between intra- and
extracellular pH values that can disrupt membrane integrity.
To counteract the pH drop, cells transport H+ ions out of
the cell, which requires ATP expenditure and subsequently
affects the energy available for cellular activities. The buildup
of free protons can be detrimental to the cell's RNA and DNA,
as well as disrupt enzymatic functions.’® Each enzyme operates
optimally within specific pH ranges, meaning that pH can
influence hydrogen production and metabolic pathways. For
instance, phosphotransacetylase and lactate dehydrogenase—
enzymes involved in acetate and lactate synthesis, respec-
tively—exhibit peak activity at pH S, with the activity of
phosphotransacetylase being inhibited in the presence of

butyric acid.”’ Furthermore, the activity of hydrogenase, an
enzyme responsible for hydrogen production, is diminished at
low pH levels,”” while it has been reported to be most active at
pH 5.0-6.5.>

For instance, at concentrations of 60 mM of undissociated
butyric acid and a pH of 5.0, H, production can be suppressed
by over 93% when using glucose as the substrate in a
continuous flow reactor.”* This suppression highlights the
inhibitory effects of high concentrations of undissociated acids
on H, production processes.”® Despite their inhibitory
potential at high concentrations and low pH, controlled levels
of butyric and acetic acids can support H, production in
fermentative processes.

In comparison, high concentrations of propionic acid are
observed in systems with the lowest H, production. This is
because the accumulation of propionic acid is related to the H,
consumption, according to eq 5.4

C¢H,,04 + 2H, — 2CH,CH,COOH + 2H,0 (s)

Although propionic acid concentrations above the inhibitory
value of 900 mg/L> indicated in the literature were not
observed (Table 3), it is known that elevated levels of
propionic acid indicate H, consumption.*® Although propionic
acid can inhibit anaerobic digestion, this inhibition is often
reversible, depending on system conditions, such as microbial
acclimation to high concentrations of propionic acid, the shift
to hydrogenotrophic methanogenesis, the presence of
recalcitrant materials that help maintain pH, and the
composition of the digestion mixture, which may include
foodgwaste and dairy manure, favoring the degradation of the
acid.>

3.3. Influence of OLR on the Performance of
Methanogenic Reactors. In this study, the OLR in the
UASB-SS and UASB-TS reactors was incrementally increased,
ranging from 1.5 to 22.0 g of COD/L,,day. As shown in
Figure 3, a positive correlation was observed between
volumetric biogas and CH, production and the increasing
OLR over 400 days of operation. In contrast, Cavalcante et
al.'? reported a limiting OLR of 10.0 g COD/L,q,day for a
single-stage UASB treating FVW, beyond which reactor failure
occurred due to VFA accumulation. These findings support the
hypothesis that CH, production can be optimized by
employing alternative pretreatment methods and implement-
ing TS anaerobic digestion.
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Figure 3. Volumetric production of biogas and CH, during the
operation of the methanogenic reactors (A) UASB-SS and (B) UASB-
TS.

It can be inferred that the CH, proportion in the UASB-SS
reactor tends to decrease with the increase at the OLR, as the
volumetric biogas production increased more sharply than
CH, production, especially during the last 150 days of
operation (Figure 3A). This behavior was not observed in
the UASB-TS reactor, which, despite variations in the
volumetric gas production, maintained a higher CH,
proportion until the end of the operation (Figure 3B).

At an OLR of 20.0 g of COD/L,, . day, the UASB-TS
reactor achieved the highest CH, percentage with 72% of the
biogas, while the UASB-SS reactor showed 49%. Although the
graphical observations suggest the advantage of using a TS
reactor system, it is important to note that there were no
indications of overloading or operational failures.

