¢/ Desalination and Water Treatment
www.deswater.com

{) doi:10.5004/dwt.2020.25203

180 (2020) 201-210
March

Comparison of fermentative hydrogen production from molasses in
two continuous stirred tank reactors: CSTR versus ACR

Qing Fu?®, Sheng Chang**, Yue-Ting Fan?, Jian-Zheng Li"

“State Environmental Protection Key Laboratory of Source Water Protection, Chinese Research Academy of Environmental Sciences,
Beijing 100012, China, emails: changsheng83@163.com/changsheng@craes.org.cn (S. Chang)
vState Key Laboratory of Urban Water Resource and Environment, Harbin Institute of Technology, Harbin 150090, China

Received 27 July 2018; Accepted 24 November 2019

ABSTRACT

The performance of fermentative hydrogen production bioreactors at different organic load rates
(OLRs) in both a continuous stirred tank reactor with an inner gas-liquid-solid three-phase separator
installed (ICSTR) and anaerobic contact reactor (ACR) was investigated. Five OLRs were examined,
ranging from 12 to 36 g COD/L-d, with influent diluted molasses concentrations ranging from 4,000 to
8,000 mg COD/L and hydraulic retention time (HRT) ranging from 8 to 4 h. For the ICSTR, when the
OLR was below 24 g COD/L-d, the hydrogen yield maintained at about 1.74 mol/mol glucose-con-
verted, while the system failed to operate when the chemical oxygen demand (COD) was increased to
8,000 mg/L or the HRT was shorted to 4 h, this is because of f the low buffer ability and biomass wash-
ing out. However, for the ACR system, hydrogen production rate (HPR) and hydrogen yield increased
linearly along with the increasing of OLR due to the elevating enhancement of biomass. The HPR and
hydrogen yield peaked at 3.77 L/L-d and 1.83 mol/mol glucose-converted under the OLR of 36 g COD/
L-d, respectively. The results showed that ethanol and acetate were predominated soluble products.
The molar hydrogen yield was correlated linearly with the ethanol-acetate ratios, indicating hydrogen
consumption by homoacetogenic bacteria, which significantly affected the hydrogen production.

Keywords: Fermentative hydrogen production; Continuous stirred tank reactor; Anaerobic contact

reactor; Organic loading rate; Hydrogen yield

1. Introduction

The international community has become increasingly
interested in the biological production of hydrogen gas
over the last three decades. Among different biological
processes for hydrogen production, dark fermentation is
the most commercially feasible H, biological production
method because of its potential for direct use of wastewater
streams, and organic wastes and its high production rate
[1-3]. Research on dark fermentative H, production has
been conducted in a variety of reactor systems. The con-
tinuously stirred tank reactor (CSTR), the most common
operational mode, has been widely studied to continu-
ously produce H, from carbohydrates using mixed cultures

* Corresponding author.

under mesophilic conditions [4-9]. In general, mixing in
the reactor can improve the mass transfer between the sub-
strate and micro-organisms. However, a typical suspend-
ed-cell system of CSTR usually exhibits poor performance
in hydrogen production rate (HPR) since it is unable to
maintain high levels of hydrogen-producing biomass at a
short hydraulic retention time (HRT) due to its intrinsic
structure [7,9]. To enhance the HPR, immobilization pro-
cesses of hydrogen-producing culture are most popular
and have been developed extensively, due to the elevated
biomass retention as compared to suspended-cell systems
[10,11]. At present, a variety of high-rate bioreactor sys-
tems, including a fixed-bed reactor [12], packed bed reactor
[13,14], fluidized bed reactor [15] and up-flow anaerobic
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sludge blanket reactor [11], were developed for hydrogen
production. Although many studies have reported that rel-
atively high unit volumetric production rates were found in
these process systems, there have some limitations. Firstly,
the HPR decreases due to the development of methano-
genic biofilms on the carrier media, which could adversely
affect process stability that is critical for sustained hydro-
gen production [16]. Secondly, some of the processes eas-
ily exit mass transfer resistance. Due to lack of shear force
to assist the separation of the biogas and sludge particles.
Bubbles would make the particles float and cover the lig-
uid surface on top of the bioreactor, resulting in inefficient,
unstable hydrogen fermentation or even a reactor shut-
down [17]. Finally, the formation of granule sludge needs
a long period to start-up the granular-sludge bed reactor,
which generally requires a few months for the develop-
ment of hydrogen-producing granules [11,18-20].

