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The use of packed-bed reactors for biohydrogen production often results in performance
losses in the short term because of the negative effects of operational factors, such as
biomass accumulation and inadequate pH conditions. Because packed-bed systems
constitute a promising technology for biohydrogen production, studies on continuous
hydrogen production over the long term must be carefully conducted by applying proper
operational strategies. Therefore, this study assessed continuous biohydrogen production
in a packed-bed reactor operated under thermophilic conditions (55 °C) using sugarcane
stillage as the substrate. The results indicated that the acidogenic reactor presented a
capacity for recovering from performance losses, regardless of their cause, and main-
taining continuous hydrogen production rates under long-term operation (240 days). pH
proved to be a key factor for obtaining continuous hydrogen production, and the optimal
results were observed in a pH range from 5.1 to 5.2. Furthermore, an optimal specific

* volatile suspended solids d~* was

organic loading rate of 6.3—6.4 g carbohydrates g~
observed, and this value is consistent with the results of previous studies focused on
hydrogen production from fermentative systems.

© 2015 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Hydrogen production using dark fermentation constitutes an
attractive approach for the generation of bioenergy because it
has the potential to achieve important advantages over

conventional electro- and thermochemical approaches,
including low energy consumption that generates a positive
energy balance, low production costs, the potential reuse of
wastewaters and residues as carbon sources, the potential
production of value-added metabolites (e.g., organic acids,
ethanol and butanol) and biopolymers and high biohydrogen
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(BioH,) yields relative to light-dependent processes [1—3].
Using hydrogen as an energy carrier presents additional ad-
vantages because hydrogen has a high heating value and
water vapor is the sole residue generated from combustion;
thus, it leads to zero emissions of greenhouse gases [3].

The literature describes the use of several types of waste-
waters as substrates in fermentative reactors, such as cheese
whey [4,5], soft-drink wastewater [2], food processing and dairy
wastewater [5—7], beet molasses [8], and tequila, cassava and
corn stillages [1,9,10]. Some recent studies on BioH, production
have also assessed the use of sugarcane stillage [11—16], char-
acterized as the main wastewater from ethanol production [17].
BioH, production from sugarcane stillage may be a feasible
technological approach because this wastewater has an
appreciable residual content of carbohydrates, the main sub-
strate assimilated by hydrogen-producing bacteria (HPB).
Although certain operational conditions have been tested, such
as different dilution rates [14] and organic loading rates [11,15],
the literature lacks reports on the efficient utilization of sug-
arcane stillage in fermentative systems, especially when
continuous BioH, production is intended over the long term.

Studies on continuous fermentative systems are usually
conducted in continuously stirred tank reactors (CSTRs)
[8,10,18], based on the simple operational and controlling fea-
tures of such reactors. However, in suspended-cell reactors,
differentiation is not observed between the solids retention
time (SRT) and the hydraulic retention time (HRT), thus leading
to low cell densities and limiting the contact time between the
biomass and the substrate [19]. On the contrary, systems such
as anaerobic packed-bed reactors (APBRs) concentrate impor-
tant advantages because they can utilize higher SRTs [4,20].
However, several studies have indicated unstable and often
decreasing BioH, production in acidogenic packed-bed sys-
tems within 50—60 days of operation, regardless of the
wastewater type and temperature conditions [12,21—-23].

In the literature, performance losses in acidogenic systems
are usually associated with inadequate operational conditions,
such as the excessive accumulation of biomass in the reactors
[2,24,25], inadequate pH conditions [5,26,27] and the applica-
tion of organic under- or overloads [11,14—16,28]; thus, it may
be possible to obtain continuous hydrogen production rates by
applying the proper operational strategies to the reactors. With
respect to pH, most of the associated studies have focused on
the influence of the initial pH on BioH, production without
properly controlling the effluent pH [5,26]. Acidogenic systems
characterized by effluent pH variations are vulnerable to per-
formance losses because of factors that depend strictly on the
pH conditions provided to the microorganisms, such as hy-
drogenase activity, metabolic pathways and cell flocculation
and adherence phenomena [5,26]. The excessive accumulation
of biomass impacts the specific organic loading rate (SOLR),
which roughly represents the food-to-microorganism ratio
applied to the reactor. In short, excessive solids concentrations
may promote substrate shortages and stimulate homoaceto-
genic bacteria to consume molecular hydrogen [12,22,25].
Additional limitations produced by the accumulation of solids
include the establishment of high hydrogen partial pressures
within the packed bed, which also leads to metabolic shifts,
based on increased production of more reduced compounds,
such as propionic and butyric acids [29—32]. Finally, studies on

continuous BioH, production from acidogenic systems are
usually based on the application of increasing organic loading
rates (OLRs) as a strategy to prevent performance losses
[4,24,33]. However, this strategy may lead to conditions of
organic overload because excessive concentrations of sub-
strate may be introduced over relatively low HRTs. Studies on
BioH, production from stillage have frequently reported the
accumulation of organic acids, especially propionic and butyric
acids, in acidogenic systems submitted to OLR conditions that
are usually higher than 100 kg COD m 2 d~?* [14—16,28]. More-
over, in a previous study, Ferraz Jr. et al. [11] mathematically
determined an optimal OLR of 84.2 kg COD m > d~* for BioH,
production from sugarcane stillage under thermophilic con-
ditions; therefore, the continuous application of this OLR in a
long-term operation should be investigated.

