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Abstract The objective of this study was to investigate the effects of hydraulic retention time
(HRT) (8 to 0.5 h) and temperature (55 to 75 °C) in two anaerobic fluidized bed reactors
(AFBR) using cheese whey (AFBR-CW = 10,000 mg sugars L−1) and vinasse (AFBR-
V = 10,000 mg COD L−1) as substrates. Decreasing the HRT to 0.5 h increased the hydrogen
production rates in both reactors, with maximum values of 5.36 ± 0.81 L H2 h

−1 L−1 in AFBR-
CW and 0.71 ± 0.16 L H2 h−1 L−1 in AFBR-V. The optimal conditions for hydrogen
production were the HRT of 4 h and temperature of 65 °C in AFBR-CW, observing maximum
hydrogen yield (HY) of 5.51 ± 0.37 mmol H2 g COD−1. Still, the maximum HY in AFBR-V
was 1.64 ± 0.22 mmol H2 g COD−1 at 4 h and 55 °C. However, increasing the temperature to
75 °C reduced the hydrogen production in both reactors. Methanol and butyric, acetic, and
lactic acids were the main metabolites at temperatures of 55 and 65 °C, favoring the butyric
and acetic metabolic pathways of hydrogen production. The increased productions of lactate,
propionate, and methanol at 75 °C indicate that the hydrogen-producing bacteria in the
thermophilic inoculum were inhibited under hyperthermophilic conditions.

Keywords Cheesewhey . Sugarcane vinasse . Thermophilic fermentation . Hyperthermophilic
fermentation . Biohydrogen . Hydraulic retention time . Organic loading rate

Introduction

The decrease in fossil fuel reserves has made alternative fuel production a major concern in
many countries. In this context, fermentative hydrogen production has become a promising
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alternative because it is a pollution free, renewable, and low-cost alternative to conventional
processes of hydrogen production [1].

However, a carbohydrate-rich source must be used to make this process economically
feasible because protein or lipid hydrolysis does not generate fermentable components for
hydrogen production [2]. The main criteria for selecting adequate substrates for biological
hydrogen production are availability, cost, pureness of the substrate, and biodegradability.
Potential resources for renewable hydrogen production include the by-products of
agroindustrial processes, wood and processing residues, food processing residues, seaweed,
and others. Therefore, countries with large agricultural economies have the potential for
significant economic development due to this bioenergy [3].

In that context, fermented vinasse and cheese whey (CW) are viable options for biological
hydrogen production. Thus, fermentation processes provide alternative uses for these
agroindustrial by-products. Vinasse is produced in the distillation step after the fermentation
of sugarcane juice. As much as 20 L of vinasse can be generated per liter of ethanol produced,
with chemical oxygen demand values (COD) reaching 100 g L−1 [4]. CW is produced during
cheese production. It has a high lactose concentration and COD values greater than 80 g L−1

[5]. Thus, the hydrogen production from these agroindustrial wastewaters can synergistically
provide low-cost, renewable, green energy.

One of the main challenges in continuous hydrogen production is determining the optimal
condition that minimizes costs. This condition is determined by evaluating the operational
parameters such as the substrate concentration, hydraulic retention time (HRT), organic
loading rate (OLR), and temperature [6].

Among these parameters, the temperature increase in a specific range can increase the
hydrogen production rate (HPR) by accelerating metabolic functions and cellular growth.
According to Pawar and van Niel [7], thermophilic temperatures are more favorable for
hydrogen production because they produce high hydrogen yields (HY) and low metabolite
concentrations. Higher temperatures, such as hyperthermophilic temperatures (>65 °C), can
increase the HY and HPR [8–13]. However, few studies have evaluated the effects of
temperatures in thermophilic and hyperthermophilic ranges using CW and vinasse as
substrates.

Hydrogen production in anaerobic fluidized bed reactors (AFBRs) using vinasse and CW
has been studied by different authors [6, 14–17]. Among the high-rate reactors for hydrogen
production, AFBRs can efficiently promote mass transfer between the substrate and biofilm
[18, 19].

Therefore, the objective of this study is to investigate the best HRT (8 to 0.5 h) for hydrogen
production. Then, the temperature effects (55 to 75 °C) in two AFBRs fermenting CW
(AFBR-CW = 10,000 mg L−1 total carbohydrates) and vinasse (AFBR-V = 10,000 mg
COD L−1) are evaluated based on this HRT.

Materials and Methods

Inoculum

The inoculum source for the AFBR reactor startup was granular sludge, which was used to
treat vinasse in a thermophilic upflow anaerobic sludge bed reactor (UASB) in Usina São
Martinho, Pradópolis, SP, Brazil. The pH and total volatile solid concentration in the inoculum
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were 7.06 and 41.3 g L−1, respectively. Inoculum pretreatment was performed according to the
methodology proposed by Kim et al. [20]. The treatment promoted the elimination of
methanogenic cells and enriched the acidogenic cells via endospore formation.

Substrate

This study used the wastewater from sugar and ethanol production, vinasse, and cheese
production, CW. The nutrients necessary for cellular growth were added according to Rosa
et al. [16].

The CW wastewater was composed of CW powder supplied by Elegê Laticínios S.A.,
Teotônia, Brazil. The powder is produced by concentrating CW via evaporation and spray
drying. The characterization of the CW powder yielded a Kjeldahl nitrogen concentration of
18 ± 1 mg g CW−1, which is equivalent to 116 ± 10 mg protein g CW−1. The CW powder
solutions in 10,000 mg L−1 of CW included 7822 ± 697 mg L−1 of total carbohydrates (as
lactose), 11,009 ± 1030 mg COD L−1, and a pH of 6.3 ± 0.1.

The vinasse used as the substrate for hydrogen production was obtained from Usina São
Martinho (Pradópolis, SP), which produces ethanol and sugar from sugarcane. Because large
quantities of vinasse are required to operate the reactors and vinasse is difficult to find in the
offseason, the vinasse was stored in a freezer at −5 °C. The pH of raw vinasse was 4.41 ± 0.1.
Table 1 presents the characteristics of vinasse collected during the sugar and ethanol produc-
tion season.

Reactor Setup and Operational Conditions

In this study, two similar AFBRs (AFBR-CW and AFBR-V) were built from stainless steel
with the following dimensions: heights of 150 cm, internal diameters of 4.1 cm, and total
volumes of 1980 cm3. The reactors were filled with expanded clay particles with grain sizes
between 2.80 and 3.35 mm. The real density and porosity of the expanded clay were
1.5 g cm−3 and 23 %, respectively. The temperature in the system was controlled at 55, 65,
and 75 ± 1 °C by a thermostatic bath that circulated water in the reactor jacket. The reactors
were continuously operated for 270 days. After inoculation, the hydrogen production was
evaluated by operating the reactor at 55 °C in an HRT of 8 h. When a steady state was
observed based on the stabilization of the HPR and HY results, the operational conditions were
changed by decreasing the HRT to 6, 4, 2, 1, and 0.5 h. When the best condition for the HY
was determined, the temperature was increased to 65 and 75 °C. The AFBR-CW was fed with

Table 1 Average characterization of vinasse

Parameter Value Parameter Value

pH 4.41 ± 0.1 Citric acid (mg L−1) 7482 ± 451
Total carbohydrates (mg L−1) 6292 ± 1523 Malic acid (mg L−1) 6191 ± 1215
COD (mg L−1) 28,636 ± 5204 Succinic acid (mg L−1) 2806 ± 660
Sulfate (mg L−1) 2256 ± 362 Lactic acid (mg L−1) 7516 ± 170
Suspended solids (mg L−1) 3184 ± 526 Formic acid (mg L−1) 2463 ± 691
Volatile suspended solids (mg L−1) 2689 ± 387 Acetic acid (mg L−1) 9928 ± 1114
Fixed suspended solids (mg L−1) 495 ± 169 Propionic acid (mg L−1) 3557 ± 1014
Total Kjeldahl nitrogen (mg L−1) 744 ± 77 Isobutyric acid (mg L−1) 3755 ± 847
Methanol (mg L−1) 2315 ± 707 Caproic acid (mg L−1) 809 ± 178
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10,000 mg L−1 of total carbohydrates (lactose), and the AFBR-V was fed with 10,000 mg
COD L−1.

