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Abstract A comparative evaluation of paperboard mill
sludge (PMS) versus mixed culture bacteria (MCB) as inocu-
lum for hydrogen production from paperboard mill wastewa-
ter (PMW) was investigated. The experiments were conducted
at different initial cultivation pHs, inoculums to substrate ra-
tios (ISRs gVS/gCOD), and hydraulic retention times (HRTS).
The peak hydrogen yield (HY) of 5.29+0.16 and 1.22+
0.11 mmol/gCODjyiia Was occurred at pH=5 for MCB and
PMS, respectively. At pH of 5, the HY and COD removal
achieved the highest values of 2.26+0.14 mmol/gCOD;y;al
and 86+1.6 % at ISR=6 for MCB, and 2.38+0.25 mmol/
gCOD;yia1 and 60.4+2.5 % at ISRs=3 for PMS. The maxi-
mum hydrogen production rate was 93.75+8.9 mmol/day at
HRT=9.6 h from continuous upflow anaerobic reactor inocu-
lated with MCB. Meanwhile, the 16S ribosomal RNA (rRNA)
gene fragments indicated a dominance of a novel hydrogen-
producing bacterium of Stenotrophomonas maltophilia for
PMS microbial community. On the other hand, Escherichia
fergusonii and Enterobacter hormaechei were the predomi-
nant species for MCB.
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Abbreviations
COD  Chemical oxygen demand

HRT  Hydraulic retention time
HAc  Acetate

HBu  Butyrate

HPr  Propionate

HLa  Lactate

HP Hydrogen production
HPR  Hydrogen production rate
HY Hydrogen yield

ISR Inoculum to substrate ratio
MCB Mixed culture bacteria
PMS  Paperboard mill sludge

TS Total solids

TSS  Total suspended solids

VS Volatile solids

VSS  Volatile suspended solids
VFAs Volatile fatty acids
Introduction

The increasing global demand of biofuels for energy security
and reduction in climate change problems lead to explore new
biomass sources (Gianico et al. 2014). Minimal use of hydro-
carbons with only water as a combustion product and high
energy yield, 2.75 times greater than that of hydrocarbon fuel,
render hydrogen as one of the promising sustainable energy
resources (Zhou et al. 2013). Besides, hydrogen can be valo-
rized as transport biofuel or further converted into heat and
electricity through a cogeneration heat and power system
(Monlau et al. 2015).

Paperboard mills are one of the main water and energy-
intensive industries and are considered the sixth largest water
polluting sector (Kumar et al. 2014). Where, paperboard mill
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wastewater (PMW) depends on recycled materials from post-
consumer sources in order to reduce wastes. Unfortunately,
this technique results in high concentrations of organic and
inorganic pollutants in wastewater streams. Negative impacts
on product quality, accelerated scaling and corrosion problems
of equipment, odor in water, and product, and increasing the
biological activity could be the consequences of this behavior
(Lerner et al. 2007). Another serious challenge facing the pa-
perboard industry is the generation of large quantity of paper-
board mill sludge. This sludge is usually dewatered and dis-
posed by landfilling or incineration by which the value of the
raw materials is lost. Also, it may result in gaseous emissions
and water pollution rather than numerous problems, and phys-
iological impairment have been posed (Braguglia et al. 2015).
Using paperboard mill sludge (PMS) as a biomass to produce
renewable energy in the form of hydrogen by anaerobic diges-
tion is a promising approach (Passero et al. 2015). Where, the
use of anaerobic digestion is currently expanded from waste
treatment concept to energy production (Djelal et al. 2013).
Given that, the anaerobic digestion is able to reduce chemical
oxygen demand (COD), biochemical oxygen demand (BOD),
and toxic low molecular weight chlorinated lignin derivatives
present in PMW (Kumar et al. 2014). In addition, as reported
by Chairattanamanokorn et al. (2012), the plentiful cellulosic
substrate contained in PMS could be feasibly utilized for H,
production by anaerobic digestion process. Furthermore, the
cellulose and hemicellulose part of PMS can be hydrolyzed
into carbohydrates which are further biologically converted to
organic acids and hydrogen in dark fermentation process
(Ghimire et al. 2015). Therefore, recovery of paperboard
wastes (PMW and PMS) for hydrogen production addresses
three of today’s major concerns: reducing dependency on fos-
sil fuel, minimizing greenhouse gas emissions, and reduce
waste disposal that can contaminate the environment.
However, the anaerobic digestion is mainly affected by
several factors such as pH, inoculum to substrate ratio (ISR),
and hydraulic retention time (HRT). In this approach, the ini-
tial cultivation pH is one of the most important parameters that
influence on H, production from wastewater and stability of
anaerobic digestion process (Zhen et al. 2015). Significantly,
pH affects the process efficiency for substrate utilization, hy-
drogen producers’ activity, distribution of liquid product, or
microbial community (Lin et al. 2006). The optimal pH differs
from one study to another. Hernandez and Rodriguez (2013)
reported that the initial pH between 5 and 6 is a preferable
range for hydrogen production. Pakarinen et al. (2008)
reviewed that initial pH level between 5 and 7 is usually fa-
vored for H, production, where at lower pH, both cell growth
and H, production were inhibited (Ratanatamskul and Saleart
2015). In addition, the results obtained from (Zhang et al.
2003) study showed that no hydrogen would be produced at
pH of 4, indicating that H, production was inhibited at low pH
level. While at higher pH, cell growth is more efficient than H,

production. Although, other studies showed that low initial pH
(4.5) achieved high specific hydrogen potentials, while the
lowest specific H, production rate has been yielded (Lin
et al. 20006; Lee et al. 2008).