Studies on long-term BioH, production from real waste-
waters are of great interest to identify the influence of both
wastewater compositional variations and biomass aging over
the hydrogenogenic activity. Regarding specifically sugarcane
stillage, Santos et al. [15,16] continuously operated anaerobic
fluidized-bed reactors (AFBRs) for 150 days and 120 days,
whereas Santos et al. [14] employed an operating period of 308
days for an AFBR fed mixtures of stillage and glucose. How-
ever, the stillage was usually diluted prior to feeding the re-
actors, and increasing OLR conditions were always employed.
With respect to BioH, production from packed-bed reactors
treating stillage, a single report indicated the operation of an
APBR for only 60 days under thermophilic conditions [12];
thus, the potential of the system to recover from performance
losses could not be properly assessed. Moreover, the literature
does not provide sufficient information on the dynamics of
hydrogen production from sugarcane stillage in packed-bed
reactors under long-term operations.

Therefore, this study assessed the long-term production of
BioH, from an upflow acidogenic APBR continuously operated
under thermophilic conditions (55 °C) using raw sugarcane
stillage as the substrate. The reactor was operated throughout
the sugarcane season (approximately eight months), and
different operational strategies were applied to the APBR,
including the [i] application of a high and continuous organic
loading rate, [ii] pH control of the effluent of the reactor, and [iii]
periodic discharge of excessive biomass. Hydrogen production
as assessed by the volumetric hydrogen production rate (VHPR)
and hydrogen yield (HY) was also correlated with different pa-
rameters, including the effluent pH and specific organic loading
rate, to identify the optimal ranges for the operation of packed-
bed systems. This study may be considered the first approach to
assessing the long-term production of BioH, from raw sugar-
cane stillage under long-term operations, such as over a com-
plete sugarcane season, regardless of the type of reactor.

Materials and methods
Stillage characterization

Sugarcane stillage samples were regularly collected from a
full-scale ethanol and sugar plant located in Pradépolis, Sao
Paulo State (SP), Brazil. The sampling was conducted
throughout the entire sugarcane season, and the main
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physicochemical characteristics of the stillage included the
total chemical oxygen demand (TCOD) — 28.3 + 4.6 g L™ ?; sol-
uble chemical oxygen demand (SCOD) — 22.9 + 4.0 g L}
biochemical oxygen demand (BOD) — 14.6 + 3.5 g L™%; BOD/
TCOD ratio = 0.51 + 0.07; total soluble carbohydrates (CH) —
5.6 + 1.3 g-sucrose L™%; total phosphorus — 113 + 105 mg L%,
total Kjeldahl nitrogen — 862 + 219 mg L.~ %; volatile suspended
solids (VSS) — 818 + 223 mg L% sulfate (SO) -
1700 + 430 mg L™ and pH — 4.5 + 0.1. The different sampling
periods (C1 to C6/7) are properly indicated in the figures.
Stillage was filtered through a 3 um paper filter (Nalgon
Equipamentos Cientificos, Itupeva, SP, Brazil, density of
80 g m~?) prior to feeding the reactor to remove excessive
levels of suspended solids and avoid clogging the reactor.
TCOD corresponds to the organic matter concentration of the
filtered samples.

Reactor design and operational conditions

A bench-scale (2.3 L) acidogenic APBR was operated for 240
days, which corresponds to the average duration of the sug-
arcane season in Brazil. Constructive aspects of the reactor as
well as characteristics of the experimental apparatus are
depicted in Fig. 1. Low-density polyethylene (LDPE) was used
as the support material because previous studies on stillage
fermentation [11-13] indicated that LDPE as an adequate
media for BioH, production. The pH of the stillage was
adjusted to between 5.5 and 7.5 using a solution of sodium
hydroxide (NaOH) 50% w/V. The initial pH of the feeding
stream was set according to the pH measured in the acidified
stillage to provide optimal conditions to enhance BioH, pro-
duction. The reactor was inoculated using the natural
fermentation of stillage according to the protocol previously
described by Leite et al. [34].

The reactor was operated in a controlled temperature
chamber (55 °C) and continuously fed with filtered stillage
using a peristaltic pump (Model Minipuls Evolution, Gilson
Inc., Middleton, W1, USA). The use of thermophilic conditions
in anaerobic reactors applied to stillage is a suitable approach
because stillage is generated at high temperatures (90—100 °C).
Moreover, a higher hydrogen-production potential has been
reported for thermophilic systems compared with the meso-
philic ones [18,31,35]. The OLR was set at 84.2kg CODm~>3d?
(HRT of 7.5 h), which was mathematically defined as the
optimal OLR for the thermophilic hydrogen production of
sugarcane stillage [11]. An increase was applied in the OLR
(~110 kg COD m 3 d?, HRT of 6 h) over a short-term period
(days 160—165) in an attempt to improve the hydrogenogenic
activity of the reactor; subsequently, the OLR was reduced to
842kgCODmM >4

Performance evaluation: analytical methods

The performance of the reactor was assessed based on mea-
surements of the following parameters: pH, VSS, total soluble
CH, volatile fatty acids (VFAs) and solvents levels. The values
of pH and VSS were obtained according to the procedures
described in the Standard Methods for the Examination of
Water and Wastewater [36]. Total CH levels were determined
according to the phenol-sulfuric method proposed by Dubois

et al. [37] so that absorbance measurements were conducted
at 490 nm using a sucrose standard curve (20—180 mg-sucrose
L7Y). The curve was prepared by diluting a standard solution of
sucrose 1% m/v. VFA (acetic, propionic, butyric, isobutyric,
valeric, isovaleric and caproic acids) and solvents (methanol,
ethanol, n-butanol) were analyzed by gas chromatography
with a flame ionization detector (GC-FID) according to the
protocol described by Adorno et al. [38]. The biomass yield
coefficient (Yy/s, in g VSS g~! CH), the biomass percentage
retained in the reactor and the SOLR (g CH g~* VSS d %) were
calculated at the end of the operating period, as proposed by
Anzola-Rojas et al. [25].