Analytical Methods

The COD, pH, suspended solids, total nitrogen, ammoniacal nitrogen, and sulfate were
measured according to standard methods [21]. Moreover, the total carbohydrate concentration
was estimated as glucose for vinasse and as lactose for CW using the method presented by
Dubois et al. [22]. The biogas produced in the reactor was measured based on fluid movement
using an acidified saturated saline solution [23]. The biogas composition was analyzed by gas
chromatography (Shimadzu GC-2010) using a Supelco Carboxen 1010 Plot column (30 m
length and 0.53 mm diameter) and thermal conductivity detector. The concentrations of
individual organic acids and alcohols were determined by high-performance liquid chroma-
tography (HPLC, Shimadzu) according to Rosa et al. [17].

Results and Discussion

Fermentative Performance

Effect of HRT

The pH was controlled daily by adding NaOH to the feed depending on the pH in the effluent.
The pH values used to operate the AFBR-CW were kept between the ranges of 6.48 ± 0.13 to
7.70 ± 0.48 in the feed and 3.96 ± 0.15 to 4.22 ± 0.13 in the effluent. The AFBR-V was
operated in the ranges of 4.25 ± 0.14 to 5.23 ± 0.10 in the feed and 4.55 ± 0.18 and 4.95 ± 0.10
in the effluent.

Figure 1 presents the average values of total carbohydrate conversion to lactose in the
AFBR-CW and glucose in the AFBR-V, as well as the COD removals of both reactors as a
function of HRT.

Fig. 1 Effect of HRT on total carbohydrate conversion and COD removal in the AFBR-CW and AFBR-V
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The carbohydrate conversion and COD removal values observed during HRTs of 8, 6, 4,
and 2 h in AFBR-CW were similar and ranged between 51.8 ± 10.5 and 66.1 ± 16.1 % for
carbohydrates and 8.2 ± 4.1 and 16.6 ± 5.0 % for COD removal. The maximum values were
observed in an HRT of 8 h. When the HRT was decreased to 1 and 0.5 h, the carbohydrate
conversion and COD removal values decreased. They reached minimum values of 23.2 ± 2.9
and 0.5 ± 5.1 % in an HRT of 0.5 h.

Reductions in carbohydrate conversion and COD removal with decreasing HRT have also been
observed in other studies of CW [16, 24]. Azbar et al. [24] used a continuous stirred tank reactor
(CSTR) for hydrogen production from cheese production wastewater in thermophilic conditions
(55 °C) to evaluate the effects of HRTs of 3.5, 2, and 1 days for a COD of 47 g L−1. The maximum
COD removal of 90 % was obtained in an HRT of 3.5 days; however, the HRT of 1 day had a
removal of 47 %. Rosa et al. [16] used an AFBR in mesophilic conditions (30 °C) to evaluate
different HRTs (4, 2, and 1 h) in hydrogen production fromCWwith a COD of 5000mgL−1. They
observed a reduction in lactose conversion from 95 to 85%when the HRT decreased from 4 to 1 h.

In the AFBR-V, the carbohydrate conversion and COD removal values observed as the HRT
decreased from 8 to 1 h were similar and ranged from 54.5 ± 4.4 to 69.3 ± 6.0 % for carbohydrate
conversion and 13.0 ± 7.2 to 17.4 ± 7.5 % for COD removal. Maximum conversion values were
observed in an HRT of 8 h. When the HRT decreased to 0.5 h, the carbohydrate conversion and
COD removal values decreased to minimums of 27.9 ± 7.2 and 1.4 ± 3.6 %, respectively.

Decreases in carbohydrate conversion and COD removal with decreasing HRT in reactors
fed with vinasse were also observed by Santos et al. [14], who evaluated the effect of HRT (8
to 1 h) on thermophilic (55 °C) hydrogen production from vinasse and glucose (5000 mg COD
L−1). The maximum carbohydrate conversion was observed in an HRT of 2 h. When the HRT
was decreased to 1 h, the carbohydrate conversion decreased to 41 %. Similarly, Intanoo et al.
[25] used an anaerobic sequencing batch reactor (ASBR) to evaluate the effect of HRT (32,
25.6, 21.3, and 18.3 h) on hydrogen production from alcohol wastewater and observed that the
maximum value of COD removal was 32 % when the HRT decreased from 32 to 21.3 h.
However, decreasing the HRT to 18.3 h caused COD removal to decrease due to the increase
in the volatile fatty acid (VFA) concentration, which caused microorganism toxicity.

Effect of Temperature

The effects of temperature on carbohydrate conversion and COD removal in the AFBR-CW
and AFBR-Vare illustrated in Fig. 2. When evaluating the effect of temperature in the AFBR-
CW in an HRTof 4 h and temperatures of 55, 65, and 75 °C, the results suggest that increasing
the temperature decreased carbohydrate conversion, which reached a minimum value of
47.8 ± 9.5 % at 75 °C. However, the values of COD removal observed at different temper-
atures were similar, ranging between 8.6 ± 3.7 and 12.0 ± 7.4 %.

In AFBR-V, as the temperature increased from 55 to 75 °C in an HRT of 4 h, the
carbohydrate conversion decreased from 66.1 ± 9.5 % (55 °C) to 51.2 ± 7.5 % (75 °C). The
COD removal values were similar at different temperatures, ranging between 9.9 ± 4.5 and
15.1 ± 8.4 %.

The temperature increase negatively affected total carbohydrate conversion by the fermen-
tative microorganisms in AFBR-CWand AFBR-V. Similar results have been observed in other
studies [26, 27]. Gadow et al. [26] evaluated the effects of mesophilic (37 °C), thermophilic
(55 °C), and hyperthermophilic (80 °C) temperatures on hydrogen production in a CSTR using
cellulose (10 g L−1). A maximum cellulose degradation of 71.3 % was observed under

850 Appl Biochem Biotechnol (2017) 182:846–869



mesophilic conditions, followed by 60.3 % under thermophilic conditions and 53 % under
hyperthermophilic conditions. Zhong et al. [27] used an induced bed reactor (IBR) for
hydrogen production from dairy processing waste (98.7 g COD L−1) to evaluate the effects
of different HRTs (5, 3, and 1 day) and mesophilic (40 °C) and thermophilic (60 °C)
temperatures. The authors observed that the average COD removal values were 8 % higher
when the temperature was increased to 60 °C.

Hydrogen Content

Effect of HRT

During the operation of AFBR-CWand AFBR-V, the composition of the produced biogas was
analyzed to evaluate the hydrogen production and methane presence. The variations in H2

content (H2%) as a function of HRT are illustrated in Fig. 3.

Fig. 2 Effect of temperature on total carbohydrate conversion and COD removal in AFBR-CW and AFBR-V

Fig. 3 Variations in H2% as a function of HRT in AFBR-CW and AFBR-V
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In both reactors, only H2 and CO2 were observed in the biogas, and the respective values of
H2% in the produced biogas were stable. Methane was not formed during the operation of the
systems, reflecting the thermal treatment efficiency of the sludge used. In AFBR-CW, the H2%
remained stable between 47.62 ± 2.1 and 55.5 ± 2.5 % when the HRTwas decreased from 8 to
0.5 h. The maximum value of 55.5 ± 2.5 % was observed in an HRTof 0.5 h. These results are
similar to those observed by Azbar et al. [24], who observed an H2% between 41 and 44 %
using a CSTR for hydrogen production from cheese processing wastewater in thermophilic
conditions (55 °C) while varying HRT from 3.5 to 1 day. Davila-Vazquez et al. [28] observed
H2% values between 49 and 58 % using a CSTR for hydrogen production from CW in
mesophilic conditions (37 °C).