ISR directly affects the growth patterns of microorganisms
and reflects the initial energy level of batch cultivation.
Where, inoculum addition to the substrate aimed at bringing
the natural microflora of fermentation microorganisms
(Griibel and Suschka 2014). Sun et al. (2011a, b) found that
higher concentration of inoculum causes nutrient consump-
tion that eventually inhibits the hydrogen production as a re-
sult of the substrate biodegradation inhibition. In another
study, it is revealed that high ISR leads to an inadequate food
for the population of microorganisms which leads to enhanced
growth of filamentous microorganisms (Kumar et al. 2014).
On the other hand, low ISR leads to inhibition of methanogens
within the consortia due to the acetate production which is
favor for H, generation (Dechrugsa et al. 2013). However,
Hafez et al. (2010) found that, at low ISR, a microbial shift
occur leading to an increase in the biomass yield which is not
related to hydrogen producers. Accordingly, the ideal balance
of ISR is essential to overcome the biomass limitation and
avoid organic matter overloading for enhanced H, generation.

Since the HRT for hydrogen production depends strongly
on the type of wastewater and inoculum source, the effect of
this parameter should be taken into consideration. Where,
HRT plays a crucial role in affecting cell bacterial growth
and H, production efficiency. Even more, the inhibition of
hydrogen consumers related to methanogenesis is pursued
through the variation of HRTs. Thanwised et al. (2012) found
that the optimum volumetric hydrogen production rate (HPR)
of 883.19+7.89 ml H,/L day from tapioca wastewater treat-
ment was generated at HRT of 6 h using anaerobic baffled
reactor (ABR). Other studies revealed that lower HRTs pre-
sented a better performance in terms of H, production (46 h)
(Masset et al. 2012). Nevertheless, operating the continuous
stirred tank reactor (CSRT) at HRT <8 h has a potential prob-
lem of cell washout due to the suspended nature of the bio-
mass within the reactor (Julian et al. 2012). Thus, controlling
the HRT during continuous hydrogen production under anaer-
obic digestion is necessary.

Therefore, the aims of this comparative investigation are to
(1) assess the efficiency of using PMS versus mixed culture
bacteria (MCB) as consortium for hydrogen production from
PMW, (2) study the effect of pH variation and ISRs on the
hydrogen yield and volatile fatty acid (VFA) generation, (3)
evaluate the effect of HRT on continuous hydrogen production
via upflow anaerobic reactor based on the optimum conditions
obtained in the last assay, (4) investigate the economic outlays
from continuous anaerobic digestion, and (5) identify and de-
tect the microbial consortium responsible for hydrogen pro-
duction including the phenotypic character and 16S ribosomal
RNA (rRNA) sequences.
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Materials and methods
Paperboard mill wastewater characteristics

The PMW was collected from Aldar Albydaa paperboard
manufacturing company (New Borg Al-Arab City, Egypt).
The raw materials used for industrial processes are the waste
of printing facilities. The mill capacity is approximately 60 t/
day of paperboard and generates about 350 m> of wastewater
per day which is mainly discharged into sewerage network
without any treatment. The end of pipe effluent was sampled
in clean and plastic containers and transferred to the environ-
mental lab for conducting the batch and continuous experi-
ments. The mean physicochemical characteristics of PMW are
presented in Table 1. BODs/COD ratio of 0.61+0.03 indicates
that the organic pollutants existing in PMW are readily biode-
gradable (Rodrigues et al. 2008).

Sources of inoculum sludge

Two different sources of inoculum were used: (1) MCB that is
received from the thickener of the activated sludge treatment
plant (Al-Agmy, Egypt) and (2) PMS that is collected from the
same mill. Both inocula were concentrated by settling for
24 h, where the supernatant was withdrawn. The inocula
was pretreated at 100 °C for 15 min to disrupt the sludge flocs,
disintegrate the bacteria, and transfer the intracellular organic
matters into the liquid phase (Feki et al. 2015). The total and
volatile solids amounted to 25.7+1.5 and 13.6+1.1 g/l for
MCB and 34.5+£2.9 and 16.2+1.3 g/l for PMS. The sludge

Table 1 The mean physicochemical characteristics of paperboard mill
wastewater (PMW)

Parameters Average+STD
Total COD (mg/1) 2217+169
Soluble COD (mg/1) 928+85
Particulate COD (mg/1) 1289+103
BODs (mg/1) 1345+39
pH 7.21+0.05
TSS (mg/l) 1370+97
VSS (mg/l) 790+76
Carbohydrate (mg/l) 54+2
Soluble carbohydrates (mg/l) 27+1
Acetate (HAc; mg/l) 92+4.6
Butyrate (HBu; mg/1) 5142
Propionate (HPr; mg/1) 19+1.2
Lactate (HLa; mg/l) 79+2.7
Total VFAs (mg/l) 278+16
NH4-N (mg/l) 2+0.1
TKj-N (mg/l) 55+1

volume index (SVI) was 35.8+3.4 and 28.9+2.6 ml/g total
solids (TS) for MCB and PMS, respectively.