The biogas flow rate was measured with a gas meter model
MGC-1 V30 (Ritter™). The biogas composition (hydrogen, car-
bon dioxide and methane) was determined with a GC 2010
(Shimadzu Scientific Instruments, Columbia, MD, USA)
equipped with a thermal conductivity detector (TCD) using
argon as the carrier gas and a CARBOXEN 1010 Plot column
(30 m, 0.53 mm) [4].

The response variables used to assess the performance of
the reactor included the conversion of total CH (ECcy, in %),
biogas flow rate (BFR, in mL d™"), volumetric hydrogen pro-
duction rate (VHPR, in mL H, L~* d7?%), molar hydrogen flow
rate (MHFR, in mmol H, h™?), hydrogen yield (HY, in mol H,
mol~! CH) and butyric—acetic acid (BuH/AcH) ratio. When
calculating HY, total CH concentrations measured using the
phenol-sulfuric method (mg L) were converted to mol CH
L' using the molar mass of sucrose (342 g mol ™) as a refer-
ence, according to Ferraz Jr. et al. [11-13].

Results and discussion

Continuous BioH, production was maintained for the entire
operating period as depicted in Fig. 2. Although unstable pe-
riods and decreasing patterns may be observed (Fig. 2),
hydrogenogenic activity was recovered by applying the proper
operational strategies to the APBR. The main events associ-
ated with performance losses in the APBR included [i] re-
ductions in the OLR applied to the reactor and [ii]
compositional variations in the stillage during the sugarcane
season, which directly affected the effluent pH of the reactor.
A combination of strategies was carefully assessed in an
attempt to enhance the hydrogenogenic activity in the APBR,
and the performance of the reactor in relation to each strategy
is discussed herein.

Periodic discharge of excess biomass

Stable BioH, production was observed during the 45 first days
of operation, which led to average VHPR (Fig. 2a) and MHFR
(Fig. 2b) values of 1203 mL H, L' d"* and 6.03 mmol H, h™?,
respectively (Table 1), although a slight decline in hydrogen
production was subsequently observed. This declining pattern
was most likely related to the biomass aging, which is char-
acterized by the proliferation of non-hydrogen producing
bacteria. In a previous study [12], BioH, production decreased
to negligible levels at approximately 50—60 days of operation
in an APBR under similar operating conditions to those used in
this study. Because negative effects of biomass accumulation
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Fig. 1 — Diagram of the acidogenic system: (a) experimental apparatus, (b) reactor characteristics (measurements in
millimeters), and (c) support material (LDPE) used in the packed bed. Legend: 1 — reservoir; 2 — peristaltic pump; 3 — APBR; 4

— effluent outlet; 5 — water seal; 6 — gas meter.

have been reported [2,24,25] over the BioH, production, a
biomass discharge was conducted here (Fig. 2c, discharge #1,
day 51, 350 mL or ~ 9.5 g VSS), in order to enhance the
hydrogen production by 47% (VHPR ranging from 409 to
862 mL H, L~ d ). However, the decreasing BioH, production
trend was reestablished, so that this pattern might be related
to the negative effects of biomass aging as previously
described. Limitations related to the biomass discharge could
also reflect such patterns because the amount of removed
solids was not sufficient to provide adequate SOLR values.
Three additional biomass discharges were performed for
subsequent decreases in BioH, production related to the
application of stillages from samples C4 and C5 to the APBR:
discharges #2 and #3 (1400 mL or ~ 22.9 g VSS) on days 98 and
105, respectively, and discharge #4 (1100 mL or ~ 20.5 g VSS) on
day 150 as depicted in Fig. 2c. In these periods of decreasing
production, significant alterations to the effluent pH were also
measured and will be further discussed; therefore, the

biomass accumulation was not the only factor affecting BioH,
production. Discharges #2 and #3 were associated with
effluent pH control, and they promoted an increase in
hydrogenogenic activity, thus leading to peak values of 879 mL
H, L *d ' (VHPR, Fig. 2a) and 5.8 mmol H, h~* (MHEFR, Fig. 2b),
respectively. For discharge #4, improvements were not
observed in BioH, production, and this poor performance was
most likely related to the negative effects of pH. The biomass
discharges conducted in this study did not promote significant
variations in the SOLR from that of the initial operating period
(Fig. 3b—c). The pattern observed for the biomass retention
within the reactor indicates that the SOLR varied within a
narrow range (1.5—4.0 g CH g~* VSS d %, Fig. 3b—c) for biomass
concentrations higher than 5-6 gVSS L~! (Fig. 3a, day 30 on-
wards) compared to the initial values. The low porosity caused
by the random arrangement of support media in packed-bed
reactors hinders the removal by bottom discharge of inter-
stitial acidogenic biomass that accumulates in the bed, which


http://dx.doi.org/10.1016/j.ijhydene.2015.10.143
http://dx.doi.org/10.1016/j.ijhydene.2015.10.143

8136

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 8132—8145

may explain the pattern observed for the retention of biomass
within the reactor and the variations of the SOLR during
operation (Fig. 3b—c). Improved control over the SOLR may be
obtained by employing additional strategies for biomass
discharge, such as backwashing the reactor, or using
structured-bed reactors, which combine immobilized cell
growth with higher bed porosities [39,40].