Figure 4 shows the behavior of the methanogenic reactors
concerning the effluent pH and the alkalinity/partial alkalinity
(IA:AP) ratio. It is important to highlight that although each
operating condition was maintained until the variation in
organic matter removal efficiency and methane production
yield was less than 10%, the standard deviation shown in
Figure 4 represents the entire operational period for each
condition. As the OLR increases, reactor instability is expected,
leading to a rise in the IA:PA ratio. Consequently, the JA:PA
values recorded at the beginning of each operating condition
contribute to higher standard deviation values. However, the
standard deviation in the UASB-SS reactor was greater than in
the UASB-TS reactor, indicating either higher instability in SS
or a longer time required for the reactor to reach a stable
IA:PA ratio.

In general, the OLR of 10.0 g of COD/L,.,.,day tended to
be the critical point from which the UASB-TS reactor
outperformed the UASB-SS reactor in all analyzed parameters.
For the UASB-SS reactor used in this study, instability was
observed in the OLR of 20.0 g of COD/L,,,"day, from which
the intermediate IA:PA ratio remained above 0.5. In a recent
study, Cavalcante et al.'” reported that, under an OLR of 10.0
g COD/L,, o day, the SS UASB reactor used for the digestion

IA:PA

Cpaert

- 50 10,0 15,0 20,0 25,0

OLR (g COD/L qacior)

Figure 4. Evolution of (A) pH and (B) IA:PA ratio for the
methanogenic UASB-SS and UASB-TS reactors under different
Organic Loading Rates (OLR).

of FVWL, sourced from the same CEASA as this investigation,
collapsed due to VFA accumulation, presenting an IA:PA ratio
>0.5, indicating a possible overload. In this work, the FVWL
contained 12 g COD/g VS g while in the study of
Cavalcante et al,'’ the value was 1.7 g COD/g VS, 4. This
less concentrated residue may have contributed to a greater
resilience to load increases. Similarly, Tanguay-Rioux et al.”’
reported stable performance of a UASB under an OLR of 12.0
g COD/L,,,.oday, treating an FVW effluent with 1.3 g COD/
g VS, esique supporting the hypothesis that the concentration of
the effluent may influence reactor stability under high loads.

The UASB-TS reactor maintained an IA:PA ratio <0.4 under
all applied OLRs. The pH of both reactors was controlled by
the addition of an external alkalinity source (NaHCOj) in the
influent, with averages of 8.1 + 0.13 for the UASB-SS and 8.5
+ 0.05 for the UASB-TS. However, at an OLR of 20.0 g of
COD/L,ycor-day, the alkalizing ratio for the UASB-SS was 1.0
g of NaHCO;/g of COD,g4.q while for the UASB-TS, it was
0.30 g of NaHCO;/g of COD,44q. Although a pH above 8.0 is
not ideal, several studies show that UASB reactors can sustain
methanogenic activity at this level.”*~%°

Zhao et al.%" reported that a pH of 8.0 during the acidogenic
stage of food waste digestion resulted in the highest cumulative
MY and the best overall energy recovery eficiency. The
authors demonstrated that maintaining the pH at 8.0 allowed
for a significant increase in CH, production during the
methanogenic phase, resulting in a MY of 412.6 mL/g VS, g4cq
with an energy recovery efficiency of 76.4%. Therefore, these
studies suggest that although methanogenesis is possible at pH
levels above 8.0, optimal performance may vary depending on
the specific reactor configurations and operational conditions.
However, pH levels higher than 8.0 can affect microbial
communities and lead to CH, production inhibition due to
free ammonia nitrogen.62 Figure S presents the average data
and their respective standard deviations for COD, efficiency,
MY, and Methane Volumetric Production (MVP) for the ten
increases in OLR applied to the two methanogenic reactors
operated in parallel.

The OLR influences the COD removal and CH, production
in UASB reactors. After an OLR of 10.0 g COD/L,,qday
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Figure 5. Evolution of (A) COD, (B) efficiency, (C) MY, and (D)
volumetric methane production (VMP) for both methanogenic
UASB-SS and UASB-TS reactors under different organic loading
rates (OLR).

