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Abstract This study evaluated the effect of hydrau-

lic retention time (HRT) on the simultaneous hydro-

gen and ethanol production in two anaerobic fluidized

bed reactors (55 �C) from mono-fermentation of

cellulosic hydrolysate (AFBR-C) and the fermentation

of glucose and xylose as co-substrates (AFBR-GX). In

AFBR-C, the HRT was decreased from 24 to 8 h,

while in AFBR-GX, the HRT was decreased from 16

to 0.5 h. The carbohydrate concentration was main-

tained at 4 g/L (AFBR-GX) and 2 g/L (AFBR-C). In

AFBR-C, the main results observed by decreasing the

HRT from 24 to 8 h were the increase in H2 yield

(0.6–1.1 mol H2/mol hexose) and ethanol concentra-

tion (0.02–0.48 g/L). However, the H2 yield in AFBR-

GX decreased from 0.4 to 0.1 mol H2/mol hexose by

decreasing the HRT from 16 to 0.5 h. Additionally, the

shortest HRTs applied to the AFBR-C (8 h) and

AFBR-GX (0.5 h) resulted in the maximum hydrogen

production rates of 115.7 and 279.9 mL H2/h L, the

maximum energy yields of 7.4 and 47.7 kJ/h L, and

EtOHmolar fractions of 58.9 and 50.2%, respectively.
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Introduction

The agricultural sector is one of the main bases of the

Brazilian economy. According to data from the

Brazilian Institute of Geography and Statistics, Brazil

produced more than 1064 Mt of agricultural products

in 2018 (IBGE 2018). The main products of the

country are sugarcane (64% of the total), soy (11%),

corn (7%) and cassava (2%) (IBGE 2018). However,

intense agricultural production is associated with the

generation of large amounts of lignocellulosic resi-

dues. It is estimated that in Brazil, 200 Mt of

agricultural residues are generated per year (Araújo

et al. 2018).

Lignocellulose is the most abundant biomass on the

planet (Liu et al. 2017), and it is composed mostly of

cellulose (30–56%), hemicellulose (10–27%) and

lignin (3–30%) (Saripan and Reungsang 2014). When

cellulose and hemicellulose are hydrolyzed, they

release mainly glucose and xylose, which account

for 34–46% and 5–25%, respectively, of the lignocel-

lulosic biomass (Nissilä et al. 2012). The ability to

utilize glucose and xylose from lignocellulosic mate-

rials in the fermentative process is the key to the

feasible production of value-added compounds.

However, xylose conversion to more valuable com-

pounds is inefficient when performed by most

microorganisms. Thus, it is necessary to investigate

microbial processes that can naturally ferment both

xylose and glucose (Hniman et al. 2011; Zhao et al.

2018). Studies in the literature have reported the use of

glucose and xylose as co-substrates for the production

of lactic acid (HLa) (Novy et al. 2018), fumaric acid

(HFu) (Liu et al. 2017), ethanol (EtOH) (Nielsen et al.

2017) and hydrogen (H2) (Zhao et al. 2018).

Continuous hydrogen production is one of the most

efficient ways to recover valuable products and

generate bioenergy from lignocellulosic residues or

their derivatives (glucose and xylose) (Hniman et al.

2011). Currently, research on the use of glucose and

xylose as co-substrates for hydrogen production is

limited to mostly batch reactors (Ren et al. 2008) and a

few studies in continuous reactors (Zhao et al. 2013;

Sittijunda et al. 2013; Zhao et al. 2018), observing the

simultaneous production of hydrogen and EtOH (Ren

et al. 2008; Zhao et al. 2013; Sittijunda et al. 2013).

Although the EtOH production reduces the available

substrates for H2 fermentation (Wu et al. 2007), the

simultaneous production of hydrogen and ethanol is

promising because of the total energy gain (Wu et al.

2007; Barros and Silva 2012). Still, the ethanol-type

fermentation is known for the restriction of other

unwanted metabolic pathways, resulting in a higher

hydrogen production rate (HPR) (Ren et al. 2007; Han

et al. 2017).
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Thus, there is a need for the development of high

rate anaerobic reactors that can efficiently produce H2

and EtOH as second generation biofuels from ligno-

cellulosic biomass. The anaerobic fluidized bed reac-

tor (AFBR) has better mass transfer efficiency than

other high rate reactors, leading to higher HPR (Wu

et al. 2007). This reactor has been previously used for

continuous H2 production from glucose (Wu et al.

2007; Shida et al. 2012; Barros and Silva 2012) and

xylose (Dessı̀ et al. 2018). However, to the authors’

knowledge, there are no studies in the literature

comparing the single fermentation of cellulosic

hydrolysate and combination of glucose and xylose

as co-substrates for the fermentative H2 and EtOH

production in thermophilic AFBRs.