Application of optimal and continuous OLR

A sharp decline in hydrogen production was observed when
the reactor was fed less concentrated stillage samples
(TCOD =23.4gL~%, CH=3.9gL !, sampling C3, Fig. 2) because
the applied OLR was reduced (Fig. 2b, 50.4 kg COD m~> d™?).
Such organic underload stimulated methanogenic activity in
the APBR (Fig. 2d), which also led to unstable CH conversion
(Fig. 2c). However, by increasing the OLR to optimal conditions
(84.2 kg COD m~3 d™%), increased hydrogenogenic activity was
observed, which led to a VHPR of 1210 mL H, L=* d~* (Fig. 2a).

Yet regarding the control of the OLR as an operational
strategy, a short organic overload was imposed in the APBR for
approximately five days (Fig. 2b, ~110 kg COD m~2 d~%, days
160—165) after the stillages from samples C5 were used to feed
the reactor. This operational strategy was performed in an
attempt to provide optimal SOLR conditions because hydro-
genogenic activity was not enhanced by discharging the accu-
mulated biomass (discharge #4) or by controlling the effluent
pH. By applying an organic shock load to the reactor, VHPR and
MHPR values of 888 mL H, L~* d~? (Fig. 2a) and 6.0 mmol H, h~?
(Fig. 2b), respectively, were achieved. Based on the negligible
variations in the SOLR after the 30th day of operation (values
usually lower than 3 g CH g~* VSS d~%, Fig. 3b—c), which were
observed even under higher OLRs, the increasing BioH, pro-
duction rates may have resulted from the hydrodynamic con-
ditions in the reactor causing lower partial pressures of
hydrogen as a result of increasing upflow velocities. The upflow
velocity rose approximately 30% in the APBR by increasing the
OLR from 84.2 to 110 kg COD m > d~*. The subsequent reduc-
tion of the OLR to optimal values (Fig. 2b, 84.2 kg COD m3d )
led to further decreases in BioH, production, which were most
likely associated with the high effluent pH (~5.3).

Although the use of organic overloading to recover
hydrogenogenic activity constitutes an efficient strategy, such
conditions must be imposed in the reactor over short periods
because previous studies [11] have indicated that performance
losses occur by applying OLRs higher than 100 kg CODm 3d*
in acidogenic systems using sugarcane stillage as the sub-
strate. Moreover, the application of organic overloads by
increasing the wastewater flow rate may cause a biomass
washout in suspended-growth systems (e.g.,, CSTR tanks);
thus, the use of such a strategy may only be adequate in
immobilized-cell reactors because the packed bed acts as a
barrier that hinder solids wash out.

Control of the effluent pH

The effluent pH played a key role in obtaining high and
continuous BioH, production because the SOLR could not be
properly controlled by discharging the biomass. The optimal
conditions for BioH, production were associated with effluent

pH values in the range of 5.1-5.2 (Table 1). Severe negative
impacts on BioH, production were observed when the effluent
pH values were lower than 5.0 (100 days, C4, Fig. 2e) and higher
than 5.3 (days 160—170, C5, Fig. 2e), and these pH conditions
were related to compositional variations of the raw stillage
(samplings C4 to C6/7). Although significant differences in the
macronutrients, micronutrients and total phenols were not
observed throughout the entire sugarcane season (data not
shown), the BOD/TCOD ratio estimated for stillages from
samplings C4 to C6/7 decreased from 0.60 to 0.44 during the
sugarcane season, indicating higher
biodegradable compounds. The accumulation of biomass in
both periods could also negatively affect BioH, production as
previously discussed. In both cases, the hydrogenogenic ac-
tivity of the APBR could be recovered by increasing (~7.5, days
115-160, Fig. 2e) or decreasing (~6.5, days 161 to 160; and ~5.5,
day 176 onwards, Fig. 2e) the influent pH, thus leading to
effluent pH values ranging from 5.1 to 5.2, which is considered
the optimal range for the BioH, production (Table 1).
However, because the acidogenic system proved to be
more resilient to reductions in pH, a pH shock was applied to
the APBR (Fig. 2e, day 192) by pumping in raw stillage without
previous pH adjustment (4.4). This strategy was performed in
an attempt to generate a disturbance in the acidogenic system
to reproduce conditions similar to that observed at the end of
the inoculation step by natural fermentation, when the pH
measured in the acidified stillage was ~4.5. Although this
strategy caused an abrupt performance loss in relation to
BioH, production (Fig. 2a—c) and CH conversion (Fig. 2c),
hydrogenogenic activity was satisfactorily recovered, which
led to peak values of 2107 mL H, L' d~* (VHPR, Fig. 2a and
Table 1) and 14 mmol H, h~* (MHFR, Fig. 2b and Table 1).
Furthermore, the system presented a stable performance by
the end of the operation, reaching patterns of VHPR and MHFR
that were similar to better than the conditions of the initial
period of operation (VHPR of 1604 mL H, L~* d~?, Fig. 2a and
Table 1; and MHFR of 6.03 mmol H, h™%, Fig. 2b and Table 1).