In AFBR-V, the values of H2% were stable when the HRT was varied between 8 and 1 h.
The H2% values ranged from 43.5 ± 7.5 to 46.4 ± 6.1 %. Decreasing the HRT to 0.5 h
increased the H2% to a maximum value of 61.9 ± 6.1 %. A similar H2% value of 40 % was
observed by Intanoo et al. [29] in an HRT of 24 h when evaluating the effect of adding
fermentation residue to hydrogen production in a thermophilic ASBR (55 °C) using alcohol
wastewater as the substrate. In the study conducted by Santos et al. [15] using two thermo-
philic (55 °C) AFBRs with vinasse as the substrate, H2% values between 43.3 and 48.9 %
were observed without the presence of methane when the HRT was decreased from 6 to 1 h,
with COD concentrations of 15 and 20 g COD L−1.

Effect of Temperature

The effects of temperature on H2% in AFBR-CW and AFBR-V are illustrated in Fig. 4. In
AFBR-CW, the increase in temperature did not change the H2%, with a maximum value of
52.0 ± 2.6 % at 65 °C and minimum value of 47.6 ± 2.1 % at 75 °C. Conversely, when the
temperature changed from 55 to 75 °C in AFBR-V, the values of H2% at 55 and 65 °C were
similar at 46 %. However, increasing the temperature to 75 °C caused the H2% to decrease to
23.3 ± 5.9 %.

A decrease in H2% when temperature conditions varied from thermophilic to hyperther-
mophilic was also observed in other studies [13, 30]. Luo et al. [30] evaluated the effect of
temperature (37, 60, and 70 °C) on fermentative hydrogen production from cassava stillage in
batch tests and observed a maximum H2% of 50 % at a thermophilic temperature (60 °C), with
lower values under mesophilic (37 °C) and extreme thermophilic (70 °C) conditions. Algapani
et al. [13] did not observe significant hydrogen production at a hyperthermophilic temperature
(70 °C) when comparing hydrolysis and hydrogen production in two CSTR reactors using
food waste; however, they observed a maximum H2% of 58.6 % in an HRT of 5 h under
thermophilic conditions (55 °C).

Hydrogen Production Rate

Effect of HRT

Figure 5 illustrates the HPR behaviors in AFBR-CW and AFBR-V at different HRTs.
The HPR values in AFBR-CW increased with decreasing HRT, reaching a maximum of

5.36 ± 0.81 L H2 h
−1 L−1 in an HRTof 0.5 h. A similar trend was identified by Davila-Vazquez

et al. [28] using CW as substrate in a mesophilic (37 °C) CSTR. They observed that the HPR
increased from 496 to 583 mL H2 h

−1 L−1 when the HRT decreased from 10 to 6 h. Similarly,
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Carrilo-Reyes et al. [31] observed an increase in the HPR from 3.45 to 4.30 L H2 L
−1 day−1

when the HRT decreased from 13 to 10 h in a mesophilic (37 °C) UASB using CW as the
substrate. Perna et al. [32] evaluated mesophilic (30 °C) hydrogen production from CW at
OLRs of 22, 33, and 37 g COD L−1 day−1 and an HRT of 24 h. They obtained a maximum
HPR value of 1.0 L H2 day

−1 L−1 at an OLR of 37 g COD L−1 day−1.
In AFBR-V, decreasing the HRT from 8 to 0.5 h increased the HPR from 0.07 ± 0.03 L H2

h−1 L−1, reaching a maximum value of 0.71 ± 0.16 L H2 h
−1 L−1. The same trend was observed

by Santos et al. [15] using two thermophilic (55 °C) AFBRs. When the HRT was decreased
from 6 to 1 h, the HPR increased in both reactors, reaching maximum values of 1.49 L H2 L

−1

h−1 (15 g COD L−1) and 1.2 L H2 L
−1 h−1 (20 g COD L−1) in an HRT of 1 h. In a thermophilic

(55 °C) AFBR with vinasse and a feed COD of 5000 mg COD L−1, Santos et al. [14] observed
that the HPR increased with decreasing HRT, with a maximum value of 0.78 L H2 L

−1 h−1 in
an HRT of 1 h. Similarly, Ferraz Júnior et al. [33] observed a maximum HPR of 2284 mL H2

day−1 L−1 in an HRT of 10.2 h high OLR (84.2 kg COD m−3 day−1) when evaluating

Fig. 4 Variations in H2% as a function of temperature in AFBR-CW and AFBR-V

Fig. 5 Variation in the HPR as a function of HRT in AFBR-CW and AFBR-V
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thermophilic (55 °C) hydrogen production in an APBR using vinasse as the substrate (35.2 g
COD L−1).

Effect of Temperature

The effects of temperature on the HPRs in AFBR-CWand AFBR-Vare illustrated in Fig. 6. In
AFBR-CW, the temperatures of 55 and 65 °C yielded similar HPR values of 1.01 ± 0.16 and
1.38 ± 0.10 L H2 h

−1 L−1. However, the HPR decreased to 0.28 ± 0.11 L H2 h
−1 L−1 when the

temperature increased to 75 °C. In AFBR-V, temperatures of 55 and 65 °C yielded similar
HPR values of 0.36 ± 0.5 and 0.29 ± 0.10 L H2 h−1 L−1. However, the HPR decreased to
0.008 ± 0.005 L H2 h

−1 L−1 when the temperature increased to 75 °C.
To our knowledge, few studies have compared the effects of thermophilic and hyperther-

mophilic conditions on the HPR in continuous reactors. Gadow et al. [9] evaluated the effect of
temperature in three CSTRs under mesophilic (37 °C), thermophilic (55 °C), and hyperther-
mophilic (80 °C) conditions in an HRT of 10 days based on a concentration of 5 g cellulose
L−1. They observed maximum HPR values of 0.286 L H2 day

−1 L−1 (80 °C), 0.24 L H2 day
−1

L−1 (55 °C), and 0.008 L H2 day
−1 L−1 (37 °C). Additionally, Gadow et al. [26] evaluated the

effect of temperature in three CSTRs under mesophilic (37 °C), thermophilic (55 °C), and
hyperthermophilic (80 °C) conditions in an HRT of 10 days based on a concentration of 10 g
cellulose L−1. They observed a maximum HPR of 0.255 L H2 day

−1 L−1 in the thermophilic
reactor. Similarly, Zhong et al. [27] observed a maximum HPR of 110 mL H2 L

−1 h−1 in an
IBR using dairy processing waste (98.7 g COD L−1) for hydrogen production when the
temperature was increased from 40 to 60 °C at different HRTs (5, 3, and 1 days).

Although the HPR decreased as the temperature increased to 75 °C, the AFBR-CW and
AFBR-V results under thermophilic and hyperthermophilic conditions are comparable to those
of other studies [10, 11, 34]. Qiu et al. [34] observed a maximum HPR of 209.5 mL H2 day

−1

L−1 in an extreme thermophilic (70 °C) CSTR using distillery wastewater in an HRTof 4 days.
Gadow et al. [10] operated a hyperthermophilic (70 °C) CSTR with 10 g cellulose L−1 and an
HRTof 10 days. They observed a maximum HPR of 0.158 L H2 day

−1 L−1. Additionally, Jiang
et al. [11] observed a maximum HPR of 0.242 L H2 day

−1 L−1 in a thermophilic (55 °C) CSTR
with 10 g cellulose L−1 and an HRT of 10 days.