In this regard, the objective of this study was to

evaluate the effect of hydraulic retention time (HRT)

on the simultaneous production of hydrogen and EtOH

in thermophilic (55 ± 1 �C) AFBRs from the mono-

fermentation of cellulosic hydrolysate (AFBR-C, total

sugar concentration of 2 g/L) and from the fermenta-

tion of the glucose and xylose mixture (AFBR-GX,

both at a concentration of 2.0 g/L). The HRT was

decreased from 16 to 0.5 h in AFBR-GX and from 24

to 8 h in AFBR-C. Additionally, the profiles of

glucose and xylose consumption in the AFBR-GX

and glucose consumption in the AFBR-C were

evaluated with energy production analysis.

Materials and methods

Anaerobic fluidized bed reactor (AFBR)

The reactors had a total volume of 1520 mL and were

maintained at 55 �C with the aid of thermostatic baths

that circulated water in the reactors’ external jackets.

Expanded clay particles (with diameters between 2.80

and 3.35 mm) were used as the support material for

biomass adhesion (Fig. 1). The flow rate of the

recycling pump used in the reactors was adjusted in

order to maintain the superficial velocity at 1.3 times

the minimum fluidization velocity of the support

material (1.24 cm/s).

Substrates and nutrient source

The AFBR-GX influent contained xylose and glucose,

both at a concentration of 2.0 g/L. The AFBR-C

influent contained hydrolysate obtained after the acid

hydrolysis of microcrystalline cellulose (Avicel�).

The hydrolysis methodology was based on the work of

Nissilä et al. (2012). In the first step, the material was

hydrolyzed with H2SO4 15% (v/v) in an autoclave for

30 min at 121 �C. In the second step, the hydrolysate

was subjected to CaO liming to stabilize the pH in the

range between 4.5 and 5.0. The material was then

filtered and diluted to a concentration of 2.0 g glu-

cose/L. During all the operational conditions of both

reactors, the influents were supplemented with nutri-

ent solution according to Barros and Silva (2012).

Experimental setup

The inoculum used to start the AFBR was from a

thermophilic (55 �C) upflow anaerobic sludge blanket

reactor (UASB) used to treat sugarcane vinasse

generated at Usina São Martinho (Pradópolis, SP,

Brazil). The inoculum was subjected to thermal

treatment as proposed by Kim et al. (2006) in order

to eliminate methanogenic archaea.

The reactors were initially operated in batch mode

to allow the inoculum to adapt to the substrate and

Fig. 1 Anaerobic fluidized bed reactor (AFBR): a fluidized

bed, b headspace for gaseous and liquid output, c a real AFBR,
and d expanded clay particles
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adhere to the support material. After 80% of the

carbohydrate content was consumed, both reactors

were operated in continuous mode at the HRT values

of 24 h (AFBR-C) and 16 h (AFBR-GX). After

reaching a steady state hydrogen production (deter-

mined by observing an HPR with a variation of less

than 10% over 10 days), the operational conditions

were changed according to the experimental scheme.

In the AFBR-GX continuous mode, the HRT applied

varied from 16 h to 12 h, 8 h, 4 h, 2 h, 1 h and 0.5 h.

In AFBR-C, the HRT decreased from 24 h to 20 h to

16 h to 12 h to 8 h. Both reactors were operated for a

total of 230 days.

Analytical methods

The analyses of chemical oxygen demand (COD), pH,

sulfate, total suspended solids (TSS) and volatile

suspended solids (VSS) were performed according to

the Standard Methods for Examination of Water and

Wastewater (APHA 2005). The biogas composition

was analyzed by gas chromatography according to

Santos et al. (2014). The volumetric biogas production

was measured by the liquid displacement method

(Walker et al. 2009). The concentration of total sugars

was quantified in the influent and effluent of the

reactors by the method proposed by Dubois et al.

(1956). High-performance liquid chromatography

(HPLC, Shimadzu) was used for the determination

of the organic acids and alcohols produced by the

fermentation process in the AFBR-C and AFBR-GX

(Santos et al. 2014). The quantification of furfural,

5-hydroxymethylfurfural, was performed via HPLC

according to the method described in the study of

Gouveia et al. (2009).

Results and discussion

Substrate conversion

Figure 2 presents the profiles of glucose and xylose

conversion in the AFBR-GX. In this reactor, glucose

conversion remained stable between 96.5 ± 0.6% and

99.0 ± 0.1% at HRTs from 16 to 4 h. The glucose

conversion decreased to 70.5 ± 2.9%, 55.2 ± 12.6%

and 51.2 ± 6.0% by decreasing the HRT to 2, 1 and

0.5 h, respectively. The xylose conversion decreased

from 56.7 ± 15.9% to 26.5 ± 5.7% by decreasing the

HRT from 16 to 8 h and maintained constant values

between 7.3 ± 2.0% and 12.8 ± 3.7% at HRTs from

4 to 0.5 h. In the AFBR-C, the glucose conversions

remained stable between 92.4 ± 1.7% and

96.7 ± 1.2% with the decrease in the HRT from 24

to 8 h (data not shown).