levels of non-

Overall performance

The HY values (Fig. 2c) presented similar patterns to that of
the VHPR and MHFR, leading to an average value of 3.7 mol H,
mol ! CH at the initial stable phase (days 1-85, excluding the
unstable period related to the organic underload), and peaking
at 5.6 mol H, mol ' CH after the pH shock was imposed in the
reactor. Such values are considerably higher than those re-
ported in FerrazJr. et al. (2014), who observed 2.4 mol H, mol~*
CH at an OLR of 72.4 kg COD m 3 d?, indicating the influence
of optimal OLR conditions on the operation of acidogenic
systems. A comparison of the VHPR and HY at the initial and
final operating periods (Table 1) shows that an opposite
pattern occurred, with higher HY values attained at the initial
phase (3.4 mol H, mol~* CH, Table 1) and higher VHPR values
obtained at the final phase (1604 mL H, L™* d7%, Table 1). This
result suggests the establishment of more favorable condi-
tions for the HPB at the initial phase because of the more
efficient substrate conversion in terms of energy extraction as
indicated by the higher HY values. The lower HY values
observed at the end of the operation were most likely caused
by the accumulation of biomass in the bed as indicated by the
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Table 1 — APBR performance in relation to the production of biohydrogen and conversion of carbohydrates.

Response-variable Unit Corresponding period
Days 7—45 Days 206—240 Overall (Days 7—240)

BFR (mL dY) 8716 + 2257 (16) 11,893 + 4683 (21) 8021 + 3947 (108)
12,382 21,849 21,849

VHPR® (mLH,L*d™? 1203 + 288 (16) 1604 + 447 (21) 789 + 590 (108)
1897 2107 2107

MHFR? (mmol H, h™?) 6.03 + 1.59 (16) 6.03 + 3.07 (21) 3.82 + 2.63 (108)
8.63 14.07 14.07

HY® (mol H, mol~* CH) 3.4 + 0.7 (16) 1.9 + 1.1 (18) 1.5 + 1.1 (99)
4.5 5.6 5.6

(mol H, g~* CODx)° 8.0 + 3.1 (16) 5.2 +2.7 (18) 4.1 +3.0(99)
11.7 14.6 14.6
(mol H, g~* CODa)° 0.87 + 0.37 (12) 0.72 + 0.23 (15) 0.49 + 0.33 (85)

1.29 1.09 1.29

H, (biogas) (%) 37.0 £ 6.1 (16) 17.5 + 3.7 (21) 19.6 + 10.5 (108)
46.2 26.0 46.2

ECcn (%) 52.3 + 10.9 (16) 70.5 + 4.9 (18) 63.6 + 9.9 (99)
72.2 75.6 81.0

vsse? (mgL™ 1138 + 226 (11) 1364 + 503 (14) 1167 + 330 (64)
1500 1963 1963

pH® ) 5.1+ 0.1 (26) 5.2 + 0.1 (25) 5.1 + 0.3 (159)
5.2 53 5.4

Notes: Data between parentheses indicate the number of samplings. Data in bold indicate the maximum values observed in each operating

period. Data collected between days 1 and 6 of operation were not considered.

@ Standard temperature and pressure conditions (0 °C and 1 atm).
® CODr = removed COD based on a ratio of 1.12 g COD g~* CH.

¢ CODa = influent TCOD.

d VSS = VSS concentration in the effluent.

€ Effluent pH.

negligible variations in the SOLR (Fig. 3b—c). However, this
result also indicates the feasibility of obtaining continuous
hydrogen production even under unfavorable SOLR condi-
tions as a result of the application of proper operational
strategies, particularly pH adjustments.

Regarding the conversion of total CH (Fig. 2c), under
increasing/continuous BioH, production, the conversion
values were usually higher than 70% (Table 1), whereas the
average value obtained for the entire operating period was
63.6% (Table 1). This value is similar to the one reported by
Braga et al. [32] — 63.4—63.8%, considering the operation of an
upflow sludge blanket reactor (HRT = 6—12 h) fed with
sucrose-based synthetic wastewater under thermophilic
conditions (55 °C). Ferraz Jr. et al. [11,12] reported CH conver-
sion levels ranging from 67.3 to 79.4%, which are consistent
with the values obtained in this study. Furthermore, such
values are considerably higher than the ones reported in
Santos et al. [14—16], in which the application of AFBRs to
sugarcane stillage led to CH conversion efficiencies ranging
from 23.3 to 52.2%. Such discrepancies most likely resulted
from the operation of the AFBR under organic overloads — OLR
usually higher than 100 kg COD m >3 d~? because of the
negative effects related to the excess of substrate, accumula-
tion of acids and overload of toxic compounds, such as po-
tassium and phenols [9,11,14,16,28|.