Experimental setup
PpH value and ISR effect

Two assays of batch experiments were conducted. The first
assay of experiments focused on studying the effect of pH
values on hydrogen production from PMW using MCB and
PMS as inoculum, individually. Five hundred milliliters of
serum bottles were filled with 200 ml PMW + 100 ml MCB/
PMS. The pH of the batches was adjusted to 5, 5.5, 6, 7, and 9
using | N NaOH and 1 N HCL since the normal range of pH
for bacterial survival in wastewater is 5-9. Moreover, pH low-
er than 5 can induce bacterial sporulation or shift metabolic
activity to solvent formation (Lay et al. 2013). The bottles was
initially flushed with nitrogen gas and incubated at a temper-
ature of 35 °C. The second set of the experiments was de-
signed to investigate the effect of ISR on hydrogen produc-
tion. Different ISRs of 1, 3, 6, and 12 gVS/gCOD were ap-
plied as depicted in Table 2. The inoculum concentration of
MCB and PMS was kept constant at values of 13.6+1.1 and
16.2+1.3 gVS/, respectively, and varying the substrate vol-
ume (Table 2). The experiments were conducted at pH value
of 5, temperature 35 °C.

Continuous H, production at different HRTS

Four laboratory scale upflow anaerobic reactors fabricated
from Perspex glass with working volume of 6 1 were used.
The continuous experiments were conducted for a period of
95 days based on the optimum conditions obtained from the
batch experiments, i.e., pH, ISR, and inoculum type. The fresh
PMW was continuously fed into the reactors from the feed
tank using peristaltic pumps and operated at different HRTs of

Table 2  The experimental setup and operating conditions of batch
experiments

Inoculum type ISR (gVS/ Bioreactor contents (ml)
gCOD)
PMW Inoculum Dist.
H,O
Mixed culture bacteria 1 300 50 50
(MCB) 3 200 100 100
6 200 200 0
12 125 250 25
Paperboard mill sludge 1 300 50 50
(PMS) 3 250 100 50
6 175 150 75
12 150 250 0
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4.8, 9.6, 14.4, and 19.2 h. Moreover, the volume of evolved
biogas was measured using the displacement method and
corrected to the standard conditions (25 °C and 1 atm) as
described earlier (Lee et al. 2008). Physicochemical analysis
of the influent and the treated effluents were determined twice
a week at each HRT. All the experiments were carried out in
triplicates, and the depicted results represent the average of
three independent operations + standard deviation.

Calculations and Kinetic studies

The tested ISRs and hydrogen yield (HY) were calculated as
reported by Gonzalez-Fernandez and Garcia-Encina (2009)
and Zhou et al. (2013) (Egs. | and 2), respectively. On the
other hand, the Gompertz equation model (Eq. 3) was used for
calculating the hydrogen potential from PMW (Farghaly et al.
2015).

VOlumeinoculum X Vsinoculum

ISR = 1
Volumegubsirate X TCODgypstrate ( )
HP
Ry
H(t) = P.exp [exp <?()\1) + 1} (3)

where HP is the hydrogen production (mmol), H is the
cumulative hydrogen production at time (7), P is the H, po-
tential (mmol), R, is the maximum hydrogen production rate
(mmol/h), A is the lag phase required to commence H, evolu-
tion, and e is the Euler’s number.

Analytical methods

The biogas composition was analyzed using a gas chromato-
graph (GC-2014, Shimadzu, Japan) equipped with a thermal
conductivity detector (TCD) and a 0.2 m, 3-mm diameter
stainless column packed with ShinCarbon (50/80 mesh). The
operational temperatures of the injection port, the column ov-
en, and the detector were 100, 120, and 150 °C, respectively.
Helium was used as the carrier gas at a flow rate of 25 ml/min.
VFA concentrations in terms of acetate (HAc), butyrate
(HBu), propionate (HPr), and lactate (HLa) were analyzed
by high-performance liquid chromatography (HPLC) (LC-
10AD, Shimadzu, Japan) with ultraviolet detector using a
Shim-pack HPLC column (4.6x250 mm, VP-ODS,
Vertical). The temperature of column oven was 40 °C.
H,SO,4 (4 mM) was used as a mobile phase at a flow rate of
0.5 ml/min for 22 min followed by 0.4 ml/min for 8 min. Total
suspended solids (TSS), volatile suspended solids (VSS),
COD, BOD:;, total Kjeldahl nitrogen (TKN), and ammonium
nitrogen NH,4-N were determined according to APHA (2005).
Soluble COD was determined using filter paper (0.45-pm

Whatman, 7141-104, Japan). The carbohydrate was measured
according to the phenol-sulfuric acid method, using glucose as
the standard.

Microbial community analysis
Isolation of the bacterial strains

The MCB and PMS at the end of experiments were diluted
with sterile medium (nutrient broth) in 150-ml serum bottle
and agitated in a shaking incubator at 37 °C. The bottles were
flushed with nitrogen gas, sealed with rubber septum, and
coated by par film to maintain the required anaerobic condi-
tion. After incubation at 37 °C for 2 days, 1 ml of the culture
broth was inoculated in 50 ml of the same medium. The
hydrogen-producing bacterial strains were isolated using the
method of anaerobic plate. The enriched culture broth was
spread onto nutrient agar plates where 1.5 % (w/v) agar solu-
tion (<40 °C) has been poured on the plate till the broth was
completely absorbed by the medium. The paraffin wax was
overlaid in order to maintain the anaerobic condition.
Following the development of colonies at 37 © C, the overlay-
ing has been gently removed with a scalpel. Single colonies
were removed from the medium and sub-cultured, where this
step has been repeated more than three times to ensure the
purity of the strains. Fourteen strains were isolated from the
MCB and PMS inocula. Four strains were detected for hydro-
gen production. Morphological examination was carried out
by a light microscope. Biochemical and physiological deter-
minations were carried out according to the methods described
in Bergey’s Manual (Bergey and Krieg NR 1984; Brenner
Don et al. 2005) where isolates were phenotypically examined
(gram stain, motility, morphological and biochemical
characteristics).