Fig. 6 Variation in the HPR as a function of temperature in AFBR-CW and AFBR-V
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Hydrogen Yield

Effect of HRT

The HYvariation during the operation of AFBR-CW and AFBR-V is illustrated in Fig. 7 as a
function of HRT. As the HRT decreased in AFBR-CW at a temperature of 55 °C, the HY
reached a maximum value of 4.10 ± 0.68 mmol H2 g COD−1 in an HRT of 4 h. Low HRTs in
AFBR-CW decreased HYvalues, with a minimum value of 2.58 ± 0.39 mmol H2 g COD

−1 in
an HRT of 0.5 h.

In AFBR-V, the HY reached a maximum value of 1.64 ± 0.22 mmol H2 g COD−1 in an
HRT of 4 h. Low HRTs in AFBR-V decreased the HY, with a minimum value of
0.41 ± 0.09 mmol H2 g COD−1 in an HRT of 0.5 h. Thus, when the HRT decreased below
4 h, with a consequent increase in the OLR, the HY decreased.

Table 2 shows the average values of H2%, HPR, and HY in AFBR-CW as functions of
different operational conditions, such as the HRT, temperature, and OLR. These results suggest
that the increase in the OLR associated with decreasing HRT increased the HPR and H2%. The
optimal condition for HY was an OLR of 78.1 kg COD m−3 day−1.

Table 3 presents the HYvalues observed in this study and other studies for comparison and
evaluation of the effects of the HRT and OLR.

Lower values of HRT in AFBR-CW decreased the HY by increasing the organic matter
available for microbial consumption, which increased higher the accumulation of inhibitory
VFA. Similar effects were observed in studies that evaluated the effect of the OLR, in which
high OLRs inhibited hydrogen production and decreased the HY [16, 24, 27, 32, 37, 38].
Azbar et al. [24] observed that increasing the OLR from 21 to 47 kg COD m−3 day−1 by
decreasing the HRT from 3.5 to 1 day decreased the HY from 22 to 5 mmol H2 g COD−1.
Additionally, decreasing the OLR from 47 to 35 kg COD m−3 day−1 by decreasing the COD
concentrations from 47 to 35 g COD L−1 increased the HY from 3.5 to 9 mmol H2 g COD−1.

Similarly, Venetsaneas et al. [37] evaluated mesophilic (37 °C) hydrogen production from
CW in a CSTR and observed maximum values of HY (1.56 mol H2 mol lactose−1) and HPR
(120 mL H2 h−1 L−1) at an OLR of 30 kg COD m−3 day−1. Under similar operational

Fig. 7 Variation in the HY as a function of HRT in AFBR-CW and AFBR-V
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conditions, Perna et al. [32] observed a maximum HY when the OLR was increased to 37 kg
CODm−3 day−1 by increasing the feed concentration from 22 to 37 g COD L−1 in a mesophilic
(37 °C) APBR with an HRT of 24 h.

Rosa et al. [16] used CWas the substrate in an AFBR under mesophilic (30 °C) conditions
and found that the HY decreased from 1.33 to 1.06 mol H2 mol lactose−1 as the OLR increased
from 30 kg COD m−3 day−1 (HRT = 4 h) to 120 kg COD m−3 day−1 (HRT = 1 h).

Similarly, Zhong et al. [27] used an IBR for hydrogen production from dairy processing
waste (98.7 g COD L−1) and observed a maximum HY of 5.58 mmol H2 g COD−1 when the
HRT decreased from 5 to 3 days and the OLR increased from 19.74 to 32.9 kg COD m−3

day−1. However, when operating the reactor at an OLR of 98.7 kg COD m−3 day−1, which was
equivalent to an HRT of 1 day, the HY was 3.87 mmol H2 g COD−1.

Lima et al. [38] observed maximum HPR (45 mL H2 h
−1 L−1) and HY (1.12 mol H2 mol

lactose−1) in an ASBR in the OLR of 18.5 kg COD m−3 day−1. When increasing the feed
concentration from 5400 to 6350 mg COD L−1, which was equivalent to 5671 mg carbohy-
drate L−1, the authors observed a decrease in HY to 0.37 mol H2 mol lactose−1.

However, Dareioti and Kornaros [39] observed a maximum HY of 0.54 mol H2 mol
carbohydrate−1 in a CSTR by decreasing the HRT from 5 to 0.75 days, thus increasing the
OLR to 126.67 kg COD m−3 day−1 in the mesophilic co-digestion of olive-mill wastewater,
CW, and liquid cow manure. The same positive effect in HY by increasing OLR to 171.6 kg
CODm−3 day−1 was observed by Dareioti and Kornaros [40] in the mesophilic co-digestion of
ensiled sorghum, CW, and liquid cow manure. The maximum HY of 0.7 mol H2 mol
carbohydrate−1 was observed by decreasing the HRT from 5 to 0.5 day.

In these studies where the increase in OLR favored the HY, a higher HRT range was used.
While in AFBR-CW, the HRT was decreased from 8 to 0.5 h, obtaining maximum HY of

Table 2 Average values of the main results obtained in AFBR-CW

T (°C) HRT (h) OLR (kg COD
m−3 day−1)

H2 ( %) HPR (L H2 h
−1 L−1) HY (mmol H2 g COD−1) HY (mol H2

mol lactose−1)

55 8 39 51.1 ± 2.3 0.45 ± 0.13 2.89 ± 0.53 3.06 ± 0.34
55 6 52.1 51.3 ± 1.5 0.63 ± 0.09 3.39 ± 0.44 3.51 ± 0.44
55 4 78.1 50.0 ± 1.1 1.01 ± 0.16 4.10 ± 0.68 3.77 ± 0.48
55 2 156.2 52.1 ± 3.1 1.43 ± 0.26 2.77 ± 0.51 3.55 ± 0.32
55 1 312.4 52.6 ± 3.1 3.66 ± 0.57 3.45 ± 0.55 3.50 ± 0.36
55 0.5 624.8 55.5 ± 2.3 5.36 ± 0.81 2.58 ± 0.39 3.46 ± 0.29
65 4 78.1 52.0 ± 2.6 1.38 ± 0.10 5.51 ± 0.37 4.67 ± 0.37
75 4 78.1 47.6 ± 2.1 0.28 ± 0.11 1.20 ± 0.39 1.04 ± 0.12

Table 3 Maximum values of HY observed in CW studies

Reference Reactor (temperature) HRT (h) OLR (kg COD
m−3 day−1)

HY (mmol H2 g COD−1) HY (mol H2

mol lac−1)

Azbar et al. [24] CSTR (55 °C) 84 21 22 2.4
Kargi et al. [35] Batch (55 °C) – – – 2.06
Romão et al. [36] Batch (25 °C) – – – 4.13
Rosa et al. [16] AFBR (30 °C) 4 30 – 1.33
Zhong et al. [27] IBR (60 °C) 72 32.9 5.58 –
This study AFBR-CW (65 °C) 4 78.1 5.51 4.67
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4.10 ± 0.68 mmol H2 g COD
−1 in the HRTof 4 h. Dareioti and Kornaros [39] and Dareioti and

Kornaros [40] obtained lower HYof 0.54 mol H2 mol carbohydrate−1 (HRT = 0.75 days) and
0.7 mol H2 mol carbohydrate−1 (HRT = 0.5 day). Thus, decreasing HRT to values lower than
4 h decreases the HY.