(Figure SA), there was a significant difference (p < 0.05)
between the COD removal averages for the UASB-SS and
UASB-TS reactors, with both reactors tending to decrease their
removal efficiencies as the OLR increased. A similar behavior
was reported by Tanguay-rioux et al,,>” who reported that the
UASB digester exhibited stable performance up to an OLR of
44 g COD/L,,qoday using the FVWL. However, both COD
conversion and MY significantly declined when the OLR
exceeded 10—12 g COD/L,,day. Regardless of reactor
type, Almeida et al.'” observed that, in a SS CSTR digesting
FVW, COD removal dropped from 82.2 to 25.2% as the OLR
increased from 1.0 to 2.0 g COD/L,,day, a load ten times
lower than that applied to the reactors in the present study.
Therefore, the reactor in this study results in a smaller reactor
and higher methane productivity. These findings show that
high OLR can compromise the efficiency of the anaerobic
digestion process, negatively impacting CH, production.

At the maximum OLR applied to the reactors, the UASB-SS
reactor showed a COD removal of 62.7%, while UASB-TS
maintained its removal at 76.8%. Despite the difference, these
are acceptable values for UASB reactors.””*®> However, they
were considerably lower when compared to the results of
Ganesh et al.* These authors reported a COD removal of 83%
for a SS system and 97.5% for a TS system in the anaerobic
digestion of FVW, where the substrate had a COD:VS, ..
ratio of 1.16. In comparison, the COD:VS,_ g, ratio of 1.24 in
this study suggests a more complex substrate, which may
explain the higher COD removal efficiency observed by
Ganesh et al.**

Following these results, the highest COD-to-CH, con-
version occurred at an OLR of 12.0 g COD/L,, . day for
both reactors, with the UASB-T'S reactor being more efficient
(p < 0.05), achieving 0.8 g COD_CH,/g COD,¢noveq (~0.29
NL CH,/g COD,enoved) compared to 0.72 ¢ COD_CH,/g
COD,mmoved in the UASB-SS (Figure SB). It is noteworthy that
at this point, the pH of the UASB-TS was 8.7 with an IA:PA
ratio of 0.1. From this OLR onward, the average efficiencies of
both reactors showed no significant difference (p > 0.05).

The same behavior was observed regarding MY (Figure SC).
At an OLR of 12.0 g of COD/L,,~day, the UASB-TS reactor
outperformed the UASB-SS by 39%, achieving an MY of 0.64 g
of COD_CH,/g of COD,noved (~0.23 NL CH,/g of
COD,1movea)- Despite this good result, it was still lower than
the 0.25 NL CH,/g COD,,,.oeq reported by Cavalcante et al.'’
at an OLR of 10.0 g COD/L,.,.day in a SS UASB reactor.
Similarly, Tanguay-rioux et al.”” achieved even higher MY
(0.27 L CH,/g COD,g4,q) using the FVWL in a SS UASB
reactor. One hypothesis is that the lipid nature of FVWL favors
more effective degradation in a SS system, as observed by Wu
et al.®*® The UASB-SS reactor reached its highest VMP
(Figure SD) at an OLR of 20.0 g of COD/L,,,day, from
which the reactor tended to acidify, as even with the addition
of 1.0 g of NaHCO;/g of COD, 44,4, the IA:AP ratio exceeded
0.5. Nevertheless, the CH, productivity in the UASB-TS
reactor reached its maximum of 3.58 NL CH,/L,.,.,-day at an
OLR of 22.0 g of COD/L,,-day, and even at this point, the
reactor showed no instability regarding acid accumulation.

Finally, the superiority of the two-stage system was
confirmed, as it demonstrated a 32% higher CH, production
compared to the single-stage system, even under a high OLR
(22.0 g of COD/L,,orday). Furthermore, the stability of pH
highlights its robustness against the accumulation of VFA,
ensuring greater operational reliability. Although both systems
exhibited similar behaviors, the advantage of the two-stage
system can be validated through a comparative analysis of the
energy potential between them.