On the other hand, the approaches for overcoming the
problem of cell washing-out from CSTR via the recycling of
the H,-production bacteria in the effluent were universally
adopted [16]. In Harbin Institute of Technology (HIT), a
CSTR had an internal gas-liquid-solid three-phase separa-
tor (ICSTR) and was successfully developed for high-rate
hydrogen production by a biohydrogen research team [5,21].
However, hydrogen production efficiency did not improve
when the HRT was shortened to 4 h due to bacteria wash-
ing-out [5]. Therefore, to retain sufficient H -producing
bacterial population in the reactor, another novel CSTR
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configuration, the anaerobic contact reactor (ACR) was
invented by authors for hydrogen production at HIT in 2007
[22]. The usage of this process for H, production was reported
by Hafez et al. [23] in the past few years. In their studies, they
used glucose and corn-syrup as substrates for H, production
with butyrate-type fermentation. In addition, they compared
the performance of hydrogen production with conventional
CSTR at two different start-up organic load rates (OLRs).
However, the direct comparison of the ACR with the internal
gas-liquid—solid three-phase separator installed (ICSTR) for
hydrogen production is not yet available in current literature.
In this present study, the effect of ICSTR and ACR configura-
tion on the performance of H, production from molasses was
assessed by varying the influent chemical oxygen demand
(COD) concentration range from 2 to 8 g COD/L/d and vary-
ing HRT range from 8 to 4 h. The characteristics of biohydro-
gen production from ethanol-type fermentation of molasses
were evaluated.

2. Materials and methods

2.1. Bioreactors configuration

Experiments were performed in two systems as shown
in Fig. 1. For the ICSTR, the total volume of ICSTR is 26 L and
it had a working volume of 12 L (Fig. 1a). A gas-liquid—solid
three-phase separator was installed inside it to promote
retention of sludge, which is an integrated structure of

Motor Biogas outlet Biogas meter

( sensor T —»

Water level
Blender

Feed tank

Sludge recirculation

Fig. 1. Schematic diagram of the continuous reactor systems for hydrogen production (a) CSTR with inner three-phase separator and

(b) anaerobic contact reactor.
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reaction zone and sedimentation zone. The mixture was
separated in the sedimentation zone. After the sludge was
precipitated between the reflux seams, the sludge entered
the reaction zone again and participated in the reaction
through the stirring of the motor. For the ACR, it was com-
prised of a CSTR (12 L working volume), and followed by
a sedimentation tank (volume 14 L) (Fig. 1b). The sludge
of the sludge bucket was returned from the peristaltic
pump to the reaction unit through the sludge recirculation.
The wastewater was pumped into the bottom of the system
reaction unit by the metering pump. After the reaction, the
mixed liquid was separated from the reaction goes into the
gas-liquid-solid three-phase separation and through the
connecting pipe between the two main units of the reactor.
Effluent left the overflow Weir in the upper part of the gas—
liquid-solid three-phase separation unit and went through
the u-tube.

Two reactors were wrapped in electrothermal wire to
keep a consistent operating temperature of 35°C + 1°C, and
the paddle agitator of both reactors were run at 160-180 rpm.
The influent flow rate was controlled by a feed pump to
regulate the HRT and organic loading rate in the reactor.
The evolved biogas was collected and led into a waterlock.
The biogas volumes were measured using a wet gas meter
(Model LML-1, Changchun Filter Co. Ltd.). The waterlock
and wet gas meter were filled with acidified saturated salt
solution to prevent the biogas from dissolution.

2.2. Feeding solution and seed sludge

Molasses in this study were collected from a local beet
sugar refinery, and their characteristics have been reported
previously [24]. Molasses were diluted with tap water to
a certain concentration (2,000-8,000 mg COD/L) and the
COD:nitrogen:phosphorus ratio was maintained at 500-
1,000:5:1 by the addition of synthetic fertilizer to ensure the
growing demand of microorganisms.

The reactors were inoculated with the same microbial
inoculum. The seed sludge was obtained from a secondary
settling tank in a local municipal wastewater treatment plant.
It was first sieved through a mesh with a diameter of 0.5 mm
to remove waste materials that could cause pump failure.
The sludge was allowed to settle at room temperature for
8 h and was then transferred into the reactors. At the begin-
ning of the start-up period, the biomass in the reactor were
all approximately 6.5 g/L in terms of mixed liquid volatile
suspended solids.