A result similar to AFBR-C was observed by Pattra

et al. (2008) in batch experiments for H2 production

using sulfuric acid for the hydrolysis of sugarcane

bagasse in an autoclave. The authors reported carbo-

hydrate conversions above 83% using a glucose

concentration of 1.97 g COD/L. Additionally Cao

et al. (2009), using sulfuric acid for the hydrolysis of

corn straw in an autoclave, observed that glucose was

completely consumed (1.86 g/L) and the xylose

consumption was 83% in batch experiments for H2

production.

Lower xylose conversions in comparison to glucose

conversions can be explained by analyzing the

metabolic pathways associated with these substrates.

Initially, xylose is converted to xylulose, which in turn

is phosphorylated to form xylulose-5-phosphate and

then enters the glycolysis pathway as glyceraldehyde-

3-phosphate, whereas glucose only needs to be

phosphorylated to glyceraldehyde-3-phosphate (Wu

et al. 2014). Thus, the hypothesis is that the mixture of

these two sugars may be more advantageous than

single carbohydrate fermentation because it prevents

carbon source depletion and can ensure the stability of

hydrogen production.

Haroun et al. (2016), using separate carbon sources,

glucose (10 g/L) and xylose (10 g/L), for H2

Fig. 2 Mean values of glucose (C6) and xylose (C5) conver-

sions during hydrogen production in the thermophilic AFBR-

GX
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production in a continuous stirred tank reactor (CSTR)

(37 �C) at an HRT of 8 h, observed a carbohydrate

consumption higher than 97% for both substrates. Qiu

et al. (2016) used xylose for thermophilic (55 �C) H2

production in batch experiments and observed xylose

conversions above 96% for all concentrations (2.5,

5.0, 7.5, 10.0, and 12.5 g/L). Shida et al. (2012) used

glucose (2 g/L) as a substrate for mesophilic (30 �C)
hydrogen production in an AFBR to evaluate the effect

of HRTs from 8 to 1 h and observed glucose

conversions higher than 91%.

However, a lower consumption of xylose was

observed in other studies that performed the fermen-

tation of glucose and xylose as co-substrates similarly

to AFBR-GX (Ren et al. 2008; Luo et al. 2017). Luo

et al. (2017) performed the fermentation of glucose

and xylose as co-substrates (total sugar concentration

of 30 g/L) for the mesophilic (37 �C) production of

butyric acid (HBu) in batch experiments and observed

that at a 1:1 xylose:glucose ratio, xylose was only

consumed after the total consumption of glucose in the

medium. Zhao et al. (2018) used an anaerobic

sequencing batch reactor (ASBR) for thermophilic

(60 �C) H2 production from the co-substrates glucose

and xylose (total sugar concentration of 10 g/L) and

observed a glucose conversion of 90% and xylose

conversion of 66% at a substrate ratio of 1:1.

Performance of hydrogen production

in the thermophilic AFBRs

The hydrogen content (%H2) and HPR values of the

AFBR-GX and AFBR-C are shown in Figs. 3 and 4,

respectively. No methane was detected during the

operation of both reactors, demonstrating the effec-

tiveness of the strategies adopted to suppress metha-

nogenic archaea, such as sludge thermal treatment and

pH control below 5.0. In the AFBR-GX, the %H2

remained stable in the range between 55.0 ± 2.2 and

65.0 ± 3.0%, and the HPR increased from

76.0 ± 14.0 to 279.9 ± 38.8 mL H2/h L as the HRT

decreased from 16 to 0.5 h. In the AFBR-C, the %H2

remained in the range between 41.6 ± 8.8 and

58.8 ± 3.8%, and the HPR increased from 5.5 ± 1.9

to 115.7 ± 20.1 mL H2/h L as the HRT decreased

from 24 to 8 h.

Kongjan and Angelidaki (2010) investigated the

production of H2 from wheat straw hydrolysate (total

sugar concentration of 3.9 g/L) under extreme

thermophilic conditions (70 �C) in the HRT of 24 h

and 12 h and observed %H2 values equal to 32.6%,

41.5% and 43.2% for anaerobic filter (AF), CSTR and

UASB reactors, respectively. Toledo-Cervantes et al.

(2018) used an ASBR (37 �C) for H2 production from

agave tequilana bagasse hydrolysate (total sugar

concentration of 8.0 g COD/L) and observed a %H2

value of 49.3% at an HRT of 24 h. Kirli and Karapinar

(2018) used an anaerobic packed bed reactor (APBR)

for mesophilic (37 �C) H2 production from wheat

residues (total sugar concentration of 5 g/L) and

observed a %H2 increase from 55 to 67% by decreas-

ing the HRT from 13 to 2 h. These results with

complex lignocellulosic biomass hydrolysates from

the literature are similar to the %H2 observed in

AFBR-C using hydrolyzed microcrystalline cellulose,

indicating the reliable application of this substrate as a

model for lignocellulosic biomass.