The HYof 4.67 mol H2 mol lactose−1 obtained in AFBR-CW is equivalent to 2.33 mol H2

mol glucose−1, representing 58 % of the theoretical HYof 4 mol H2 mol glucose−1. Kargi et al.
[35] performed batch tests of hydrogen production from CW that yielded high HY values
similar to those observed in AFBR-CW. The highest HY of 2.06 mol H2 mol lactose−1,
representing 26 % of the theoretical value, was obtained at a concentration of 9.5 g total
carbohydrates L−1. Increasing the carbohydrate concentration increased the acid concentra-
tions, mainly acetate (HAc), butyrate (HBu), and lactate (HLa), which inhibited production.
The HYs observed in the AFBR-CWare also higher than those observed by Romão et al. [36]
(4.13 mol H2 mol lactose−1), who evaluated mesophilic (25 °C) hydrogen production from
cheese whey permeate in a batch test with concentration of 20 g lactose L−1. Indeed, the HYof
58 % of the theoretical value observed in AFBR-CW is higher than any value published in the
literature.

Table 4 shows the average values of H2%, HPR, and HY in AFBR-V as functions of the
different operational conditions, such as HRT and temperature. In Table 5, the HY values
observed in AFBR-Vand those from other studies are presented for comparison to evaluate the
effect of the HRT.

Table 4 shows that the results obtained in this study agree well with those in the literature,
and the decrease in HY is associated with the increase in the OLR applied to the reactor.
Increasing the OLR increases the amount of organic matter available for microbial conversion,
and a maximum conversion of carbohydrates to hydrogen, as indicated by HY, occurred at an
OLR of 60 kg COD m−3 day−1. However, negative OLR effects are observed as the HRT
decreases, suggesting that high OLRs inhibit recalcitrant and toxic compounds present in the
vinasse feed, resulting in the accumulation of VFA. These results indicate that hydrogen
production at HRTs lower than 4 h occurred in organic overload conditions.

The same inhibition from the recalcitrant substances was also observed by Buitrón et al.
[41] studying the feasibility of continuous hydrogen production from tequila vinasse in a
mesophilic APBR. According to the authors, the presence of inhibitory substances and low
concentration of simple sugars limits the hydrogen production from vinasse. The maximum
HYobserved was 1.38 mmol H2 g COD

−1 in the HRTof 4 h (OLR = 51.6 kg CODm−3 day−1),
similarly to the maximum HY of AFBR-V (1.64 ± 0.22 mmol H2 g COD−1) in the OLR of
60 kg COD m−3 day−1.

Table 4 Average values of the main results obtained in AFBR-V

T (°C) HRT (h) OLR (kg COD m−3 day−1) H2 ( %) HPR (L H2 h
−1 L−1) HY (mmol H2 g COD−1)

55 8 30 43.5 ± 7.5 0.07 ± 0.03 0.65 ± 0.32
55 6 40 46.4 ± 6.1 0.20 ± 0.06 1.52 ± 0.32
55 4 60 42.4 ± 2.8 0.36 ± 0.05 1.64 ± 0.22
55 2 120 46.2 ± 2.2 0.43 ± 0.1 1.00 ± 0.24
55 1 240 43.9 ± 3.3 0.55 ± 0.19 0.64 ± 0.22
55 0.5 480 61.9 ± 4.2 0.71 ± 0.16 0.41 ± 0.09
65 4 60 46.1 ± 3.4 0.29 ± 0.09 1.29 ± 0.39
75 4 60 23.3 ± 5.9 0.008 ± 0.005 0.04 ± 0.02
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Negative HY and HPR effects were also observed by Ferraz Júnior et al. [42] as the OLR
increased when evaluating the effect of the OLR on thermophilic (55 °C) hydrogen production
in an APBR at HRTs of 24 and 8 h, corresponding to OLR values ranging from 36.2 to
108.8 kg COD m−3 day−1. The maximum HPR and HYvalues of 1023 mL H2 day

−1 L−1 and
2.4 mol H2 mol carbohydrate−1 (0.7 mmol H2 g COD−1) were observed in an HRT of 12 h,
corresponding to an OLR of 72.4 kg COD m−3 day−1. When the OLR was increased to
108.6 kg OLR m−3 day−1, the HY and HPR decreased to 63.9 and 42.8 %, respectively.

Similarly, Santos et al. [15] decreased the HRT from 6 to 1 h in two thermophilic (55 °C)
AFBRs, with consequent increases in the OLR from 60 to 360 kg COD m−3 day−1 (15 g COD
L−1) and from 80 to 480 kg COD m−3 day−1 (20 g COD L−1). This increase in OLR decreased
the HY, with maximum values of 2.23 mmol H2 g CODap

−1 (15 g COD L−1) and 1.85 mmol
H2 g CODap

−1 (20 g COD L−1) in an HRT of 6 h. These results indicate that hydrogen
production occurred under organic overload conditions in the reactor. Santos et al. [6] also
observed organic overload in a thermophilic (55 °C) AFBR with continuous hydrogen
production using vinasse concentrations of 10,000 mg COD L−1 and H2 g CODap

−1 in an
HRT of 6 h. The concentration of 30,000 mg COD L−1 yielded a maximum HYof 0.79 mmol
H2 g CODap

−1 in an HRT of 6 h.
Santos et al. [14] optimized the OLR to maximize hydrogen production in a reactor using

vinasse as organic substrate by decreasing the HRT from 8 to 1 h, with a subsequent increase
in the OLR from 26.6 to 225.3 kg COD m−3 day−1 under thermophilic conditions. An OLR of
52.7 kg COD m−3 day−1 yielded a maximum HY of 5.73 mmol H2 g CODap

−1 in an HRT of
4 h. Fuess et al. [43] observed a maximum HPR of 1604 mL H2 day

−1 L−1 and maximum HY
of 3.4 mol H2 mol sucrose−1, which is equivalent to 0.87 mmol H2 g COD−1, at an H2% of
37 %, HRT of 7.5 h, and OLR of 84.2 kg COD m−3 day−1 in a thermophilic (55 °C) APBR
using vinasse as the substrate.

Effect of Temperature

Figure 8 illustrates the effect of temperature on HY in an HRTof 4 h in AFBR-CWand AFBR-V.
The HYvalues observed in AFBR-CWwere similar at temperatures of 55 and 65 °C, with a

maximum value of 5.51 ± 0.37 mmol H2 g COD−1, the highest value observed in this study,
observed at 65 °C. However, the increase in temperature to 75 °C decreased the HY to
1.20 ± 0.39 mmol H2 g COD−1.

In AFBR-V, the HY of 1.29 ± 0.39 mmol H2 g COD−1 at 65 °C was similar to the value
observed at 55 °C. However, increasing the temperature to 75 °C decreased the HY to
0.04 ± 0.02 mmol H2 g COD−1. Thus, increasing the temperature was detrimental to the HY
in both reactors.

Table 5 Maximum values of HY observed in vinasse studies

Reference Reactor
(temperature)

HRT
(h)

OLR (kg COD m−3 day−1) HY (mmol H2 g COD
−1)

Santos et al. [14] AFBR (55 °C) 4 52.7 5.73
Santos et al. [15] AFBR (55 °C) 6 60 2.23
Santos et al. [6] AFBR (55 °C) 6 40 2.86
Ferraz Júnior et al. [42] APBR (55 °C) 12 72.4 0.77
This study AFBR-V (55 °C) 4 60 1.64
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Note that the HY values observed in AFBR-CW at thermophilic temperatures of 55 °C
(4.10 ± 0.68 mmol H2 g COD

−1) and 65 °C (5.51 ± 0.37 mmol H2 g COD
−1) are equivalent to

3.77 ± 0.48 and 4.67 ± 0.37 mol H2 mol lactose−1, respectively. These values are higher than
the value observed by Rosa et al. [16] and Romão et al. [36]. Rosa et al. [16], who used CW
for hydrogen production in a mesophilic (30 °C) AFBR, observed a maximum HYof 1.33 mol
H2 mol lactose−1 in an HRT of 4 h and observed methane production in an HRT of 1 h.
Similarly, Romão et al. [36] observed a maximum HY of 4.13 mol H2 mol lactose−1 during
mesophilic (25 °C) hydrogen production from whey permeate in batch tests with a concen-
tration of 20 g lactose L−1.