2.3. Startup and reactor operation

The two reactors were seeded with 6 L of sludge and
started up in a continuous mode at an OLR of 8 L COD/L-d,
with initial influent COD of 2,000 mg/L. OLR was increased
step by step, by increasing the COD concentration from 2,000
to 8,000 mg/L or shortening HRT from 8 to 4 h. The reac-
tor was run for at least 24 cycles of corresponding HRT to
ensure that the steady state was reached. Steady-state condi-
tions were based on constant products and biomass concen-
tration with a variation of <10%. It must be emphasized that
there was no sludge wastage from the reactors throughout
the operation, and the values of sludge retention times (SRTs)

presented in Tables 1 and 2 represent the average + standard
deviation (SD) during steady-state operation. It is notewor-
thy that the reactor operation was consistent over time and
accordingly, the average SRT with SD of less than 10% of
the mean SRT is representative of the overall SRT during the
run. As expected the effluent volatile suspended solid (VSS)
was substantially lower than the reactor VSS and remained
unchanged during the steady-state operation. During the
whole process, no alkali was added to control the pH value.
The detailed operation strategy for the two reactors is shown
in Tables 1 and 2, respectively.

2.4. Analytical methods

The biogas was measured daily using a wet-gas meter
at a standard temperature (0°C) and pressure (760 mm Hg).
The COD, total suspended solids and VSS were determined
according to the procedures described in Standard Methods
[25]. Oxidation-reduction potential (ORP) and pH were
measured by a pHS-25 acidity voltmeter. Gas component
was measured using a gastight syringe (0.1 mL injection
volume) and a gas chromatograph (Model SC-7, Shandong
Lunan Instrument Factory, China) equipped with a ther-
mal conductivity detector with nitrogen as the carrier gas.
The determinations of volatile fatty acid (VFA) and etha-
nol were analyzed by another gas chromatography (Model
GC-112, Shanghai Analytical Apparatus Corporation, China)
with a hydrogen flame ionization detector. The detailed anal-
ysis procedures were the same as described in our previous
study [24]. The total sugar was measured by the phenol-sul-
furic acid method using glucose as standard [26]. The HPR

Table 1
Operational conditions of the ICSTR

Phase Time HRT SRT COD OLR
(d) (h) (@) (mg/L) (g COD/L-d)
Start-up 1-8 8 - 2,000 6
1 9-20 8 47+2.0 4,000 12
2 21-34 8 40+15 6,000 18
3 35-38 8 - 8,000 24
4 39-55 6 29+0.5 6,000 24
5 56-66 4 - 6,000 36
Note: values represent average + standard deviation.
Table 2
Operational conditions of the ACR
Phase Time HRT SRT COD OLR
@ @ (mg/L) (g COD/L-d)
Start-up 1-8 8 - 2,000 6
1 9-21 8 83+3.6 4,000 12
2 22-34 8 79+3.2 6,000 18
3 3545 8 73+3.1 8,000 24
4 46-59 6 47+22 6,000 24
5 60-74 4 30+£0.6 6,000 36

Note: values represent average + standard deviation.
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calculation method is the volume of hydrogen produced per  reactor. Figs. 2a and b show the diurnal variation of HPR and
day per cubic meter of reactor. hydrogen content for the ICSTR. After 8 d of operation at
the OLR of 6 g COD/L-d, the HPR reached 0.62 L/L-d, the
HRT was kept constant at 8 h, while the influent COD was
increased to 8,000 mg/L step by step with an increment of
3.1. Performance of H, production in the ICSTR 2,000 mg/L, which was aimed to evaluate the effect of sgb-
strate concentration on the hydrogen produced during

Fig. 2 shows the ICSTR throughout 66 d of operation,  the initial 3 phases (9-37 d). It can be seen in Fig. 2a that
and the variation of the characteristic parameters of the the HPR was increased proportionately to the increase of

3. Results and discussion

3.0 L L L L L L L L L L L L N N
T 25F o .
20 | o5 R ]
3 15F 5 O/mo’od) 2 \O\ a ]
eé‘ 10F W @) Oooooo 5 o’OO/ oo\ 3
05 F o od® o/ ]
:\3 0.0 :&)Ool T R S T S T S S S OQO%D L]
= 60f %A\ b -
3 L A DA \ YA NNV VAN NN 1
= AAA \/ DA A AADEL W VANAY AN
g 40pA A PLCAATA m\ / m\ i
= - N ]
9] 2 A
@ 20| s iy .
o)
= | AAMA i
E\‘ 0 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
~ 1000 - —O— ethanol 0 T
'é) : —®— acetate . D/\ C .
800 - —/\— propionate o o / .
7 - ET{ butyrate / \D\ D\ /D’DD’ \DD]DEDDEDD ™
8 600 . Heg /e = .
= f T Seeeng®®®® 1 /i T b ]
E Ce%%"0%0000000 000 .
O 4
g .°\. { /{‘W ]
Q
= o T W
2 S s ]
C,o) L L | L | L | L | L | L | L | L |
z d.