16S rDNA sequencing and phylogenetic analysis

Total genomic DNA was extracted and purified from the sam-
ples. The primer set of F (5'-AGA GTT TGATCC TGG CTC
AG-3") with a GC clamp and R (5-GGT TAC CTT GTTACG
ACT T-3') at the annealing temperature of 65 °C were used for
the PCR amplification of the variable region of 16S ribosomal
DNA (tDNA) from the purified genomic DNA. PCR has been
cleaned up using GeneJET™ PCR Purification Kit (Thermo),
where 4 pul from the PCR mixture was loaded to examine the
PCR product on 1 % agarose gel against 1 Kb plus ladder
(Fermentas). Finally, sequencing to the PCR product has been
made at GATC Company by ABI 3730xl DNA sequencer
using forward and reverse primers. Sequence analysis was
conducted based on the online databases using BLAST where
MEGA 3.1 software has been used for the phylogenetic anal-
ysis. The phylogenetic tree was constructed by the neighbor-
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joining method. All the obtained sequences were compared
with available database sequences using a BLAST search.

Results and discussion
Effect of pH value

The cumulative HP from PMW at different pH values using
MCB and PMS are depicted in Fig. la, b (coefficients of
variation<10 %). The obtained results indicated that the initial
cultivation pH markedly affect the HP. The maximum HP
using MCB and PMS were 11.74+0.12 and 2.7+0.07 mmol
at pH of 5, respectively. The HP was significantly (»<0.001)
deteriorated at pH exceeding 5 resulting in a drop by values of
44 and 57 % for MCB and PMS at pH of 9, respectively.
These results are in accordance to Mohan (2008) where pH
of 5-5.5 was considered to be ideal for efficient hydrogen
production due to its positive influence on stimulating H,-
producing bacteria within the anaerobic digestion process.

——pH5 —m—pHS55

At pH of 5, the H, content in the evolved biogas composition
were 70+2.5 and 46+2.5 % using MCB and PMS, respective-
ly. The relatively higher H, content in MCB than PMS is
likely due to the fact that the natural MCB has highly selective
population of hydrogen-producing bacteria and tolerance to
indigenous microbes present in the PMW (Sivagurunathan
et al. 2014), as well as capability for producing a wide range
of hydrolytic enzymes (Laothanachareon et al. 2014).

The kinetic effect of pH value on the H, potential P and the
maximum H, production rate R, were determined using a
modified Gompertz bacterial growth model as shown in
Table 3. The results showed that the modified Gompertz equa-
tion parameter values were pH-dependent with average corre-
lation coefficient of (R* 0.992) and (R* 0.979) using MCB
and PMS, respectively. The estimated P and R, were nega-
tively affected by increasing pH value from 5 to 9, i.e., the P
and R,, were decreased from 11.74+0.12 to 6.6+0.13 mmol
and from 0.17+0.013 to 0.07+0.001 mmol/h for MCB.
Similarly, P and R, were 2.72+0.07 mmol and 0.08+
0.02 mmol/h at pH of 5, which were decreased to 1.16+
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Table 3 Kinetic studies of

hydrogen production (HP) at dif- Inoculum type pH values P (mmol) Ry, (mmol/h) R

ferent pH values using MCB and

PMS using modified Gompertz Mixed culture bacteria (MCB) 5.0 11.74+0.11 0.17+£0.013 0.994+0.01

equation 5.5 9.42+0.11 0.12+0.009 0.989+0.025
6.0 8.39+0.18 0.09+0.009 0.994+0.18
7.0 7.1+0.07 0.09+0.004 0.991+0.011
9.0 6.61+£0.13 0.07+0.004 0.994+0.02

Paperboard mill sludge (PMS) 5.0 2.72+0.07 0.084+0.018 0.991+0.01

5.5 1.74+0.16 0.08+0.022 0.985+0.025
6.0 1.61£0.03 0.049+0.013 0.958+0.018
7.0 1.47+£0.07 0.048+0.004 0.976+0.011
9.0 1.16+0.03 0.036+0.004 0.987+0.02

0.03 mmol and 0.04+0.001 mmol/h with increasing pH to 9.
The lower H, production with higher pH levels was likely due
to the decreased number of hydrogen-producing bacteria as a
result of lower levels of ATP in the cells (Mohd Yasin et al.
2011). These results indicated that the initial pH plays an
important role in H, production.