Simulating a cellulosic hydrolysate with the mix-

ture of glucose and xylose in the ratio of 1:1 (total

sugar concentration of 5 g/L), Hniman et al. (2011)

observed a %H2 value of 21% in batch experiments

under thermophilic conditions (60 �C). The %H2

values observed by the authors were lower than those

of the AFBR-GX. Li et al. (2010) also performed

thermophilic (55 �C) hydrogen production in batch

experiments from the mixture of glucose and xylose

(total sugar concentration of 10 g/L) and observed

%H2 values between 26 and 49%. Zhao et al. (2018)

used an ASBR for thermophilic (60 �C) H2 production

from the glucose (8 g/L) and xylose (2 g/L) mixture

while decreasing the HRT from 24 to 6 h and observed

a maximum %H2 value of 61% at the HRT of 12 h.

The increase in HPR may be attributed to increased

substrate availability because of the increase in the

organic loading rate (OLR) from 2.0 to 6.0 kg COD/

m3 day in the AFBR-C and from 6.0 to

192.0 kg COD/m3 day in the AFBR-GX. This phe-

nomenon was noted by other studies that observed an

increase in the hydrogen production with increasing

OLR (Arriaga et al. 2011; Alexandropoulou et al.

2018; Wang et al. 2019). Contreras-Dávila et al.

(2017) used agave tequilana bagasse hydrolysate in

mesophilic (37 �C) H2 production in a CSTR and

reported an increase in the HPR from 82.5 to

105.4 mL H2/h L as the OLR increased from 39.9 to

52.2 kg COD/m3 day. Alexandropoulou et al. (2018),

using food residues (21.3 g COD/L) for mesophilic

(35 �C) H2 production in a CSTR reported that
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increasing the OLR from 42.6 to 127.8 kg COD/

m3 day, by decreasing the HRT from 12 to 4 h,

increased the HPR from 172.1 to 449.6 mL H2/h L.

Metabolic products and selectivity

The soluble metabolite concentrations and the hydro-

gen yield (HY) observed in the AFBR-GX and AFBR-

C are shown in Figs. 5 and 6, respectively. In the

AFBR-GX, the predominant metabolite at HRTs from

16 to 4 h was HLa, corresponding to the range

between 20.3% and 44.6% of the total metabolites

produced. By decreasing the HRT to 2 h, the HLa

molar fraction decreased to 10.7%. At this HRT there

was an increase in EtOH production, which corre-

sponded to 56.7% of the metabolites produced. When

the HRT was decreased to 1 h and 0.5 h, the molar

fraction of EtOH was 44.0 and 50.2%, respectively.

The HY, standardized in terms of hexose by the sum of

glucose with its xylose equivalent

Fig. 3 Biogas composition (%H2) and hydrogen production rate (HPR) under different hydraulic retention times (HRT) in the AFBR-

GX

Fig. 4 Biogas composition (%H2) and hydrogen production rate (HPR) under different hydraulic retention times (HRT) in the AFBR-

C
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Fig. 5 Soluble metabolites produced in the AFBR-GX at different hydraulic retention times (HRT). HAc: acetic acid; HBu: butyric

acid; EtOH: ethanol; HLa: lactic acid; HPr: propionic acid; HMa: malic acid; HY: hydrogen yield

Fig. 6 Soluble metabolites produced in the AFBR-C at different hydraulic retention times (HRT). HAc: acetic acid; HBu: butyric acid;

EtOH: ethanol; HLa: lactic acid; HPr: propionic acid; HY: hydrogen yield
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(0.833 mol of glucose), remained constant (between

0.3 ± 0.1 and 0.4 ± 0.04 mol H2/mol hexose) as the

HRT decreased from 16 to 4 h in the AFBR-GX. By

further decreasing the HRT to 0.5 h, the HY decreased

to 0.1 ± 0.01 mol H2/mol hexose.

In the AFBR-C, the predominant metabolites were

acetic acid (HAc) (50.5–84.2%) and HBu

(6.6–41.2%). As the HRT decreased from 12 to 8 h,

the HAc molar fraction decreased from 84.2 to 15.9%,

and the EtOH molar fraction increased from 5.1 to

58.9%. In the AFBR-C, the HY values were 0.6 ± 0.1,

0.6 ± 0.2, 0.4 ± 0.1 and 0.3 ± 0.1 mol H2/mol hex-

ose at the HRTs of 24 h, 20 h, 16 h and 12 h,

respectively. When the HRT decreased to 8 h, the

HY increased to 1.1 ± 0.02 mol H2/mol hexose.

Silva et al. (2018) studied the production of

bioproducts from xylose (1.29 g/L), glucose (1.06 g/

L) and cellulose (1.18 g/L) in batch experiments using

thermophilic (55 �C) UASB sludge from Usina São

Martinho sugarcane mill (Pradópolis, São Paulo,

Brazil). When using simple carbohydrates, such as

glucose and xylose, EtOH production was favored in

the first 8 h of the batch essays with concentrations of

1.22 g EtOH/L (glucose) and 1.39 g EtOH/L (xy-

lose). On the other hand, the conversion of a complex

lignocellulosic biomass (cellulose) favored the pro-

duction of HAc (1.81 g/L). These results are similar to

findings for AFBR-GX and AFBR-C. The main

metabolite produced in AFBR-GX at HRTs of 2 h,

1 h and 0.5 h was EtOH, while in AFBR-C the HAc

was favored in the HRT of 24 h.