—_ v
~ i
o I \v/ Ww'vw
% 35 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
@) i X ]
300 [P /¥ € -
g \RWRAY WX X%
Z st W /VV SN V%, -
= X
g I \
Z 150 B 1 1 1 1 1 1 1 M 1 1 1 1 1 L 1 L ]
200 F -
<
i &
< 0} A o f
E 300 fyoironnd R 7 £ ]
& RROGAMG N, / & <>/ @WW /
350 Qe b0 Lo 13 k
-400 B 1 1 1 1 1 |O 1 1 1 1 1 1 1 1 1 |O 1 1 1 1 1 1 1 1 1 1 1 ]
9 o © o0 —
— - [} ]
g} 81 o _o * ¢ e ° { I g ]
= T [ ) L] .\ .
A oL o ) ]
> 5 _ ° 0y 0, -
4 1 L 1 1 1 1 1 1 1 1 1 1 1 L 1

20 25 30 35 40 45 50 55 60 65 70
Time (d)

(e
(9]
—_
S
—
W

Fig. 2. Performance of hydrogen production in the ICSTR.
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OLR. The system steadily produced hydrogen at the rates
of 1.22 + 0.09 and 1.73 + 0.10 L/L-d at the OLRs of 12 and
18 g COD/L-d, respectively. But when the influent COD was
increased to 8,000 mg/L, the HPR decreased rapidly to a very
low level (0.33 L/L-d) on the 37th day, with the hydrogen
content decreasing from 43% * 2% to 23.3%. This should be
attributed to the low buffer ability of the reactor to the shock
loads. When the COD increased from 6,000 to 8,000 mg/L,
the pH dropped from 4.3 to 3.7, while the acidogenic bac-
teria could be inhibited when the pH was below 4.0 [27].
Thus, VFAs and ethanol concentration dropped largely (Fig.
2¢). To recovery the HPR of the reactor, only after 3 d of
operation, the OLR was adjusted to 24 g COD/L-d with the
COD of 6,000 mg/L and HRT of 6 h as phase 4 of operation.
After 8 d of operation, the ICSTR reached the steady-state
again, as the average HPR and hydrogen content of the bio-
gas were 2.12 + 0.10 L/L-d and 48% * 2%, respectively. For
the last 10 d of operation (phase 5), the OLR was increased to
36 g COD/L-d by reducing the HRT from 6 to 4 h. The HPR
decreased rapidly due to the washing out of a large quantity
of biomass from the reactor.

As depicted in Fig. 2, the ICSTR system exhibited three
steady states during the operation of phase 1, phase 2
and phase 4, respectively. The HPR increased from 1.22 to
2.11 L/L-d with the increase of OLR from 12 to 24 g COD/
L-d. Simultaneously, the operation parameters of pH, ALK
and ORP also underwent fluctuation and achieved three
steady states along with the adjustment of the OLR (Figs.
2d-f). The values of pH, ALK and ORP ranged from 4.2-4.5,
280-320 mg CaCO,/L and -320-380 mV during the 3 steady-
state operations, which were the optimal scopes for hydro-
gen production with ethanol-type fermentation [5]. During
the stable operation of the reactor, the detection results of
the liquid end products of the fermentation system also con-
firmed that the reactor was ethanol-type fermentation. As
apparent from Fig. 2g, when the COD increased from 2,000
to 6,000 mg/L, the average concentration of VSS in the reactor
increased from 7.10 to 8.91 g VSS/L, while it reduced to 7.45
and 4.8 g VSS/L when the HRT was shortened to 6 and 4 h,
respectively.