In AFBR-V, the maximum HY of 1.64 ± 0.22 mmol H2 g COD−1 and maximum HPR of
0.71 L H2 h−1 L−1 were observed at 55 °C. Comparatively, Reis et al. [44] observed a
maximum HPR of 0.51 L H2 h

−1 L−1 in an HRT of 1 h and for a concentration of 5 g COD
L−1 when evaluating the hydrogen production from vinasse in two mesophilic (30 °C) AFBRs
with concentrations of 5 and 10 g COD L−1. Additionally, methane was produced concomi-
tantly with hydrogen, with a maximum composition of 40 % in an HRT of 2 h.

Therefore, we conclude that thermophilic hydrogen production yields higher HPRs and HYs
and better represses methanogenic microorganisms, which repress hydrogen consumption path-
ways, compared to using mesophilic production. These observations agree with those of Kargi
et al. [45], who conducted batch tests using CW (10.77 g total carbohydrates L−1) for hydrogen
production under mesophilic (35 °C) and thermophilic (55 °C) conditions. TheHYof 0.81mol H2

mol glucose−1 obtained at the thermophilic temperature was higher than that generated at the
mesophilic temperature (0.47 mol H2 mol glucose−1) due to the elimination of hydrogen-
consuming bacteria and the selective enrichment of more efficient hydrogen producers.

The advantages of thermophilic production over mesophilic fermentative hydrogen pro-
duction were also noted by Luo et al. [46]. The authors found that HY increased from 14 to
69.6 mL H2 g VS

−1 as the temperature increased from 37 to 60 °C when evaluating mesophilic
(37 °C) and thermophilic (60 °C) hydrogen production from cassava stillage in a CSTR. Gupta
et al. [47] also observed higher HYs under thermophilic conditions, with a maximum value of
1.13 mol H2 mol hexose−1, when evaluating the performance of mesophilic anaerobic digester
sludge under mesophilic (37 °C) and thermophilic (60 °C) conditions for hydrogen production
from starch and cellulose.

Fig. 8 Variation in HY as a function of temperature in AFBR-CW and AFBR-V
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Table 6 provides important parameters that have been used in various studies of hydrogen
production, including the temperature, inoculum source, and complexity of the substrate.

Based on the different studies presented in Table 6, the effect of temperature varies with
multiple factors, including substrate complexity, inoculum source, and microbial community
diversity. Continuous hydrogen production can yield optimal results in the mesophilic, thermo-
philic, or hyperthermophilic range depending on each of these factors. The increase in temperature
from 55 to 65 °C increased the HYand HPR in AFBR-CW. In AFBR-V, the HYand HPR values
were similar under both conditions. These HY and HPR increases in AFBR-CW at 65 °C are
associated with the selection of a thermophilic microbial community that more efficiently
produces hydrogen from complex substrates and improves the mass transfer conditions.

The advantages of increasing the temperature of hydrogen production have also been
observed in other studies. Luo et al. [30] used cassava stillage in batch tests and found that,
although a mesophilic inoculum was used, the mixed culture had different microbial commu-
nities that could be selectively enriched in different temperature conditions. Thus, the maxi-
mum HYof 67.8 mL H2 g VS

−1 was observed at a temperature of 60 °C, followed by the HYs
under mesophilic (35 °C) conditions and extreme thermophilic conditions (70 °C).

When the temperature was increased from 40 to 60 °C in an IBR, Zhong et al. [27]
observed a maximum HY of 5.58 mmol H2 g COD−1 at 60 °C using a high concentration of
dairy wastewater (98.7 g COD L−1). This result is similar to that produced by the temperature
condition of 65 °C in AFBR-CW, which yielded a maximum HYof 5.58 mmol H2 g COD−1.

However, the HYs and HPRs reached minimum values in AFBR-CW and AFBR-V when
the temperature was increased to 75 °C. At this temperature, an efficient hydrogen-producing
microbial community could not be created due to the selection of microorganisms suited for
hyperthermophilic temperatures. Additionally, temperatures over 70 °C can decrease hydrogen
production via deactivation of enzymatic machinery [48].

Other studies have also evaluated microbial community selection when increasing the
temperature. The microbial community is reorganized when temperatures increase from
mesophilic to thermophilic conditions, and higher microbial diversity is associated with
mesophilic conditions rather than thermophilic conditions [50, 51]. Gupta et al. [47] found
that applying a temperature shock to a mesophilic inoculum by increasing the temperature to
thermophilic conditions could increase the HY; however, the increased HY was still lower than
HYs generated by inoculums that were thermophilic and enriched in thermophiles.

Zhang et al. [49] found that microbial community diversity decreases with increasing
temperature, and this process was characterized by the selective enrichment of some species.

Table 6 Comparison of HYvalues in AFBR-CWand AFBR-V with those used in other studies to evaluate the
effect of temperature

Reference Reactor Substrate T (°C) HY (mol H2

mol hexose−1)
HY (mmol H2 g
COD−1)

Gadow et al. [10] CSTR Cellulose (10 g L−1) 55 2.21 –
Roy et al. [48] Batch Glucose (10 g L−1) 60 2.71 –
Zhong et al. [27] IBR Dairy wastewater (98.7 g

COD L−1)
60 – 5.58

Zhang et al. [49] Batch Corn stover hydrolysate
(6.2 g sugar L−1)

55 1.4 –

This study AFBR-CW Cheese whey (10 g lac L−1) 65 2.33 5.51
This study AFBR-V Vinasse (10 g COD L−1) 55 2.45 1.64
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When the effect of temperature on hydrogen production from corn stover hydrolysate was
evaluated at temperatures of 30, 37, 55, and 70 °C, the efficiency of fermentation based on
temperature exhibited the following order: 55 > 70 > 37 ~ 30 °C. The superior production at
55 °C can be attributed to the selective enrichment of thermophilic hydrogen producers that are
capable of producing more hydrogen using complex substrates. The poor hydrogen production
at 70 °C is a result of not forming an extreme thermophilic community due to the low efficiency
in consuming complex substrates and the negative effects of the associated by-products.

However, Obazu et al. [52] observed a superior operational condition at 70 °C, with
maximum values of HPR (231.3 mmol H2 L−1 h−1) and HY (3.55 mol H2 mol glucose−1).
Overall, the results of previous studies that contradict our results were conducted with pure
substrates such as sucrose [52] and cellulose [9]. Sucrose is a simple substrate that is easily
biodegradable by the microbial community. Thus, the microbial community can easily adapt to
this substrate at any temperature. Conversely, at high concentrations or OLRs [11, 26],
thermophilic conditions yielded the best results, followed by those produced under hyperther-
mophilic conditions. Therefore, the selection and adaptation of a hyperthermophilic microbial
community are more difficult in complex substrates or at higher OLRs.

Based on previous studies and the results obtained using AFBR-CW and AFBR-V in this
study, it can be difficult to select a microbial community capable of producing H2 under
hyperthermophilic conditions (75 °C) from an originally thermophilic inoculum (55 °C) due to
the complexity of CW and vinasse [11, 26, 30, 41, 49]. Higher values of substrate complexity
and OLR decreased the optimal temperature of hydrogen production due to the decrease in
microbial diversity, which reduces the synergetic capacities of substrate degradation and
hydrogen production at these higher temperatures.

The HY decrease in AFBR-CW from 5.51 ± 0.37 mmol H2 g COD−1 at 65 °C to
1.20 ± 0.39 mmol H2 g COD

−1 at 75 °C was similar to that in AFBR-V from 1.64 ± 0.22 mmol
H2 g COD−1 at 55 °C to 0.04 ± 0.02 mmol H2 g COD−1 at 75 °C. Both reductions were
associated with the denaturation of hydrogen-producing microorganisms that were dominant in
the thermophilic inoculum used in this study. Due to the high complexity of vinasse containing
inhibitory compounds such as phenol and melanoidins in high concentrations [6, 14, 15], the
HY and optimal temperature values were lower than those associated with CW.