In the AFBR-C, HAc and HBu molar fractions

accounted for 82.3%, 92.8%, 91.6% and 95.0% of the

total metabolites produced at the HRTs of 24 h, 20 h,

16 h and 12 h, respectively. At these HRTs, the

concentrations of HAc remained between 0.16 and

0.58 g/L, and the concentrations of HBu remained

between 0.08 and 0.19 g/L. In these conditions, the

concentrations of furfural and 5-hydroxymethylfur-

fural were 1 lg/L and 7 lg/L, respectively. It is

important to avoid high concentrations of these

components because of their inhibitory effect to

hydrogen production (Pattra et al. 2008). Similarly,

Pattra et al. (2008) observed as the predominant

metabolites HAc (1.46 g COD/L) and HBu

(6.77 g COD/L) in mesophilic (37 �C) batch experi-

ments for H2 production from sugarcane bagasse

hydrolysate (4.86 g/L of glucose and 5.34 g/L of

xylose) with a maximum HY of

1.7 mol H2/mol hexose. The authors attributed the

result to the low concentration of furfural.

Despite the inhibitory effect of furfural and 5-hy-

droxymethylfurfural on hydrogen production in aci-

dogenic reactors, Haroun et al. (2016) concluded that

the adaptation of the reactor biomass may increase

tolerance to these compounds. The authors used

glucose (10 g/L) and xylose (10 g/L) separately for

mesophilic (37 �C) H2 production in a CSTR and

observed constant values for the production of HAc

(1.5–2.6 g/L using glucose and 1.6–2.6 g/L using

xylose) and HBu (2.1–2.5 g/L using glucose and

1.8–2.6 g/L using xylose) while increasing the con-

centrations of furfural and 5-hydroxymethylfurfural

from 0.25 to 4.0 g/L.

Contreras-Dávila et al. (2017) observed that HAc

(1.5–3.1 g/L) and HBu (1.4–4.5 g/L) were the pre-

dominant metabolites at OLRs from 17.3 to

52.9 kg COD/m3 day in the mesophilic (37 �C) H2

production from agave tequilana bagasse hydrolysate

in a CSTR. Jamali et al. (2016) studied the ther-

mophilic (60 �C) H2 production from the mixture of

xylose and glucose (total sugar concentration of

55.03 g COD/L) in batch experiments and observed

an HY of 1.8 mol H2/mol carbohydrates, coinciding

with the predominance of HAc (1.12 g/L) and HBu

(1.86 g/L). Zhao et al. (2018) studied the effect of

HRT (6–24 h) on thermophilic (60 �C) H2 production

from the mixture of 8 g glucose/L and 2 g xylose/L in

an ASBR and observed a predominance of HAc

(1.17–3.02 g/L) and HBu (1.22–2.16 g/L) under all

operational conditions. However, in the AFBR-GX,

the HAc concentrations (0.18–0.25 g/L) were lower

than the HLa concentrations (0.29–0.65 g/L) at HRTs

from 16 to 4 h, indicating a predominance of HLa over

HAc.

At higher HRTs, there is greater exposure of the

substrates to the biomass, causing an accumulation of

pyruvate and triggering the production of HLa

(Baghchehsaraee et al. 2009). The fermentative pro-

duction of HLa can be initiated according to the CO2

levels of the system and does not affect the HY

(d’Ippolito et al. 2014). This phenomenon explains the

stability of the H2 production at HRTs ranging from 12

to 4 h in the AFBR-GX. Under these the operational

conditions the higher concentrations of HLa were

observed. Baghchehsaraee et al. (2009) reported that

following the catabolism of HLa, there is an increase

in NADH levels because of lactate accumulation,
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which can subsequently act as a precursor to hydrogen

production. Alexandropoulou et al. (2018) studied the

mesophilic (35 �C) H2 production from food residues

(total sugar concentration of 12.43 g/L) in a CSTR and

observed HAc concentrations (1.83 and 1.57 g/L) that

were lower than the HLa concentrations (2.89 and

3.03 g/L), with maximum HY values of 2.2 and

2.5 mol H2/mol carbohydrates at the HRTs of 6 h and

4 h, respectively.

Obligate heterolactic microorganisms can convert

pentoses [Eq. (1)] and hexoses [Eq. (2)] to HLa and

HAc. When no pentoses are available as carbon

sources, hexoses can also be converted into HLa and

EtOH [Eq. (3)] (Cubas-Cano et al. 2018). This process

may explain why HAc and HLa make up the largest

molar fraction in the AFBR-GX at HRTs from 16 to

8 h, where the xylose conversion remained between

26.5 and 56.7%. At HRTs from 2 to 0.5 h, the xylose

conversion remained between 7.3 and 11.1%, and

EtOH became the predominant metabolite.