The concentration and components of aqueous prod-
ucts could reflect the metabolism of hydrogen-producing
anaerobes, which have considerable effects on hydrogen
production. The dominant soluble metabolites included eth-
anol, acetate, propionate, and butyrate. It can be seen from
Fig. 2c that the concentration of ethanol and acetate dramat-
ically increased along with the increase of OLR from 6 to
18 g COD/L-d, while the propionate and butyrate remained
almost kept unchanged. In phase 2, the ethanol and acetate
concentration reached 92.7% of the total liquid end products,
indicating that typical ethanol-type fermentation was formed
in this reactor. Although the system was affected by the OLR
overload from the 35th day to 37th day, the VFAs and etha-
nol concentrations, as well as the HPR, recovered on the 46th
day by self-adjustment after about one week. When the HRT
was shortened from 8 to 6 h in phase 4, some biomass was
washed out from the reactor in the initial days and the VSS
concentration dropped from 8.35 to 7.35 g/L. Thus, the sub-
strate conversion was limited and the amount of the soluble
metabolites reduced a little, compared to phase 2 with the
same substrate concentration. Nevertheless, when the HRT

was further shorted to 4 h, the amount of the soluble prod-
ucts dropped significantly and the hydrogen production
almost ceased at the end. The results indicated the ability of
maintaining biomass of this CSTR, which had an inner three-
phase separator installed in it was limited, and the maximum
OLR at the system COD of 6,000 mg/L in terms of hydrogen
production was 24 g COD/L-d.

3.2. Performance of H, production in the ACR

To systematically compare the effects of the two different
reactor configurations (ICSTR and ACR systems) on hydro-
gen production, these two reactors were operated under
identical conditions. As illustrated in Fig. 3, the ACR system
exhibited five steady states during the 74 d of operation.
During the entire operation, the biogas only contained H,
and CO,, with no detectable methane. The H, content of the
biogas was between 35% and 46%. The HPR increased lin-
early with increasing OLR, from 0.93 to 3.77 L/L-d as the OLR
increased from 12 to 36 g COD/L-d (Fig. 3a). It is noteworthy
that the HPR obtained under the steady-state of phase 4 was
slightly higher than that of phase 3. This should be attributed
to the different microbial communities and metabolite path-
ways under different operation parameters (HRT and COD),
which corresponded to the different ethanol and acetate
concentration.

In the hydrogen production system of the ACR process,
pH, ALK and ORP all underwent fluctuation as the adjust-
ment of the OLR, and they were all reached steady-state at
each phase. As depicted in Fig. 3, pH, ALK and ORP ranged
from 4.2-4.9, 210-500 mg CaCO,/L and -354-492 mV during
the whole operation (Figs. 3d—f). In addition, it could be found
that the fluctuation of pH and ALK in the ACR system is not
as prominent as that in the ICSTR system. Because the ACR
had a better ability to enhance the biomass concentration and
had a better buffer capability to the shock loads. As appar-
ent from Fig. 3g, when the COD was increased from 6,000 to
8,000 mg/L, the biomass of the reactor was increased from
10.39 to 11.48 g/L. It also increased from 10.55 to 11.70 g/L
when the HRT was shortened from 6 to 4 h. Thus, the ACR
could be obtained a steady state under the operation of phase
3 and phase 5, while the ICSTR could not.

As shown in Fig. 3c, the concentration of ethanol and
acetate both increased linearly as the influent COD con-
centration increased during the initial 3 phases. However,
when the HRT was shorted from 8 h (phase 3) to 4 h (phase
5), the acetate concentration decreased rapidly from 945 to
452 mg/L, whereas the ethanol concentration only decreased
slightly. In addition, ethanol and acetate were the major solu-
ble metabolites, together accounting for 77%-90% of the total
soluble metabolites during the whole operation period. Like
the ICSTR, the ACR is an ethanol type of fermentation.

3.3. Comparison of hydrogen production between ICSTR and
ACR

The COD mass balance for the two systems under dif-
ferent OLRs is shown in Table 3, computed considering their
measured influent and effluent CODs, and the equivalent
CODs for both gas and biomass. The closure of the COD bal-
ance at 93%-107% validates the reliability of the data.
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Fig. 3. Performance of hydrogen production in the ACR.