The lower VHPR (762 mL H, L™* d°%) and HY (1.6 mol H,
mol~! CH) values reported in Ferraz Jr. et al. [12] most likely
resulted from an absence of effluent pH control because
similar operational conditions to those described here were
applied — in this case the effluent pH reached values ranging

from 5.2 to 5.7, which were slightly higher than the optimal
range established in this study. BioH, production in studies
based on the use of fluidized-bed reactors [14—16] indicated
VHPR values considerably higher than those obtained herein.
The maximum VHPR value calculated in this study (2107 mL
H, Lt d7%, Table 1) was only 27, 19.5 and 15.1% of the mini-
mum VHPR reported in the studies of Santos et al.
[14—16] respectively. However, those authors reported similar
HY values to those obtained in this study. Santos et al. [15]
observed HY values ranging from 0.19 to 0.79 mmol H, g~*
CODinfluent from raw sugarcane stillage, whereas in this study,
the HY values calculated for the stable operating periods
reached 0.72—0.87 mmol H, g! CODj,auen: (Table 1). The
markedly opposite pattern of VHPR and HY values in
fluidized-bed reactors may be directly related to maintaining
low hydrogen partial pressures in such systems because of the
turbulent hydrodynamic conditions that occur in AFBRs and
the thermophilic temperature conditions (55 °C) used in the
referenced studies. Such favorable conditions for HPB tend to
offset the use of non-optimal operational conditions and lead
to high VHPR levels even when the reactors are submitted to
organic overloads.

Parameters affecting hydrogen production

Fig. 4 depicts BioH, production in terms of VHPR and HY as a
function of the effluent pH (Fig. 4a—b) and the SOLR (Fig. 4c—d).
Peak functions, specifically the Gaussian function, were
adjusted to the experimental data (Table 2) in an attempt to
identify the optimal conditions of each operational parameter.
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biomass discharges.

The non-linear fitting was performed using OriginPro 8 soft-
ware (OriginLab Corporation, Northampton, MA, USA),
employing the Levenberg—Marquardt algorithm. With respect
to the effluent pH, the optimal values estimated from the
fitted functions (5.10 and 5.12, Fig. 4a—b and Table 2) corre-
sponded to the pH range at which the higher BioH, experi-
mental production rates were obtained (Table 1). The
differences between the maximum values estimated for both
VHPR (1559 mL H, L™* d™%, Table 2) and HY (3.67 mol H, mol~*
CH, Table 2) and the values obtained experimentally were a
result of the simultaneous influence of other operational pa-
rameters, such as the influent concentration of CH and the
SOLR. Although several optimal pH ranges for BioH, produc-
tion have been reported in the literature, studies on fermen-
tative systems usually indicate decreasing or negligible BioH,
production rates for pH values lower than 5.0, which is
consistent with the patterns observed in this study. Such

performance losses may be related to inhibitory effects
caused by the permeability of non-dissociated acids through
the cellular membrane [6,26,27,29], which usually occurs as a
direct consequence of accumulated organic acids in systems
operated under organic overloads [15,24,27—29]. The dissoci-
ation of such acids inside the cells promotes the release of H*
ions, and microorganisms must then redirect available energy
to maintaining neutral conditions in the cytoplasm [27].
Moreover, acidic conditions negatively affect the activity of
hydrogenases, which are the main enzymes for BioH, pro-
duction [5,11,41]. With respect to higher pH values (>5.3), poor
production may be associated with enhancements to the
propionic fermentative pathway [5,26,34], which will be
further discussed, or the eventual establishment of sulfate
reducingbacteria (SRB) populations in the APBR because of the
high sulfate concentrations measured in the raw stillage.
Certain SRB grow autotrophically on carbon dioxide using
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molecular hydrogen as an electron donor [42]. However,
several studies have associated low or negligible growth rates
of SRB under acidic conditions (pH = 4.0—6.0) and low HRT
[43—46]. Lin and Chen [42] reported the inhibition of SRB under
a pH value of 5.5, even with sulfate concentrations of 3 g Lt

and an HRT of 12 h. Hwang et al. [47,48] reported significant
decreases in BioH, production in acidogenic systems supplied
up to 20 g L~* of sulfate under pH values higher than 5.8. Based
on the HRT applied to the APBR (6.0—7.5 h), the average
effluent pH (~5.1, Table 1) and the residual fractions of sulfate

Table 2 — Mathematical models fitted to the experimental data, optimal operating conditions and maximum estimated

biohydrogen production rates.

Operational Response- Mathematical fitting

Optimal conditions Maximum estimated values

3 2
parameter  variable (R9) PH® (-) SOLR VHPR HY
(gCH g7t vSS d™?) (mL H, L~*d™%) (mol H, mol~* CH)
pH® VHPR (Fig. 4a) g 5.10 1559
_ 594.18 —2(pH-5.10) _ _
VHPR = -3.15 + Py eXP | Gaor
(0.8128)
HY (Fig. 4b) , 5.12 3.67
== 218 s — =
HY =035+ 0_43¢fzexl°{ e }
(0.8672)
SOLR” VHPR (Fig. 4c) , 6.29 (7.04) 1606
— _ 22042 —2(SOLR-6.29) — _
VHPR = —487.40 + 2 vov/m =P { (8407 }
(0.8221)
HY (Fig. 4d) , 6.41 (7.189 4.35
— 54.56 —2(SOLR-6.41) — _
HY =-1.19+ 7.85\/TZEXP o

(0.8163)

@ Effluent pH (acidified stillage).

b Regarding VHPR and HY values calculated for the initial operating period (1-97 days, influent pH = 6.5).