Likewise, the HY using MCB decreased from 5.29+0.16 to
2.97+0.09 mmol/gCOD;,;;, and from 28.97+0.25 to 16.28+
0.13 mmol/gVSS,4geq With increasing pH value from 5 to 9,
respectively. Similar results were observed for PMS where the
HY decreased from 1.22+0.11 to 0.53+0.08 mmol/
gCODjpjtja1 and from 6.69+0.16 to 2.93+0.09 mmol/
gVSS,44eq at increasing pH values from 5 to 9, respectively.
Meanwhile, the COD removal efficiencies were 70.3+2 and
63.5+2.5 % for MCB and PMS at pH of 5. While at pH of 9,
the COD removal efficiency dropped to 10+1.9 and 11.5+
1.5 %. These observations are comparable to those obtained
by De Gioannis et al. (2013), where the higher initial pH (>6)
lead to lower H, production due to promoting the propionate
production. The COD removal efficiency and stability of hy-
drogen production were mainly dependent on which route
paperboard mill was degraded, i.e., at low pH values; the
COD conversion was quite high where the hydrogen-
producing bacteria are dominated. This was not the case at
high pH values, where the degradation of COD is quite low
as the activity of the anaerobic consortium bacteria is de-
pressed resulting in low removal efficiency of COD and sub-
sequently low hydrogen yield and hydrogen production. In
addition, the lower COD removal efficiency at higher pH of
9 was attributed to that the pH range for optimal anaerobic
digestion is from 6.8 to 7.2 (Khalid et al. 2011). The highly
alkaline pH (>8.3) results in disintegration of microbial gran-
ules and subsequent process failure (Ward et al. 2008).
Moreover, changing in the physical characteristics of the gran-
ules size, density, and volatile solid content were reported at
pH>8 (Sandberg and Ahring 1992).

The experimental results showed that as the initial pH in-
creased from 5 to 9, the total VFAs decreased from 136+3 to

104+2.4 mg/l and from 635+2.9 to 384+2.1 mg/l using MCB
and PMS, respectively. Moreover, HAc and HBu were the
major VFA products which represented 41.3 and 30.8 % and
33.2 and 27.3 % of the total VFAs for MCB and PMS at pH of
5, respectively. The acidogenesis pathways for HAc and HBu
are preferable for hydrogen production. Nevertheless, as pH
increased from 5 to 9, the HPr concentration increased from
25+1.8 to 37+3.15 mg/l which has a negative effect on the
HP. These results are in accordance to De Gioannis et al.
(2013) who reported that the metabolic pathways involving
HAc and HBu production appear to be favored at pH of 5,
while higher or neutral pHs are believed to promote HPr
production. Zhang et al. (2003) found similar observation,
where increase of pH from 5 to 9 resulted in increase in HPr
production from 2.8 to 8.1 %. Moreover, it was found that the
HAc/HBu ratio is significantly initial pH-independent, where
with changing pH from 5 to 9, HAc/HBu ratio was about 1.2+
0.09 at all pHs. These results are in agreement to those report-
ed by (Khanal 2003).

Effect of inoculum to substrate ratio

The results presented in Fig. 2a, b show the effect of ISR on
the cumulative HP from PMW cultivated with MCB and PMS
at pH value of 5. The results revealed that increasing ISR from
1 to 6 gVS/gCOD increased the HP from 3.93+0.22 to 5+
0.16 mmol, respectively. However, HP was decreased to 3.79
+0.16 mmol at increasing the ISR up to 12 gVS/gCOD. This
was not the case for PMS as inoculum, where the highest HP
0f'5.22+0.21 mmol was recorded at ISR of 3 gVS/gCOD and
the lowest HP 0f2.36+0.14 mmol was at ISR of 1 gVS/gCOD
(Fig. 2b). In particular, by using inadequate inoculum concen-
tration (low ISR), the hydrogen-producing bacteria in the con-
sortium might not be capable of competing with indigenous
microflora in the substrate resulted in decreased H, production
(Sreela-or et al. 2011). In addition, according to Sun et al.
(2011a, b), the increase in substrate concentration could im-
prove the hydrogen productivity, however, the higher
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substrate concentrations might lead to excess substrate inhibi-
tion. The gas composition analysis amounted H, contents to
81.2+5.3 and 54.5+2.7 % using MCB and PMS, respectively.
The superiority of MCB than PMS in H, production may be
attributed to the abundant nutrients contained in MCB that are
essential for the growth of microorganisms (Zhang et al.
2014).

The average overall magnitude of regression obtained for
MCB and PMS using Gompertz model was 0.985 (Table 4).
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The hydrogen production appeared to be kinetically favorable
at ISR of 6 gVS/gCOD for MCB resulting in the highest
hydrogen potential (P) and the maximum hydrogen produc-
tion rate (Ry,) of 5+0.16 mmol and 0.19+0.013 mmol Hy/h,
respectively. P and R, reduced by values of 24 and 61 %,
respectively, at increasing the ISR up to 12 gVS/gCOD. The
data obtained for the PMS inoculation emphasize that ISR
value of 3 gVS/gCOD achieved the highest P of 5.22+
0.21 mmol. This trend has been declined by a value of 50 %
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Table 4  Kinetic studies of HP at different ISR cultivated with MCB and PMS using modified Gompertz equation

Inoculum type ISR (gVS/gCOD) P (mmol) R, (mmol/h) R?

Mixed culture bacteria (MCB) 1 3.93+£0.22 0.09+0.009 0.982+0.009

3 4.29+0.16 0.13+0.013 0.982+0.013

5+0.16 0.19+0.013 0.986+0.014

12 3.79+0.15 0.08+0.008 0.998+0.007

Paperboard mill sludge (PMS) 1 2.37+0.14 0.04+0.009 0.985+0.012

5.22+0.21 0.09+0.004 0.980+0.015

4.11+0.11 0.08+0.004 0.983+0.011

12 2.59+0.22 0.06+0.008 0.984+0.013

at increasing ISR from 3 to 12 gVS/gCOD. The lower P and Glucose—CH;CH,CH,COOH + 2CO; + 2H, (5)

R, at low ISR could be resulted from the excess in substrate
inhibition (Sun et al. 2011a, b). However, at higher ISRs, the
reactions that were operated under substrate-limiting condi-
tions resulted in lower H, productivity (Elsamadony et al.
2015b).