Notably, although the values of HYobserved in the hyperthermophilic range were lower, they
are in agreement with other results published in the literature. AFBR-CWyielded a HY similar to
that noted by Frascari et al. [53], who evaluated hyperthermophilic (77 °C) hydrogen production
from CWwith maximum HYof 5.8 mmol H2 g lactose

−1 (1.04 mol H2 mol hexose
−1). Algapani

et al. [13] observed no significant variation in hydrogen production when the temperature was
increased from 55 to 70 °C, which was similar to the trend observed in AFBR-V.

Soluble Metabolic Products (SMPs)

Effect of HRT

The distributions of the liquid metabolites produced in AFBR-CWand AFBR-Vare illustrated
in Fig. 9.

The main metabolites found in the effluent of AFBR-CW under all conditions were butyric
(HBu), lactic (HLa), and acetic (HAc) acids, with percentages ranging from21.6 to 43.0, 4.7 to 37.1,
and 15.8 to 36.9 %, respectively. Propionic (HPr), isobutyric (HIsBu), and malic (HMa) acids were
also observed, with percentages ranging from 0.7 to 6.6, 0.8 to 2.6, and 0.4 to 8.1 %, respectively.
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In AFBR-V, the main metabolites were HBu, HIsBu, and methanol (MetOH), with
percentages ranging from 12.2 to 37.0, 7.6 to 32.0, and 10.8 to 35.7 %, respectively. Other
metabolites such as HPr, HAc, and HLa were also observed, with percentages between 3.1 and
16.9, 3.8 and 17.8, and 3.8 to 13.2 %, respectively.

Acidogenesis was more common than solvetogenesis, producing only MetOH. The pres-
ence of MetOH was observed for all operational conditions in AFBR-CW and AFBR-V, with
the exception of the HRTs of 2 h (AFBR-CW) and 6 h (AFBR-V). The molar fraction of
MetOH varied between 6.5 % in AFBR-CW in an HRT of 0.5 h and 35.7 % in AFBR-V in an
HRT of 0.5 h. Under such conditions, HPRs of 5.36 ± 0.81 and 0.71 ± 0.16 L H2 h

−1 L−1 were
observed in AFBR-CWand AFBR-V, respectively. Additionally, in an HRT of 4 h at 55 °C, in
which the maximum HYs of 4.10 ± 0.68 68 mmol H2 g COD−1 (AFBR-CW) and
1.64 ± 0.22 mmol H2 g COD−1 (AFBR-V) were observed, the MetOH molar fractions in
AFBR-CW and AFBR-V were 13.9 and 27.1 %, respectively. Therefore, the performances of
both reactors were not affected by the different compositions of this alcohol based on the
metabolites produced.

Schink and Zeikus [54] suggest that hydrogen-producing Clostridium sp. bacteria can
produce MetOH as their main metabolite. Similar results were observed by Rosa et al. [16]
based on the operation of a mesophilic AFBR for hydrogen production from CW. The

Fig. 9 Distribution of the main
metabolites produced in a AFBR-
CW and b AFBR-V
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maximum MetOH yield of 1.44 mol mol lactose−1 was observed in an HRT of 4 h; the same
conditions yielded a maximum HY of 1.33 mol mol lactose−1.

As the HRT decreased from 8 to 4 h, the molar fraction of HBu in AFBR-CW remained
constant between 37 and 32 %. In AFBR-V, the molar fraction of HBu increased from 25 to
37 %, with a maximum value in an HRT of 4 h. HIsBu was identified only in AFBR-V. The
HIsBu molar fraction varied between 16 and 32 %, with a maximum value in an HRT of 6 h.
HBu and HIsBu molar fractions were associated with an HRT of 4 h, in which the HYvalues
were highest in both reactors at 4.10 ± 0.68 68 mmol H2 g COD−1 (AFBR-CW) and
1.64 ± 0.22 mmol H2 g COD−1 (AFBR-V). However, when the HRT decreased from 4 to
0.5 h, the molar fractions of HBu in AFBR-CW and AFBR-V decreased to 24 and 17 %,
respectively. In this case, the HY decreased, but the maximum HPR values of 5.36 ± 0.81 and
0.71 ± 0.16 L H2 h

−1 L−1 were observed in AFBR-CW and AFBR-V, respectively.
The butyric metabolic pathway, which produces 2.0 mol H2 mol glucose−1, is shown in

Eq. 1 [1]. The production of HBu and HIsBu and the maximum HY values reflect the
predominance of the butyric pathway for hydrogen production. Similarly, Santos et al. [15]
observed a maximum HPR of 0.45 L H2 h

−1 L−1 at an OLR of 60 kg COD m−3 day−1 without
decreasing the HY in two thermophilic AFBRs with COD concentrations of 15,000 and
20,000 mg COD L−1, which produced an HBu molar fraction of 16 %.

C6H12O6→ CH3CH2CH2COOHþ 2 CO2 þ 2 H2 ð1Þ
This pathway was also indicated by Perna et al. [32] in an APBR using CWas the substrate.

They observed an increase in the HY when HBu production increased and HLa production
decreased.

The main metabolites observed by Santos et al. [14] were succinic acid, HLa, and HBu. The use
of raw vinasse favored the production of HBu, HAc, and HIsBu and the reduction of the succinic
acid concentration, representing ametabolic pathway change that favored hydrogen production. The
microbial community was dominated by Thermoanaerobacterium sp. and Clostridium sp.

Similarly, Santos et al. [15] observed HLa, HBu, HIsBu, and HPr as the major metabolites
when HRT decreased, favoring the butyric pathway for hydrogen production. Hydrogen
producers (Megasphaera sp.) and other organisms (Lactobacillus sp.) were observed in the
microbial community.

The production of HAc was favored due to the HRT decrease from 8 to 0.5 h in both
reactors, increasing the molar fraction from 16 to 33 % in AFBR-CW and from 7 to 16 % in
AFBR-V. Under these conditions, the maximum HPR values were 5.36 ± 0.81 and
0.71 ± 0.16 L H2 h−1 L−1 in AFBR-CW and AFBR-V, respectively. Das and Veziroǧlu [1]
noted that the production of HAc makes it possible to generate 4 mol H2 mol glucose−1, as
shown in Eq. 2. Thus, the decrease in the HRT increased the hydrogen production efficiency
and the HPR by favoring the acetate pathway.

C6H12O6 þ 2 H2O→2 CH3COOHþ 2 CO2 þ 4 H2 ð2Þ
This same pathway was noted by Azbar et al. [24] using a CSTR for thermophilic (55 °C)

hydrogen production from CW. The authors observed a maximum HPR of 6 L H2 day
−1 L−1

and an increase in the HAc concentration by decreasing the HRT from 3.5 to 1 day.
Similarly, Ferraz Júnior et al. [42] observed HAc, HBu, and HPr as the major metabolites, with

the butyric pathway favored by highOLRs and the acetic pathway favored by lowOLRs. Under the
conditions that yielded a maximumHY, both HAc and HBu were produced in high concentrations.
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The simultaneous production of HAc and HBu was also indicated by Fuess et al. [43], who
observed HAc (1355 mg L−1), HBu (1378 mg L−1), and HPr (721 mg L−1) as the main
metabolites in a thermophilic (55 °C) APBR using vinasse as the substrate. Additionally, they
observed a maximum HPR of 1604 mL H2 day

−1 L−1 in an HRT of 7.5 h and maximum OLR
of 84.2 kg COD m−3 day−1.