The characteristics of the ICSTR and ACR at each steady-
state, including the concentration of metabolic products (eth-
anol and acetate) measured, are presented in Table 3. For
the ICSTR, when the influent COD increased from 4,000 to
6,000 mg/L, the substrate degradation efficiency decreased
from 98% to 91.3%, and when the HRT was shorted to 6 h,
only 82.3% of the substrate was converted. However, the car-
bohydrate in the diluted molasses substrate was completely
converted at OLR from 12-36 g COD/L-d (above 93%) in
the ACR operation mode. This should be due to the higher
biomass concentration of the ACR than that of the ICSTR
because high biomass concentration could ensure a high level
of substrate utilization for hydrogen production [16]. As seen
in Tables 1 and 2, the SRT in the ACR mode was larger than

that of the ICSTR mode, thus, for the same OLR, the biomass
concentration (g VSS/L) was significantly higher in the ACR
mode than in the ICSTR mode. In the ACR mode, the biomass
did not significantly decrease as the HRT was shorted from
8 to 4 h in the ICSTR mode, the biomass decreased rapidly
and resulted in the system failure. Hence, the ACR could be
achieved a steady state at the OLR of 36 g COD/L-d as the
operation phase 5.

As illustrated above, the ACR could be reached a HPR
of 3.77 L/L-d at the OLR of 36 g COD/L-d, whereas the max-
imum HPR of 2.11 L/L-d was obtained in the ICSTR operation
mode in this present study, which indicated that in the ACR
process could improve the hydrogen production, compared to
the ICSTR. However, when the ICSTR was operated at a lower
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Table 3
Comparison of the hydrogen production performance in the ICSTR and ACR under steady-state conditions for each phase

OLR (g COD/L-d) 12 18 24 36

ICSTR  ACR ICSTR ACR  ICSTR ACR  ICSTR  ACR ICSTR ~ ACR
H, content (%) 51 40 43 35 - 41 48 42 - 46
HPR (L/L-d) 1.22 0.93 1.73 1.28 - 1.92 2.11 2.19 - 3.77
Substrate conversion (%) 98 99 91.3 98 - 95 82.3 93.7 - 93.2
VSS reactor (g/L) 8.61 9.52 8.91 10.39 - 11.48 7.45 10.55 - 11.70
VSS out (mg/L) 1,457 923 1,764 1,054 - 1,262 2,032 1,349 - 1,556
VSS out (mg COD/L)* 2,069 1,311 2,505 1,497 - 1,792 2,885 1916 - 2,210
SCOD,_, (mg/L) 1,933 2,307 2,754 3,954 - 5220 3,061 3,807 - 3,789
H, (gCOD/d)’ 10.5 8 14.8 11 - 16.5 18.1 18.8 - 32.3
COD balance (%) 107 96 95 96 - 93 102 102 - 107
Ethanol (mmol/L) 12.5 14.4 18.8 225 - 31.4 16.5 27.7 - 26.5
Acetate (mmol/L) 5.2 7.6 7.7 12 - 15.6 6.3 8.7 - 7.5
Ethanol/acetate (mmol/mol) 24 1.89 243 1.88 - 2.01 2.62 3.18 - 3.55
F/M (g COD/g VSS-d) 1.39 1.26 2.02 1.73 - 2.09 3.22 2.27 - 3.08
SHPR (L/g VSS-d) 0.14 0.10 0.19 0.12 - 0.17 0.28 0.21 - 0.32
H, yield (mol/mol) 1.69 1.27 1.71 1.18 - 1.37 1.74 1.59 - 1.83
Ty, (moOl/d)? 0.74 0.9 1 14 - 185 117 183 - 2.62
T,y (MO 0.65 049 093 0.69 - .03 113 117 - 2.02

“Based on 1.42 g COD/gVSS.
‘Based on 8 g COD/gH.,.
“COD balance (%) = ((VSS,, (g COD/d) + H,(g COD/d) + SCOD
t e-theoretical H, production.

Tjep-€Xperimental H, production.

out

OLR (12-18 g COD/L-d), it can be found from Table 3 that
the HPR was higher than that of the ACR, and with a higher
hydrogen content in the biogas. Besides, the biomass specific
hydrogen production rate (SHPR) presented in Table 3 was
45%-57% higher at the ICSTR compared to the ACR in the
initial two phases. Furthermore, it can be seen from Table 3
that in the ICSTR operation mode, the hydrogen yield of 1.69
and 1.71 mol/mol glucose-consumed were obtained at the
OLR of 12 and 18 g COD/L-d, respectively, while the hydro-
gen yield was lower in the ACR mode under these two OLRs,
and they decreased from 1.27 to 1.18 mol/mol glucose-con-
sumed when the COD was increased from 4,000 to 6,000 mg/L.
Understanding the relevance of biomass and hydrogen yield,
previous studies have been reviewed and indicate that the
higher biomass concentration in the reactors could improve
the hydrogen yield. Oh et al. [28] achieved a hydrogen yield of
0.4 mol/mol at a biomass concentration of 2.2 g/L.in a CSTR and
Wu et al. [10] using a CSTR seeded with silicone-immobilized
sludge realized a hydrogen yield of 1.6 mol/mol at 3.5 g/L of
biomass compared to a hydrogen yield of 2.1 mol/mol achieved
by Zhang et al. [29] at a similar OLR with a higher biomass
concentration (4.6 g/L). Moreover, comparing the biomass con-
centration in two studies with CSTRs utilizing agricultural soil
as the seed and glucose as a substrate under approximately
same OLRs, Van Ginkel and Logan [30] achieved much higher
hydrogen yield (2.2 mol/mol) at a biomass concentration of
8 g/L compared to Zhang et al. [29] who reported 0.72 mol H /
mol hexose with 0.9 g/L biomass. They contrast with the results
of this present study. After analysis, the lower hydrogen yield