The respective highest H, yield (HY) using MCB of 2.27+
0.14 mmol/gCOD;yj, and 13.22+0.13 mmol/gVSS,44e4 have
been observed at ISR of 6 gVS/gCOD resulted in removal
efficiencies of 86+1.6 % for COD and 71+5.2 % for VSS,
respectively. However, the HY dropped below 1.79+
0.19 mmol/gCOD;yjia and 10.48+0.18 mmol/gVSS,4geq With
decreasing the ISR to 1 gVS/gCOD. On the other hand,
the highest HY were 2.38+£0.25 mmol/gCODj,ja and
13.88+0.16 mmol/gVSS,q4ea at ISR of 3 gVS/gCOD
using PMS, which deteriorated to 1.08+0.09 mmol/
gCODjpitiar and 6.32£0.43 mmol/gVSS,g4ea at ISR of
1 gVS/gCOD. The highest HY results for PMS coincided
to the peak removal efficiencies of 60.4+2.5 % for COD
and 63.2+3.6 % for VSS. An explanation was introduced
by Sreela-or et al. (2011), where the lower HY at lower
ISR might be attributed to that the indigenous microflora
might become dominant and produce the products that do
not relate to H, production. Moreover, the low conversion
efficiencies were mainly due to the complex polymer
structure of PMW which includes polysaccharides and lig-
nin (Farghaly et al. 2015).

As shown in Fig. 2c¢, the production of VFAs was affected
by the ISR. In case of MCB inoculation, the highest HAc (78
+1.6 mg/l) and HBu (31.3£0.7 mg/l) concentrations were
obtained at ISR of 6 gVS/gCOD, which were corresponded
to the highest HP and HY. Nevertheless, the HAc and HBu
concentrations amounted to 138+3.5 and 45+1.5 mg/l, re-
spectively, at ISR value of 3 gVS/gCOD using PMS indicat-
ing superior H, production (Egs. 4 and 5). In addition, HAc/
HBu ratio was peaked at ISR ratios of 3 and 6 gVS/gCOD as
shown in Fig. 2¢, where the increase of HAc/HBu is accom-
panied by H, production (Sun et al. 2011a, b).

Glucose + 2H,0—2CH;COOH + 2CO, + 4H, 4)

The results showed that HLa were detected only at ISR of
1 gVS/gCOD with corresponding lower H, production using
MCB. The formation of HLa has a negative effect on the
hydrogen production as shown in Eq. 6 (De Gioannis et al.
2013). On the other hand, the lower H, production at ISRs of 6
and 12 gVS/gCOD using PMS are likely due to the generation
of HPr since production of 1 mol of HPr requires 2 mol of
hydrogen (Eq. 7).

Glucose + H,—~CH3;CHOHCOOH + H,O (6)
Glucose + 2H,—CH;CH,COOH + 2H,0 (7)

Effect of hydraulic retention time

The effect of HRT on hydrogen production was studied using
upflow anaerobic reactors that were operated at different
HRTs of 4.8, 9.6, 14.4, and 19.2 h as shown in Fig. 3. The
continuous experiments were conducted under the optimum
conditions obtained from batch experiments, i.e., using MCB
at pH of 5 and ISR of 6 gVS/gCOD. It was found that hydro-
gen production was mainly influenced by the time available
for microbial communities for substrate degradation (i.e.,
HRT). The results revealed that increasing the HRT from 4.8
t0 9.6 h resulted in increase of HPR and H, content from 49.8
+9.1 mmol/day (28.4+1.7 %) to 94.4+10.3 mmol/day (69.3+
5.2 %), respectively. However, further increase of HRT up to
19.2 h decreased HPR and H, content below 17.2+2.5 mmol/
day (11.3%£1.2 %), indicating that acidogenesis were dominant
at shorter HRTs (Liu et al. 2006). Likely, the observed increase
in HPR as a result of shortening HRT might be attributed to
the efficient immobilized cells with better ability to sustain
high organic loading rate (OLR) (Sivagurunathan et al.
2015). Nevertheless, the relatively lower HPR at HRT of
4.8 h may be due to the washout of microorganisms with
low adhesion capabilities (Hawkes et al. 2007). In addition,
the reduction in retention time could limit the hydrolytic stage
and acid formation decreasing hydrogen production
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Fig. 3 The effect of HRT on hydrogen production using upflow
anaerobic reactors operated at different HRTs

(Hernandez and Rodriguez 2013). According to Camilli and
Pedroni (2005), the highest volumetric HPR (4.76 mmol/1 h)
was obtained at HRT of 6.7 h and washout of bacterial cells
was observed at HRTs below 5.8 h. Conversely, extending
HRTs affected negatively on HPR which mainly due to a
decrease of OLR which is not favored for H, productivity
(Dos Reis and Silva 2011). These trends are similar to
Hernandez and Rodriguez (2013) results where extending
HRT from 12 to 36 h decreased the HPR by 71.6 %.