The production of HPr is responsible for the consumption of hydrogen. As the
HRT varied, the molar fraction of HPr ranged from approximately 0.7 to 2 % in
AFBR-CW and from 3.1 to 17 % in AFBR-V. A significant amount of this acid was
produced in AFBR-V, and the maximum H2% of 17 % (6 h) was associated with a
decrease in the HRT from 8 to 6 h, resulting in an increase in the HY from 0.65 to
1.52 mmol g COD−1.

This behavior was also observed by Davila-Vasquez et al. [28] using CW in a CSTR. They
observed prevalent HPr at an OLR of 184.4 kg lactose m−3 day−1 without detecting hydrogen
production due to substrate overload.

HLa was produced in all HRTs in AFBR-CW. Decreasing the HRT from 8 to 0.5 h
decreased the HLa production from 36 to 24 %. In AFBR-V, the HLa molar fractions were
observed between 4 and 18 %. Collet et al. [55] suggested that HLa production uses the
substrate necessary for hydrogen production, decreasing the HY. However, even at high HLa
concentrations, the reactors exhibited maximum HPRs of 5.36 ± 0.81 and 0.71 ± 0.16 L H2 h

−1

L−1 in an HRT of 0.5 h. Santos et al. [6] decreased the HRT from 8 to 1 h and observed the
production of HAc (6.3–22.8 %) and HLa (25.4–32.7 %) under all operational conditions, with
a maximum HPR of 1.96 L H2 h−1 L−1 in an HRT of 1 h. Santos [14] also observed the
presence of HLa (21.8 %) and an increased HPR (1.20 L H2 h−1 L−1) at low HRTs when
evaluating the feasibility of hydrogen production in a thermophilic (55 °C) AFBR using
vinasse.

Effect of Temperature on the Microbial Metabolism

The effect of temperature on the production of metabolites in AFBR-CW and AFBR-V is
illustrated in Fig. 10.

In AFBR-CW, acidogenesis prevailed over solvetogenesis, producing only MetOH as a
solvent at temperatures of 55 °C (13.9 %) and 75 °C (8.1 %), with no MetOH produced at
65 °C. Additionally, the molar fractions of MetOH in AFBR-V were 27.1 % (55 °C), 30.8 %
(65 °C), and 28.4 % (75 °C).

The increase in temperature from 55 to 65 °C in AFBR-CW resulted in the increase in the
molar fractions of HBu and HAc from 35 to 40 % and 19 to 37 %, respectively. Moreover, the
production of HLa decreased from 32 to 4.7 %. By inhibiting the HLa-producing bacteria,
more substrate was available for hydrogen production via the butyric and acetic pathways.
This result is in agreement with the maximum HYof 5.51 ± 0.37 mmol H2 g COD

−1 observed
at the temperature of 65 °C and HRT of 4 h.

Nokie et al. [56] investigated the influence of the coexistence of hydrogen-producing
(Clostridium acetobutylicum or Clostridium butylicum) and HLa-producing (Lactobacillus
paracasei and Enterococcus durans) bacteria in the fermentation of tofu processing wastewa-
ter. They observed that the metabolic pathway of HLa is preferred over hydrogen production if
HLa bacteria are present in the community. The authors found that applying thermal treatments
between temperatures of 50 and 90 °C could inhibit HLa bacteria, resulting in the production
of more hydrogen.
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However, when the temperature was increased to 75 °C, the molar fractions of
HBu and HAc observed in AFBR-CW decreased to 25 and 25 %, respectively.
Moreover, HLa was produced at a molar fraction of 26 %, and HPr had a maximum
value of 6.6 %.

In AFBR-V, gradually increasing the temperature from 55 to 75 °C decreased the molar
fractions of HBu and HIsBu from 37 to 12 % and from 16 to 8.9 %, respectively. The molar
fraction of HAc increased from 4 to 13 % by increasing the temperature from 55 to 75 °C.

However, the increase in temperature favored the production of metabolites not associated
with hydrogen production. HLa and HPr were favored when the temperature increased to
75 °C. HLa, which was not detected at 55 °C, had a molar fraction of 12 % at 75 °C. The
maximum values of HPr were 11 % at 65 °C and 8 % at 75 °C. Moreover, the total
concentration of metabolites decreased from 6027 to 2968 mg L−1.

Fig. 10 Distribution of produced
metabolites as a function of
temperature in a AFBR-CW and b
AFBR-V
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In a study by Luo et al. [30], the main metabolites were HBu and ethanol at 60 °C
(total = 7000 mg L−1); HAc, HPr, and HBu at 37 °C (total = 7000 mg L−1); and only HAc
and ethanol at 70 °C (but smaller total concentration = 2500 mg L−1). Thus, HBu production
was inhibited and the HY decreased at 70 °C. Thermophilic hydrogen production was
associated with the highest concentration of HBu and inhibition of HPr.

The same result was verified by Gadow et al. [26], who evaluated the effects of mesophilic
(37 °C), thermophilic (55 °C), and hyperthermophilic (80 °C) temperatures on hydrogen produc-
tion in a CSTR using cellulose (10 g L−1) in an HRTof 10 h. Under thermophilic conditions and a
maximum HPR of 0.255 L H2 h

−1 L−1, the maximum concentrations of HAc and HBu were 2.36
and 1.61 g L−1, respectively. Under hyperthermophilic conditions, the HPR decreased to 0.219 L
H2 h

−1 L−1, decreasing the concentrations of HAc and HBu to 1.90 and 1.32 g L−1, respectively.
Similarly, Zhang et al. [49] evaluated the effects of temperatures of 30, 37, 55, and 70 °C

using corn stover hydrolysate for hydrogen production from activated sludge and granular
anaerobic sludge. They observed more efficient fermentation and higher concentrations of
HAc and HBu at 55 °C compared to those at 70 °C. The analysis of the microbial community
suggested that the increase in temperature decreased the microbial community diversity, which
promoted the growth of specific species.

Thus, the increase in temperature from 55 to 75 °C decreased the values of HY in AFBR-
CW and AFBR-V from 5.51 ± 0.37 to 1.20 ± 0.39 mmol H2 g COD−1 and 1.64 ± 0.22 to
0.04 ± 0.02 mmol H2 g COD−1, respectively. This behavior was a result of the shift in the
metabolic pathway, which repressed the hydrogen production of HBu in favor of the produc-
tion of HPr and HLa. The repression of the butyric pathway is associated with the selection of
a hyperthermophilic microbial community at a temperature of 75 °C. Because vinasse and CW
are complex, it was not possible to form an effective hyperthermophilic community from the
thermophilic inoculum.

Conclusions

The temperature and HRT are factors capable of altering thermophilic and hyperthermophilic
hydrogen production in AFBRs using CWor vinasse as substrates. In AFBR-CW, the decrease
in HRT and the increase in temperature benefited hydrogen production until the optimal
conditions, an HRT of 4 h and a temperature of 65 °C, were reached, yielding a maximum
HYof 5.51 ± 0.37 mmol H2 g COD−1. In this case, hydrogen production was favored via the
butyric and acetic pathways, and the production of HLa was repressed by increasing the
temperature. The maximum values of HPR and H2% were 5.36 ± 0.81 L H2 h−1 L−1 and
55.5 ± 2.3 % in an HRT of 0.5 h. In AFBR-V, the decrease in HRT favored hydrogen
production via the butyric pathway, with a maximum HY of 1.64 ± 0.22 mmol H2 g COD−1

in an HRT of 4 h and at a temperature of 55 °C. The maximum HPR values of 0.71 ± 0.16 L
H2 h

−1 L−1 and H2% of 61.9 ± 4.2 % were observed in an HRT of 0.5 h. However, increasing
the temperature to hyperthermophilic (75 °C) conditions decreased the hydrogen production in
both reactors because the microbial community that was originally selected in thermophilic
(55 °C) conditions had difficulty adapting.
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