(g COD/d))/(TCOD, (g COD/d)).

in

that was obtained in the ACR with higher biomass concentra-
tion should be attributed to the homoacetogenesis in the biore-
actor in this present study.

In general, acetate and butyrate production favor hydro-
gen production according to Egs. (1) and (2) [31]:

C,H,,0, +2H,0 — 2CH,COOH +2CO, + 4H, )

C,H,,0, - CH,CH,CH,COOH +2CO, + 2H, )

In the propionate production pathway, 1-mole hydrogen
gas was consumed when 1-mole propionate was produced
(Eq. (3)). In the ethanol production pathway no hydrogen
is consumed or produced (Eq. (4)). However, in a hydrogen
production system with ethanol-type fermentation, ethanol
production pathways exist (Eq. (5)) with a theoretical pro-
duction of 2 mol hydrogen per mol of glucose [24].

C,H,,0, +H, - 2CH,CH,COOH + 2H,0 3)

C,H,,0, — 2CH,CH,OH +2CO, 4)

C,H,,0, +2H,0 + 2NADH — 2CH,CH,OH + 2HCO; +
2NAD" +2H,
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Thus, in a hydrogen production system with ethanol-type
fermentation, ethanol, acetate, and butyrate production
are favored. But as apparent from Table 3, the ethanol con-
centration of the ACR was slightly higher than the ICSTR,
whereas the acetate concentration was larger than the ICSTR
under the same operating conditions when the OLR were
12 and 18 g COD/L-d. Furthermore, when the ICSTR was
operated under the OLR of 12 and 18 g COD/L-d, the experi-
mental hydrogen production value is in accordance with the
theoretical hydrogen production which was calculated based
on the metabolite products, that is, 2 mmol of hydrogen per
1 mmol of acetate produced, 2 mmol of hydrogen per 1 mmol
of ethanol produced and 2 mmol of hydrogen per 1 mmol of
butyrate produced. The experimental hydrogen production
of ACR was much lower than the theoretical value (Table 3).
Therefore, the assumption that 1 mmol of acetic and butyric
acids are followed by 2 mmol of hydrogen does not seem to
be the case in the ACR reactor. It is possible that microorgan-
isms producing acetic acid from glucose with no hydrogen
production (Eq. (6)) or producing acetic acid with hydrogen
consumption (Eq. (7)) [32] have been established in the ACR
system, probably due to the attached growth and the resulting
long solids retention times.

C,H,,0, —» 3CH,COOH 6)

4H, +2CO, - CH,COOH + 2H,0 @)

Although the hydrogen yield of the ACR was lower than
the ICSTR under the OLRs of 12-18 g COD/L-d, they achieved
the same level when the OLR was increased to 24 at the oper-
ation of phase 4, and the hydrogen yield of the ACR reached
1.83 mol/mol glucose consumed when the OLR increased to
36 g COD/L-d. The higher yields observed at higher OLRs in
this study were consistent with previous studies [17,33,34].
Lin et al. [17] reported hydrogen yields of 2.17 mol/mol glu-
cose consumed at an OLR of 160 g COD/L-d compared to
1.34 mol/mol glucose consumed at an OLR of 20 g COD/L-d.
This should be due to the suppression of homoacetogenic
bacteria at higher OLRs. It can be found that the SRTs were in
the range of 72-82 h on average in phase 1 to 3 (Table 2), SRTs
were only 47 and 30 h in phase 4 and 5 due to the biomass
washout as clarifier limitations, so the slower-growing micro-
organism (homoacetogenic bacteria) could not be retained
[35]. Moreover, the ratio of ethanol/acetate (mol/mol) was
both increased as accompanied by the increasing hydrogen
yield in the two systems. Fig. 4, which shows the correlation
of molar hydrogen yield with ethanol/acetate molar ratios,
corroborates that indeed low molar hydrogen yields are
associated with low ethanol-to-acetate ratios in the range of
1.9-2.0, whereas ethanol-to-acetate ratios of 2.4-3.5 results in
high molar hydrogen yields. It indicated that the increased
acetate production was not associated with increased hydro-
gen production due to homoacetogenesis, whereby CO, and
H, are converted to acetic acid [11,36]. Finally, the inhibition
of homoacetogenesis should be due to the decrease of the pH.
When the OLR was increased from 24 to 36 g COD/L-d, the
pH dropped from 4.5 to 4.2 (Fig. 3d). According to the pre-
vious study by Calli et al. [37], acetogenic H, consumption