Figure 4 shows the HY in terms of initial COD and VSS
and COD removal efficiency at different HRTs. The results
showed that the highest values of HY of 53.57+8.48 mmol/
gCODjpiiar and 136.61£23.21 mmol/gV SS;iia Were record-
ed at HRT of 9.6 h. Nonetheless, increasing the HRT up to
19.2 h resulted in deterioration in the HY to become 10.26+
1.79 mmol/gCOD;ia and 29.46+12.05 mmol/gV SS;yisar as
shown in Fig. 4. Thanwised et al. (2012) found that with
increasing HRT from 3 to 12 h, the HY increased from 5.72
+0.11 to 18.74+0.67 mmol/gCOD;y;;. Which further dropped
to 10.18+0.26 mmol/gCOD;,;4a at longer HRT of 24 h. These
results indicate that at short HRTs (9.6 h), the fast growing
bacteria (acidogenesis) that are capable of growth at high sub-
strate concentration were dominated and resulted in higher H,
production. The low HY at HRT of 4.8 h may be due to the

C—1COD R% —4—HY (mmol/gCODremoved) —C—HY (mmol/gVSSremoved)

4.0 90
35 =R 80
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2.5 60 =
50 &
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1.0 — | %} 20
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48h 9.6h 14.4h 192h
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Fig. 4 The HY in terms of initial COD and VSS, and COD removal
efficiency at different HRTs
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bacterial washout from the reactor. However, the inverse rela-
tionship between HY at HRTs exceeding 9.6 h may be attrib-
uted to the inadequate food for microbial population resulting
from the low substrate concentration (Kumar et al. 2014).
Accordingly, the long HRT is critical to maintain the slow
and stable growth of methanogenic microorganisms in the
reactor leading to lower HY (Zuo et al. 2015).

Furthermore, the total COD and VSS removal efficiencies
increased from 25.74+8.5 to 81.3+2.5 % and from 33.6+10.4
to 71.5£10.7 % at increasing the HRT from 4.8 to 19.2 h,
respectively. Where, the lower efficiency at lower HRTs is
due to the complex state of PMW, which further hydrolyzed
to monomers at higher HRTs (SenthilKumar et al. 2011). This
trend is in accordance to previous study in which the COD
removal efficiency increased from 16 to 31.1 % with increas-
ing the HRT from 4 to 24 h, respectively, treating starch waste-
water using expanded granular sludge bed reactor (Guo et al.
2008). This indicates that prolonging HRT up to 19.2 h in
continuous upflow anaerobic reactor led to more biological
degradation of the organic matter in PMW and better adaption
of the microorganisms.

Figure 5 shows the VFA concentrations exerted through the
operation time and the average HPR. The results showed that
the main metabolic product was HAc where it is considered as
adequate for H, production. The HAc production was in-
creased from 181.6+£7.8 to 204.2+18.3 mg/l at increasing
the HRT from 4.8 to 9.6 h, respectively. However, the HAc
production decreased to 143.3+£60.4 mg/l at increasing the
HRT up to 19.2. This is mainly due to the acclimatization of
MCB that increases the amounts of metabolites which related
to hydrogen production (Hernandez and Rodriguez 2013).
The same trend was observed by Thanwised et al. (2012),
where the HAc increased from 1390.75 to 1726.85 mg/l with
decreasing HRT from 18 to 12 h and decreased to
1017.72 mg/l at HRT of 3 h. Lin et al. (2008) reported that
the highest HAc concentration (1775+100 mg/l) produced
from the anaerobic digestion of starch was occurred at HRT
of 8 h. Similar trends were observed for HBu where its

C—HAc (mg/l) &= HBu (mg/l) C—HPr (mg/l) mmmHLa (mg/l) —x—HPR (L/d)
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Fig. 5 The VFA concentrations exerted through the operation time, and
the average HPR
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concentration was increased from 23.9+12.4 to 30.1+
11.7 mg/l at increasing the HRT from 4.8 to 9.6 h.
Nevertheless, the HBu was significantly decreased to 10.4+
9.7 mg/1 at increasing the HRT to 19.2 h. These observations
are in accordance to Julian et al. (2012), where the second
more produced metabolite at the short HRTs (6 h) is HBu
indicating that a mixed fermentation HAc-HBu pathway oc-
curred that is favorable for H, production. Below pH 6, main-
ly butyrate and acetate was produced. While at higher pH
values, the concentration of butyric acid decreased (Marang
et al. 2013).

It was observed that the highest HPr production was oc-
curred at HRT of 19.2 h resulting 21.4£3.1 mg/l which
dropped to 16.9+1.7 and 18.6+1.7 mg/l at HRTs of 9.6 and
4.8 h, respectively. Guo et al. (2008) found comparable obser-
vations, where HPr concentration was 0.64+0.03 mg/l at HRT
of 16 h which deteriorated to 0.25+0.01 mg/l at HRTs of 4.
Moreover, HLa increased from 17.1+4.3 to 38.7+3.3 mg/l
with increasing HRT from 4.8 to 19.2 h, respectively. Likely,
the low production of HBu, HPr, and HLa compared to HAc
production at different HRTs indicates such consumption of
H, by homoacetogenic bacteria (Eq. 8) (Julian et al. 2012).

4H, + 2C0,—CH;COO + H + 2H,0 (8)

Economic analysis

In order to investigate the benefits behind anaerobic digestion
of PMW, an economic analysis was carried out. A full scale
upflow anaerobic reactor was designed to treat 350 m* PMW
per day at HRT of 12 h. It has been considered the most
appropriate reactor type for providing a low-cost treatment
solution since no mechanical mixing is required. Given that
the flow regime via the reactor conveyed PMW into intimate
contact with the MCB. Moreover, it has the advantage of
simplicity in mechanical design and in situ installations.