3.4. Energy Potential. The Lower Heating Value (LHV)
at 25 °C and 1.0 atm was adopted, with H, having a mass-
based value of 119.95 KJ/kg and CH, at 50.029 KJ/kg (NBR
15,213).%” The maximum VHP was 2.2 L of H,/L,,,,-day at
an OLR of 60 g of COD/L,.day. Regarding CH,, the
maximum volumetric production in the UASB-TS reactor was
3.6 NL CH,/L,day at an OLR of 22.0 g of COD/L, ..o
day, while the maximum in the UASB-SS reactor was 2.8 NL
CH,/L,ytorrday at an OLR of 20.0 g of COD/L,,../day.
Therefore, the TS system presented the highest energy values,
producing 75.9 KJ/day ™" in the AnStBR and 1479.1 KJ/day in
the UASB-TS, for a total of 1554.9 KJ/day. This configuration
was 35.7% more efficient than the UASB-SS, which produced
1145.8 KJ/day. Comparing only the two methanogenic
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reactors, it can be inferred that, at the maximum OLR applied
to both (22.0 g of COD/L,.,or-day), the UASB-TS generated
33.4% more energy than the UASB-SS, highlighting the
advantage of separating the acidogenic and methanogenic
stages into distinct reactors. In terms of energy produced per
mass of COD added, the acidogenic reactor generated a
maximum of 280.8 J/g COD,44q under a load of 60.0 g COD/
L csctorrday and 5,273 J/g COD, 444 in the UASB-TS under a
maximum OLR of 22.0 g COD/L,,,day. Meanwhile, the
UASB-SS produced 3954.49 J/g COD, 44,4 at the same organic
loading rate. In both approaches, the low energy yield of H,
from FVWL compared to energy produced from CH, is
evident; thus, in a TS system, the total energy is primarily
derived from the methanogenic reactor, driven by the
metabolites made available in the acidogenic reactor. This
observation is consistent with other studies in the literature,
indicating that the MY is substantially higher than H, in TS
systems. Viana et al.”® demonstrated that using glycerol as a
substrate resulted in a maximum MY of 039 L CH,/g
COD, 44e4» While H, production was significantly lower, at only
2.41 mL H,/g COD,44.q. Similarly, Meier® when evaluating
the anaerobic digestion of cassava wastewater with the addition
of residual glycerol obtained 1762.1 mL CH, per liter of
treated waste, in contrast to 861.4 mL H,. Kvesitadze et al.”’
corroborated these results, reporting that CH, production
(0.52 L/g VS) was much higher than H, production (0.10 L/g
VS) in a similar system. Therefore, it is expected that, in TS
anaerobic digestion systems, CH, is the primary product
which, in terms of volume, provides a greater amount of
energy, compensating for its lower heating value per unit mass
compared to H,.

4. CONCLUSIONS

This study demonstrated that the TS anaerobic digestion
system (AnStBR + UASB-TS) provided significant advantages
over the UASB-SS configuration for the treatment of FVWL.
The TS system achieved 20.4% higher CH, production and
was 35.7% more energy efficient compared with the SS system.
The enhanced performance of the TS process can be attributed
to improved hydrolysis in the acidogenic reactor, which
ensured more readily available VFA for the methanogenic
phase, resulting in stable operation even under higher OLRs.
The energy analysis highlighted that the TS system was able to
generate up to 1554.9 KJ/day, significantly outperforming the
UASB-SS, which produced 1145.8 KJ/day. This demonstrates
the superior energy recovery potential of the TS process,
especially under high OLR conditions. Moreover, the ability of
the TS system to maintain a stable pH and IA:PA ratio under
these conditions further reinforces its robustness and opera-
tional reliability. These findings suggest that the TS anaerobic
digestion system is a promising solution for improving the
efficiency and sustainability of organic waste management,
particularly in the context of energy recovery.
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