20———— 11040
y=0.31408x+0.66418 " [ 35 E‘f
R’=0.90436 o | B
1.5 L 030 ©
2 PR T~
= 1 . e 025 g
E 104 L7 © 020 &
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Fig. 4. Hydrogen yield and specific hydrogen production rate at
different ethanol/acetate ratios.

was found to be more favorable at higher pH levels than
low pH levels. Simultaneously, the SHPR increased along
with the ratios of ethanol/acetate (Fig. 4). Despite the homo-
acetogenesis has been attracted more and more interesting
in the hydrogen production system at present, they were
all reported in the butyrate-type fermentation. The result of
this present study found that the homoacetogenesis was also
exited in the ethanol-type fermentation and it could signifi-
cantly influence the hydrogen production, which was a con-
trast to the study of Kraemer and Bagley [38]. They reported
that H, consumption may be of minor concern for continuous
biohydrogen systems with butyrate-type fermentation.

In summary, when the OLRs were below 18 g COD/L-d,
the ICSTR provided better hydrogen production than the
ACR mode, since the homoacetogenesis took a significantly
impacted the ACR mode. But the ACR mode did provide
a distinct benefit over the ICSTR mode when the OLR was
near the overloaded level. In the ACR, the HPR and hydro-
gen yield continued to increase linearly as the OLR increased
from 12 to 36 g COD/L-d. In the ICSTR, however, the OLR
became significantly overloaded (substrate conversion
<90%) above 24 g COD/L-d (COD > 8,000 mg/L, HRT < 6 h).
In addition, for the two biohydrogen production reactors,
the hydrogen yields at the higher OLRs were all significantly
greater than those at the lower OLRs, and the hydrogen yield
of ACR reached 1.83 mol/mol glucose converted at an OLR
of 36 g COD/L-d. So the ICSTR was preferable for hydro-
gen production when the OLRs were below 18 g COD/L-d,
while the ACR was recommended when the OLR was above
24 g COD/L-d since ACR configuration combines shorter
HRT (and therefore lower capital cost) with higher HPRs
compared to ICSTR technology.

4. Conclusions

The influence of OLRs on the performance of fermen-
tative hydrogen production bioreactors operating in ICSTR
and ACR modes was investigated. Five OLRs were examined,
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ranging from 12 to 36 g COD/L-d, with influent diluted molas-
ses concentrations ranging from 4,000 to 8,000 mg COD/L
and HRT ranging from 8 to 4 h. For the ICSTR, when the OLR
was below 24 g COD/L-d, the substrate was almost com-
pletely utilized and the hydrogen yield remained at about
1.89 mol/mol glucose converted. The system failed to operate
when the COD was increased to 8,000 mg/L or the HRT was
shorted to 4 h, since the low buffer ability and washing out of
biomass. However, for the ACR system, the HPR and hydro-
gen yield increased linearly along with the increasing of OLR
from 12 to 36 g COD/L-d due to the elevating enhancement
of biomass. The HPR and hydrogen yield increased from
0.93 to 4.4 L/L-d and 1.18 to 2.14 mol/mol glucose converted.
It was found that the ICSTR gave higher HPR and hydrogen
yield than the ACR when the OLRs were at 12 and 18 g COD/
L-d, which should be due to the significant hydrogen con-
sumption by homoacetogenic bacteria in the ACR system.
Moreover, the results showed that the molar hydrogen yield
correlated linearly with the ethanol-acetate ratios when the
OLR increased, which indicated that the homoacetogenesis
was inhibited.
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