C6H12O6 ! CH3CHOHCOOHþ CH3COOHþ CO2

þ H2O

ð1Þ

C5H10O5 ! CH3CHOHCOOHþ CH3COOH ð2Þ

C6H12O6 ! CH3CHOHCOOHþ CH3CH2OH

þ CO2 ð3Þ

Because the EtOH concentration increased to

0.46 g/L and the HY was constant with a value of

0.2 mol H2/mol hexose at the HRT of 2 h, the results

of this study cannot exclude the potential occurrence

of ethanol-type fermentation, in which there is the

simultaneous production of H2, EtOH and HAc

[Eq. (4)] (Barros and Silva 2012).

C6H12O6 þ H2O ! CH3CH2OHþ CH3COOH

þ 2H2 þ 2CO2 ð4Þ

Wang et al. (2013) evaluated the mesophilic

(25 �C) H2 production from sugarcane molasses

(8 g COD/L) in a CSTR and observed an increase in

the EtOH concentration from 1.49 to 3.82 g COD/L,

the simultaneous production of HAc

(0.44–0.66 g COD/L) and an increase in the HPR to

0.31 mL H2/h L by decreasing the HRT from 10 to

5 h. Anzola-Rojas et al. (2016) evaluated the meso-

philic (25 �C) hydrogen production from sucrose in an

anaerobic downflow structured bed reactor (ASTBR)

and observed an increase in the EtOH molar fraction

from 29 to 61% and a constant HAc molar fraction (21

and 24%) as the OLR increased from 12.0 to

96.0 kg COD/m3 day. The authors indicated that the

pH of 4.5 favored ethanol-type fermentation.

Ethanol-type fermentation is favored in pH values

between 4.0–4.5 and can preserve the balance between

NAD? and NADH, restrict the production of other

metabolites and promote stable hydrogen productivity

(Ren et al. 2007). In the AFBR-GX, this pathway was

possibly present at HRTs of 2 h, 1 h and 0.5 h, where

the pH was maintained between 4.2 and 4.5. The pH of

4.0 in AFBR-C favored the production of EtOH

(0.48 g/L; 58.9%) and HAc (0.17 g/L; 15.9%) as the

HRT was decreased from 12 to 8 h. This metabolic

pathway resulted in a higher HY of

1.1 mol H2/mol hexose.

Barros and Silva (2012) studied mesophilic (23 �C)
H2 production from glucose (4 g/L) in an AFBRwith a

pH maintained between 3.40 and 3.99 and observed

that EtOH was the predominant metabolite. Addition-

ally, the decrease in the HRT from 8 to 2 h increased

the HY from 0.7 to 1.3 mol H2/mol hexose and

increased the EtOH concentration from approximately

0.7–1.3 g/L. Similarly, Zhao et al. (2013) performed

the fermentation of 10 g/L of glucose and 10 g/L of

xylose as co-substrates in a hyperthermophilic (70 �C)
UASB reactor with a pH maintained between 5 and 6.

The authors observed that a decrease in the HRT from

24 to 12 h increased the HY from 0.2 to 0.6 mol H2/-

mol hexose and increased the EtOH concentration

from 2.23 to 3.71 g/L.

Qiu et al. (2017) evaluated the effect of pH and

substrate concentration on the hyperthermophilic

(70 �C) H2 production from xylose in batch experi-

ments and observed that the maximum HY of

1.1 mol H2/mol hexose from 7.5 g xylose/L in the

pH 7.0 coincided with the predominance of EtOH in

the liquid phase (2.82–3.61 g/L). Reis and Silva

(2014), using glucose (3.5 g/L) for mesophilic

(25 �C) H2 production in an AFBR, observed a

predominance of EtOH in the liquid phase (31–57%

molar fraction) and an increase in the HY from 1.2 to

2.2 mol H2/mol hexose by decreasing the HRT from 8

to 1 h.

Table 1 presents a comparison of the main results

for hydrogen production from the reactors in the

present study and other studies that used continuous
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reactors for the fermentation of glucose and xylose as

mono-substrates and as co-substrates, including

hydrolyzed biomass.

Despite the low concentration of the influent

substrate to the AFBR-C, the HY and HPR observed

in this reactor were higher than those observed in the

study by Kumar et al. (2018) using hydrolyzed algae in

a CSTR (35 �C) (Table 1). The superior HPR and HY

of AFBR-C can be explained by the maintenance of

the temperature in the thermophilic range. High

temperatures lead to higher selectivity for the hydro-

gen-producing microorganisms, resulting in higher

hydrogen productivity in the thermophilic range in

comparison to the mesophilic range (Dessı̀ et al.

2018). Gadow et al. (2012) studied the production of

H2 from cellulose in a CSTR and observed HY values

equal to 0.1, 2.7 and 3.4 mol H2/mol hexose at

temperatures of 37, 55 and 80 �C, respectively.