At the proposed design, it has been assumed that the PMW
is pumped to the reactor from an equalization tank. The main
periodic expenses of the system are operation, maintenance,
and electricity consumption by the pumps (Elsamadony et al.
2015a). The energy consumption required for reactor heating
could not be taken into consideration where the effluent tem-
perature of mill is about 40 °C. Thermal energy loss through
the surface of reactor can be considered negligible compared
to the energy required for pumps, given that it depends on the
reactor design (particularly reactor volume) (Motte et al.
2015). The economic analysis based on all the aforementioned
conditions and experimental results in addition to the assump-
tions are summarized in Table 5.

Revenues were calculated based on reuse of the treated
PMW as a part of the fresh water used in manufacturing pro-
cess. The cost analysis showed that the mill could compensate

Table 5 Design criteria and assumptions for economic analysis

Overall PMW discharge 350 m?
HRT 12h
Assumed upflow anaerobic reactor volume 175 m®
Assumed equalization tank volume 100 m*
Assumptions for economic analysis:

Capital costs $100,000
Operational and maintenance costs $1400/year
Electricity cost $0.106/kWh
Fresh water cost in Egypt $0.4/m>

Revenues
Saving from treated PMW reuse $-51,100/year
$-49,700/year

2.0 years

Cost saving
Payback period

about $51,100/year (82 %) by reusing the treated PMW. In
addition, the proposed technology will be paid back after
2 years as shown in Table 5. Accordingly, the anaerobic di-
gestion of PMW inoculated by mixed culture bacteria is rec-
ommended from economic point of view.

Microbial community analysis

The isolated heterotrophic hydrogen-producing bacteria have
been purified, characterized, and taken for further experi-
ments. The identification of the microbial species using phe-
notypic character and 16S rRNA sequences of each strain
were determined by comparing with the GenBank database.
In these sequences, four bacterial colonies belonged to oc-
proteobacteria have been detected.

Interestingly, according to bacterial colonies’ morphology,
biochemistry, and DNA analysis, a novel hydrogen-producing
bacterium of Stenotrophomonas maltophilia has been detect-
ed for the batches inoculated by PMS bacterial community
with similarity 90 % (Fig. 6a). It is aligned to the order
Xanthomonadales, family Xanthomonadaceae. In addition,
other three species have been detected (one for PMS batches
and two for MCB). They were belonged to the order
Enterobacteriales, family Enterobacteriaceae that belonged
to the genus Enterobacter which are recorded as hydrogen
producer (Shin et al. 2007). The 16S rRNA sequencing and
the phylogenetic tree indicated that these isolates strongly
could be related to the genus Enterobacter asburiae,
Enterobacter hormaechei, and Escherichia fergusonii with
similarities 98, 97, and 97 %, respectively (Fig. 6a, b).

According to previous work of Shin et al. (2007), it is
reported that E. asburiae SNU-1 was able to produce hydro-
gen of 0.43 mol Hy/mol formate. Also, Tanisho (1998) report-
ed that Enterobacter aerogenes yielded H, of 1.0 mol/1.0 mol
glucose and 2.5 mol/1.0 mol sucrose. In addition, Kumar and
Das (2000) found that Enterobacter cloacae IIT-BT 08 could
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Fig. 6 Phylogenetic trees of the (a) PMS and (b) MCB microbial communities and their close relatives based on target 16S rRNA gene

produce about 2.2 mol H,/mol glucose, 6 mol H,/mol sucrose,
and 5.4 mol H,/mol cellobiose. According to Nath (2008),
E. cloacae DM11 achieved 6.61-6.75 mol H,/mol glucose.
Besides, the engineered Escherichia coli strains ZF1 and ZF3
were reported to produce 14.9 and 14.4 pmol Hy/mg of dry
cell weight, respectively, compared to 9.8 umol H,/mg of dry
cell weight generated by wild-type E. coli strain W3110 (Fan
et al. 2009).

@ Springer

Conclusions

A comparative study of the performance of paperboard mill
sludge versus mixed culture bacteria on hydrogen production
from paperboard mill wastewater was assessed. The mixed
culture bacteria exhibited better performance in terms of hy-
drogen production and yield as compared to paperboard mill
sludge. However, the hydrogen production and yield from
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paper board mill wastewater is pH, ISRs, and HRT dependent.
At optimum pH of 5, no significant difference was observed
between MCB and PMS for H, production. However, using
MCB at ISR of 6 gVS/gCOD resulted in higher COD removal
efficiency of 86+1.6 % than PMS (60.4+2.5 %). Continuous
experiments yielded 53.57+8.48 mmol/gCODj,;a and
136.61+£23.21 mmol/gVSS;,iia of Hy at an HRT of 9.6 h.
The 16S rRNA sequences confirmed the dominance of a nov-
el Hp-producing bacterium of S. maltophilia with similarity
90 % for PMS batches. On the other hand, E. fergusonii and
E. hormaechei were the predominant species in batches of
MCB bacterial community with similarity 97 %. Based on
these results, it is recommended to use mixed culture bacteria
as an inoculum for hydrogen production from paperboard mill
wastewater at pH, ISRs, and HRT of 5, 3 gVS/gCOD, and
9.6 h, respectively.
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