€ (gCoOD g 'vssdl.
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in the acidified stillage (95.3%), the influence of sulfidogenesis
on the BioH, production may be considered null in this study.
Regarding the influence of the SOLR on BioH, production,
the experimental values (VHPR and HY) were poorly corre-
lated with SOLR based on the data from the entire operating
period (data not shown). This pattern may be attributed to the
modifications imposed on the APBR during the operation
because the operational strategies, especially the effluent pH
control, and the compositional variations in the raw stillage
most likely promoted alterations in the acidogenic microbial
community that was initially established in the reactor.
However, when this analysis is restricted to the first 100 days
of operation, when significant variations were not observed in
the effluent pH, the correlation graphs (Fig. 4c—d) clearly de-
pict optimal values for the SOLR that were associated with
higher BioH, production rates. The optimal mathematically
fitted SOLR values (6.29 g CH g ' VSSd *and 6.41 gCH g * VSS
d~1, Table 2) were similar to the values reported in the refer-
ence literature. Hafez et al. [24] associated a higher HY value to
SOLR values ranging from 4.4 to 6.4 g COD g ' VSS d™%,
whereas in Anzola-Rojas et al. [25] higher HY values were
observed for a SOLR of 6.0 g CH g~ * VSS d~*. With respect to the
biomass yield coefficient (Yx/s), the value obtained herein
(0.11 g VSS g CH or 0.10 g VSS g 'COD) is characteristic of
hydrogen-producing microorganisms, also reaching a level
similar to those values reported by Hafez et al. [24] and
Anzola-Rojas et al. [25] at favorable conditions for BioH, pro-
duction. Under excess substrate conditions (high SOLR
values), the performance losses are most likely related to
biomass inhibition by the substrate [24]. On the contrary,
under substrate shortage conditions (low SOLR/high Yy/s
values), the low hydrogen production rates possibly result
from alterations in the microbial metabolic pathways, so that
the microorganisms use the available metabolic energy solely
for cellular maintenance [25]. Another hypothesis that ex-
plains the low BioH, production rates under low SOLR values
addresses the establishment of homoacetogenic microbial
populations, which also grow autotrophically on carbon di-
oxide by using hydrogen as the electron donor — Wood-
Ljungdahl pathway [12,22,25,46] — Reaction (1). However, the
higher BioH, production rates observed in this study could be
associated with high acetic acid concentrations, which will be
further discussed, suggesting that the influence of the
homoacetogenic pathway could be considered negligible. In
fact, several studies have indicated that the homoacetogenic
pathway is inhibited in acidogenic systems operated under
thermophilic conditions and low pH values (<5.5) [10,35,49].

4H, + 2CO, — CH3COOH + 2H,0 (2)

Evaluation of intermediate fermentation products

The main fermentative pathway observed throughout the
operation of the APBR consisted of the acetic-butyric acid
pathway —Reactions (2) and (3), whichis commonly reportedin
fermentative systems [11,50]. AcH and BuH concentrations in
the effluent reached average values of 1355 + 717 mg L' and

1378 + 925 mg L7}, respectively, except in the period between
the 130 and 165 days of operation (Fig. 5a—b). In this case, a
significant increase in the proportion of propionic acid (PrH)
(~25%, Fig. 5b) was observed, which is consistent with the sharp
decrease in the hydrogenogenic activity as previously indi-
cated (Fig. 2a—c). The PrH concentrations measured in this
study were similar to the values reported in Ferraz]Jr. etal. [12],
whereas the PrH concentrations reported in Santos etal. [15,16]
were considerably higher at 3656 and 4267 mgL~, respectively,
suggesting the operation of fluidized-bed reactors under
organic overload conditions. The propionic fermentative
pathway implies the consumption of available hydrogen, as
presented in Reaction (4). It should be highlighted, however,
that the increasing proportions of PrH could be related to an
inhibition of the AcH fermentative pathway (Fig. 5a), since the
concentrations of PrH did not vary significantly — average
concentration of 721 + 245 mg L' (130—165 days) compared
with 686 + 548 mg L~! for the other operating periods. Such
patternis confirmed by analyzing the BuH/AcH ratio (Fig. 5¢), so
that increasing and/or stable hydrogen production rates were
related to low BuH/AcH ratio values (<1.0). The reference
literature [11,24,41] associates higher hydrogen production
rates from CH with low BuH/AcH ratios (0.3—0.9) or high AcH/
BuH ratios (>1.3). Thus, the results suggest that the main
fermentative route associated with BioH, production in the
APBRis the acetic pathway. The high BuH/AcH ratios observed
for the APBR (>2.0) were usually associated with a predomi-
nance of PrH instead of AcH in the acidified stillage; therefore,
the BuH fermentative pathway could not sufficiently maintain
satisfactory levels of hydrogen production. As expected, the
generation of more reduced metabolites, such as ethanol,
butyric and lactic acid, leads to negative effects on BioH, pro-
duction, which is retained with more reduced molecules [1].
Finally, the high ethanol concentrations quantified in the
effluent from the reactor between days 70 and 145 (Fig. 5a —
1331 + 744 mg L) were most likely related to the higher
influent ethanol concentrations in this period (samplings C3
and C4, data notshown), and not to alterations in the metabolic
pathways carried out the acidogenic biomass.
Acetic acid production:

CeH1206 + 2H,0 — 2CH3COOH + 2CO; + 4H, 2

Butyric acid production:

CeH1,06 — 2CH5(CH,),COOH + 2CO, + 2H, 3)

Propionic acid production:

C6H1206 + H2 d 2CH3CH2COOH + 2H20 (4)

Soluble phase and global COD-based mass balances

Monitoring data obtained during the operation of the APBR
were also used to calculate the COD-based mass balance for
the acidogenic phase. Two distinct mass balances were
calculated: the first one considered the distribution of the
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soluble compounds in the raw and acidified stillage (soluble
phase mass balance — SPMB), while the second one also
included the production of hydrogen and suspend solids
(biomass), in addition to the soluble compounds (global mass
balance — GMB). Table 3 depicts the contribution of each group
of analyzed compounds for the mass balances. Regarding the
SPMB, the average values obtained for the raw (36.6%) and
acidified stillage (43.9%) reached average-to-low levels, as
compounds usually found in high concentrations in stillage
could not be identified using the analytical methods
employed, specifically the method for the determination of
VFA and solvents. Such compounds primarily include mela-
noidins, glycerol, and lactic and succinic acids, so that studies
indicate glycerol and lactic and succinic acid concentrations

range, respectively, from 2.8 to 5.1 gL7* [51,52], 4.5-12.7 g L.™*
[14—16,51] and 0.9-3.6 g L' [14,15] in stillages from sugarcane
and corn. Nevertheless, the results specifically regarding the
SPMB for the acidified stillage are similar to the values re-
ported in Ferraz Jr. et al. [11-13], which ranged from 37.3 to
53.2%. Focusing on the results presented herein, the higher
recovery levels associated with the SPMB in the acidified stil-
lage (Table 3) result from the higher concentrations of me-
tabolites measured in the effluent, based on the conversion of
compounds that were not identified in the raw stillage to
organic acids and ethanol. With respect to the GMB, the ratio
between the TCOD estimated and the TCOD measured led to
an average value of 82.9% (Table 3), slightly higher than the
values of 66.4—78.9% reported in Ferraz Jr. et al. [11,12]. The
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Table 3 — Soluble phase and global COD-based mass balances for the acidogenic phase.

Mass balance

Proportion in the measured COD (%)

Carbohydrates = Metabolites® SCOD Hydrogen VSs Recovered  Non-recovered
effluent effluent fraction® fraction
SPMB (raw stillage) 24.1 +4.5 125+ 6.7 _ _ 36.6 + 6.7 63.4+84
SPMB (acidified stillage) 10.1 £ 3.1 33.9+12.2 _ _ 439+ 124 56.1+124
GMB* 75.0+ 8.4 0.5+04 7.4 +3.8 829+7.9 17.1+79

# Ethanol, acetic acid, propionic acid and butyric acid.

b Carbohydrates + metabolites for the SPMB; SCOD effluent + hydrogen + VSS effluent for the GMB.

¢ GMB using the TCOD influent as a reference.

soluble organic fraction used in this calculation was based on
the values of the SCOD measured in the acidified stillage, as
the analytical methods employed herein could not provide a
satisfactory estimate of the soluble fraction found in stillage.
BioH, production constituted only 0.5% of the TCOD influent
to the APBR (Table 3), whereas VSS production accounted for
7.4% (Table 3). This value is considerably lower than the one
associated with VSS production in mesophilic systems
(19.7%), based on data reported in Ferraz Jr. et al. [13] used to
corroborate the expected lower biomass growth rates in
acidogenic thermophilic systems. Finally, the non-identified
COD fraction regarding the GMB (17.1%, Table 3) may also
result from experimental errors and hydrogen losses due to its
retention in the packed bed as a direct consequence of the
biomass accumulation.

Conclusions

The results presented here indicate that acidogenic systems
can recover from performance losses regardless of the cause,
and they can maintain continuous hydrogen production rates
over long-term operating periods when operational strategies
are properly established, including [i] the periodic discharge of
accumulated biomass, [ii] the continuous control of effluent pH,
and [iii] the application of a high and continuous organic
loading rate to the systems. By applying a combination of these
strategies, peak values of 2107 mL H, L-* d~* and 14 mmol H,
h~* were obtained for the VHPR and MHFR, respectively, which
were significantly higher than that of previous studies inves-
tigating the application of packed-bed reactors to the treatment
of sugarcane stillage. pH proved to be a key factor for obtaining
high and continuous hydrogen production, and the optimal
results were observed for effluent pH values in the range of
5.1-5.2. The SOLR could not be properly controlled in this study
because the biomass discharges did not efficiently remove the
interstitial solids retained within the packed bed. However,
data from the first 100 days of operation indicated an optimal
SOLR of 6.3-6.4 g CH g ! VSS d?, which is consistent with
previous studies on hydrogen production from fermentative
systems. The selection of proper operational strategies also
proved to be feasible to overcome the biomass aging, which is
considered one of the main limitations of acidogenic systems —
most studies based on the use of acidogenic packed-bed re-
actors have collapsed within 50—60 days of operation, whereas
the system studied herein maintained continuous BioH,

production for 240 days. Finally, additional studies should be
conducted with other reactor configurations, especially
structured-bed reactors because of their potential applications
for BioH, production and improved control over the SOLR.
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