Additionally, Dessı̀ et al. (2018) used a fluidized

bed reactor (FBR) under thermophilic conditions

(55 �C) for H2 production from xylose mono-fermen-

tation (7.5 g/L) and observed a HY of 1.0 mol H2/-

mol hexose, which is superior to the value obtained

with the AFBR-GX at the HRT of 0.5 h (0.1 mol H2/-

mol hexose). However, at the HRTs of 6 and 0.5 h, the

HPRs in the study of Dessı̀ et al. (2018) and the AFBR-

GX were equal to 282.1 mL H2/h L and

279.9 mL H2/h L, respectively. In addition to the

similarity between the HPRs in these two studies, the

use of glucose and xylose as co-substrates may be

advantageous over mono-fermentation because of the

total energy gain from the simultaneous production of

EtOH and H2 in AFBR-GX.

In practical terms, the effect of decreasing the HRT

on continuous hydrogen production was similar when

using hydrolyzed microcrystalline cellulose (AFBR-

Table 1 H2 production performances of the AFBR-C and AFBR-GX in this study compared to the H2 production performances in

other studies using continuous anaerobic reactors

Reactor Substrate Temperature

(�C)
HRT

(h)

Inoculum HY

(mol H2/mol hexose)

HPR

(mL H2/

h L)

References

FBR Xylose (7.5 g/L) 55 6 Mixed culture 1.0a 282.1 Dessı̀ et al.

(2018)

CSTR Xylose (10 g/L) 37 8 Mixed culture 1.3a 329.2 Haroun

et al.

(2016)
CSTR Glucose (10 g/L) 37 8 Mixed culture 2.3 400.0

UASB Glucose ? xylose

(10 ? 10 g/L)

70 12 Mixed culture 0.6 121.0 Zhao et al.

(2013)

ASBR Glucose ? xylose

(8 ? 2 g/L)

60 12 Thermoanaerobicum

thermosaccharolyticum

W16

1.9 185.8 Zhao et al.

(2018)

CSTR Cellulose (5 g/L) 37 240 Mixed culture 0.1 16.7 Gadow

et al.

(2012)
Cellulose (5 g/L) 55 240 Mixed culture 2.7 19.6

Cellulose (5 g/L) 80 240 Mixed culture 3.4 21.7

CSTR Algal hydrolysate

(16.62 g/L)

35 24 Mixed culture 0.8 38.4 Kumar

et al.

(2018)

AFBR-

GX

Glucose ? xylose

(4 g/L)

55 8 Mixed culture 0.4 103.3 This study

AFBR-

C

Cellulose (2 g/L) 55 8 Mixed culture 1.1 115.9 This study

HRT hydraulic retention time, HY hydrogen yield, HPR hydrogen production rate, CSTR continuous stirred tank reactor, FBR

fluidized bed reactor, AFBR anaerobic fluidized bed reactor, APBR anaerobic packed bed reactor, UASB upflow anaerobic sludge

blanket reactor, ASBR anaerobic sequential batch reactor
aCalculated based on the original data
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C) and the mixture of glucose and xylose (AFBR-GX)

as model substrates for hydrolyzed lignocellulosic

biomass. The results observed in AFBR-C and AFBR-

GX were also similar to literature studies using

different lignocellulosic materials for hydrogen pro-

duction. This indicates that the results of AFBR-GX

and AFBR-C can be used as a comparative base for

studies using hydrolyzed lignocellulosic materials as

substrates for continuous hydrogen production. The

decrease in HRT favored the selection of metabolic

pathways for H2 and EtOH production using mixed

cultures, which are easier to apply in full-scale

anaerobic reactors.

Energetic evaluation

Using the data on the EtOH and H2 production, energy

productivity (EP) calculations were performed for the

AFBR-GX and AFBR-C according to Han et al.

(2012). The calculations were based on the heat of

combustion values for hydrogen (286 kJ/mol) and

EtOH (1366 kJ/mol). The AFBR-C reached a maxi-

mum EP of 7.4 kJ/h L at the HRT of 8 h. The AFBR-

GX achieved a maximum EP of 47.7 kJ/h L at the

HRT of 0.5 h and the lowest EP of 0.91 kJ/h L at the

HRT of 12 h.

The EP values of the AFBR-GX in the present study

were superior to those of other studies that used

acidogenic cultures (Table 2), and the highest EP

values were observed at the lowest HRTs of 0.5 h for

AFBR-GX and 8 h for AFBR-C. In these operational

conditions, the maximum values of HPR were also

observed in each reactor. Zhao et al. (2013) observed a

maximum EP of 10.7 kJ/h L at an HRT of 12 h by

using glucose and xylose (10 g/L each) as co-

substrates for the simultaneous production of EtOH

and H2 in a hyperthermophilic (70 �C) UASB reactor.

Han et al. (2012) observed a maximum EP of 31.2 kJ/

h L in the mesophilic (35 �C) fermentation of

molasses (10 g COD/L) for the simultaneous produc-

tion of EtOH and H2 in a CSTR. Santos et al. (2014)

observed a maximum EP of 4.9 kJ/h L at an HRT of

1 h when using sugarcane vinasse (5 g COD/L) for

thermophilic (55 �C) H2 production in an AFBR.

Conclusion

The results of this study indicate the technical

feasibility of continuous H2 and EtOH production

from lignocellulosic biomass in AFBR using cellu-

losic hydrolysate and the mixture of glucose and

xylose as model substrates. The simultaneous produc-

tion of H2 and EtOH was confirmed in both reactors

with the decrease in the HRT from 16 to 0.5 h in

AFBR-GX and from 24 to 8 h in AFBR-C. The

decrease in HRT applied favored EtOH production in

both reactors, observing high EtOH molar fractions of

58.9% in AFBR-C and 50.2% in AFBR-GX in the

HRT of 8 h and 0.5 h, respectively. However, each

reactor exhibited different effects of HRT on HY

during solventogenesis. In the AFBR-GX, the HY

decreased from 0.4 to 0.1 mol H2/mol hexose as the

HRT decreased from 16 to 0.5 h. On the other hand,

the HY in AFBR-C increased from 0.3 to 1.1 mol H2/-

mol hexose by decreasing the HRT from 24 to 8 h.

The maximum HPR observed in AFBR-GX was

279 mL H2/h L, coincident with the highest EP

(47.7 kJ/h L) and an EtOH concentration of 0.22 g/L

at the lowest HRT applied (0.5 h). In the AFBR-C, the

Table 2 Comparison of the energy productivity values of the AFBR-C and AFBR-GX with those of other studies

Substrate Concentration (g COD/L) Reactor EP (kJ/h L) HRT (h) References

Beet molasses 10.0 CSTR 19.1 – Han et al. (2012)

Beet molasses 8.0 CSTR 15.5 5 Wang et al. (2013)

Xylose/glucose 20.0 UASB 10.7 12 Zhao et al. (2013)

Sucrose 16.0 ASTBR 23.4 4 Anzola-Rojas et al. (2016)

Cellulosic hydrolysate 2.3 AFBR 7.4 8 This study

Xylose/glucose 4.0 AFBR 47.7 0.5 This study

COD chemical oxygen demand, EP energy productivity, HRT hydraulic retention time, CSTR continuous stirred tank reactor, UASB

upflow anaerobic sludge blanket reactor, ASTBR anaerobic downflow structured bed reactor, AFBR anaerobic fluidized bed reactor
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highest HPR of 115 mL H2/h L and the highest EP

(7.4 kJ/h L) were also observed at the lowest HRT

applied (8 h), with an EtOH concentration of 0.48 g/L.

Regarding the comparative approach between the

results of the present study with model substrates it is

fair to affirm that the fermentative performance of

AFBR-GX and AFBR-C can be used in future

researches of biohydrogen production from most

diverse lignocellulosic biomass.
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Pejó E (2018) Biotechnological advances in lactic acid

production by lactic acid bacteria: lignocellulose as novel

substrate. Biofuels Bioprod Biorefin 12:290–303. https://

doi.org/10.1002/bbb.1852

d’Ippolito G, Dipasquale L, Fontana A (2014) Recycling of

carbon dioxide and acetate as lactic acid by the hydrogen-

producing bacterium Thermotoga neapolitana. Chem-

suschem 7:2678–2683. https://doi.org/10.1002/cssc.

201402155

del Anzola-Rojas MP, Zaiat M, De Wever H (2016) Improve-

ment of hydrogen production via ethanol-type fermenta-

tion in an anaerobic down-flow structured bed reactor.

Bioresour Technol 202:42–49. https://doi.org/10.1016/j.

biortech.2015.11.084

Dessı̀ P, Porca E, Waters NR et al (2018) Thermophilic versus

mesophilic dark fermentation in xylose-fed fluidised bed

reactors: biohydrogen production and active microbial

community. Int J Hydrog Energy 43:5473–5485. https://

doi.org/10.1016/j.ijhydene.2018.01.158

dos Reis CM, Silva EL (2014) Simultaneous coproduction of

hydrogen and ethanol in anaerobic packed-bed reactors.

Biomed Res Int 2014:1–10. https://doi.org/10.1155/2014/

921291

Dubois M, Gilles KA, Hamilton JK et al (1956) Colorimetric

method for determination of sugars and related substances.

Anal Chem 28:350–356. https://doi.org/10.1021/

ac60111a017

Gadow SI, Li YY, Liu Y (2012) Effect of temperature on con-

tinuous hydrogen production of cellulose. Int J Hydrog

Energy 37:15465–15472. https://doi.org/10.1016/j.

ijhydene.2012.04.128
Gouveia ER, Do Nascimento RT, Souto-Maior AM, de Rocha

GJM (2009) Validação de metodologia para a caracteri-

zação quı́mica de bagaço de cana-de-açúcar. Quim Nova
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