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h i g h l i g h t s

� Two-phase anaerobic digestion of food waste for H2 and CH4 production was studied.
� Biochar significantly increased maximum production rates of H2 and CH4.
� Biochar shortened the lag phases of H2 and CH4 production.
� Biochar enhanced VFA formation in H2 phase and VFA degradation in CH4 phase.
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a b s t r a c t

Effect of biochar addition on hydrogen and methane production in two-phase anaerobic digestion of
aqueous carbohydrates was studied using bench-scale bioreactors. The cultures with biochar additions
were placed in 100 ml reactors and incubated at 35 �C and pH 5 for hydrogen production. The residual
cultures were then used for methane production, incubated at 35 �C and pH 7. Daily yields of hydrogen
and methane and weekly yield of volatile fatty acids (VFA) were measured. The hydrogen and methane
production potentials, rate and lag phases of the two phases were analysed using the Gompertz model.
The results showed that biochar addition increased the maximum production rates of hydrogen by 32.5%
and methane 41.6%, improved hydrogen yield by 31.0% and methane 10.0%, and shortened the lag phases
in the two phases by 36.0% and 41.0%, respectively. Biochar addition also enhanced VFA generation
during hydrogen production and VFA degradation in methane production.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Anaerobic digestion (AD) provides an effective means of organic
waste treatment and utilisation (Sung and Santha, 2003; Parawira,
2004). Conventional, single phase AD, where a whole series of bio-
chemical processes occur in a one reactor, is common practice
(Demirel and Yenigün, 2002; Mumme et al., 2014). However, the
biogas produced from single phase AD is less than desirable due
to high CO2 content, low specific energy value and, therefore, poor
ignition quality (Porpatham et al., 2007; Zhang et al., 2015).

Two-phase anaerobic digestion (TPAD) is a sequential process,
in which the AD is separated into two phases, namely acidogenesis
and methanogenesis, respectively. Hydrogen and CO2 are produced
in the first phase and methane and CO2 are produced in the second
phase. In an innovative process concept for renewable electric
power generation (Zhang et al., 2015), the two exit streams are

then combined to form a hydrogen-enriched biogas, which is
expected to have a much improved ignition quality for gas engine
applications (Porpatham et al., 2007). This system has been suc-
cessfully demonstrated in laboratory research (Zhang et al., 2015)
for several waste streams including agriculture waste (Klocke
et al., 2008; Zhu et al., 2008), dairy wastewater (Lateef et al.,
2014; Antonopoulou et al., 2008; Venetsaneas et al., 2009), sewage
sludge (Song et al., 2004; Roberts et al., 1999), food waste (Browne
and Murphy, 2014; Kim et al., 2014; Ventura et al., 2014; Lee and
Chung, 2010) and industrial wastewater (Ke et al., 2005).

Biochar, a carbon rich residue from thermal decomposition or
pyrolysis of biomass, has been found to enhance biogas production
in the single AD due to its ability to promote biofilm formation and
mitigate ammonia and acid inhibition (Mumme et al., 2014; Luo
et al., 2015; Torri and Fabbri, 2014). Mumme et al. (2014) reported
that 6.7% (on inoculumweight basis) addition of hydro-char, a type
of biochar produced from hydrothermal carbonisation, prevented
mild ammonia inhibition and increased methane yield by up to
32.0%. Luo et al. (2015) found that 10 g.l�1 pyrolytic fruitwoods
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biochar addition shortened methanogenic lag phase by 30.3% and
increased maximum methane production rate by 86.6% than the
control without biochar. Inthapanya et al. (2012) observed that
1% (dry substrate weight basis) pyrolytic rice husk biochar addition
increased gas production by 31.0% and higher concentrations of
biochar addition did not bring further benefits in enhancing the
biogas production.

To the best of our knowledge, the performance of biochar addi-
tion in TPAD has never been reported. The contribution reports
new findings of the effect of biochar addition on the production
of hydrogen and methane from carbohydrates wastes in a simu-
lated TPAD process. To this end, bench-scale batch TPAD experi-
mentation was conducted. The yields and production rates of
hydrogen, methane, and volatile fatty acid (VFA) as a function of
biochar addition ratio and incubation time were measured. The
anaerobic digestion processes and biodegradability in both phases
were also analysed using the Gompertz model to obtain maximum
hydrogen and methane production potentials, rates and lag phases
in the two phases.

2. Experimental

2.1. Materials

To ensure the consistency in the feedstock quality and charac-
teristics, white bread obtained from a local supermarket was used
to simulate carbohydrate-rich food waste in an aqueous environ-
ment for TPAD. Proximate and elemental analyses of the bread
are listed in Table 1. The bread was shredded to ca. 1 mm in size
before being used in the TPAD experimentation.

The source of inoculum was a sludge obtained from Woodman
Point Wastewater Treatment Plant, Western Australia. For hydro-
gen production, the sludge was heated and stirred at the 95 �C
for 30 min to eliminate methanogens. A biochar obtained from
pyrolysis of pine sawdust using an indirectly fired kiln reactor at
650 �C with a retention time of ca. 20 min. The biochar was ground
and sieved to a size fraction of 3.5–25.9 lm. The biochar sample
was dried in an oven at 105 �C prior to use. The elemental analysis,
pH, BET surface area, pore size and pore volume of the biochar
samples are also listed in Table 1.

2.2. Anaerobic digestion experimentation

The TPAD experimentation was conducted in batch mode. Sche-
matic diagrams showing the experimental set-up and the typical
experimental procedure are shown in Fig. 1. For hydrogen produc-
tion, �0.82 g of bread, 10 ml of heated sludge and water were
added in a 100 ml serum bottle with a working volume of 60 ml.
The initial pH was adjusted to 5 by adding an appropriate amount
of hydrochloric acid (HCl) or sodium hydroxide (NaOH). Prior to an

experimental run, the reactors were flushed with high purity nitro-
gen (>99.99%) at 10 l.min�1 for one minute and then carefully
sealed with rubber plugs and secured with aluminium caps
(Koch et al., 2015; Davila Vazquez et al., 2008). The bottle was then
placed in an incubator maintained at 35 �C until the gas production
stopped, within approximately 8 days. The bottle was shaken once
a day prior to sampling the gas for composition measurement. A
500 ll sample of accumulated biogas was taken daily from each
reactor using a gas tight syringe and a 1 ml liquid sample was
taken on day 2 and 8, respectively, for further analysis. In order
to study the effect of the amount of biochar addition on the perfor-
mance of the hydrogen production process, reactors with different
biochar addition ratios of 8.3, 16.6, 25.1 and 33.3 g.l�1 were set up.
These experiments were run following the same procedure as
detailed above. Each set of experiments was repeated under iden-
tical conditions three times, involving a total of fifteen serum bot-
tle reactors.

After 8 days, the remaining culture in a reactor was used as the
feed for methane production in the second phase. The bottle tip
was opened and 10 ml of unheated sludge was added to the bottle
to bring the pH to 7. The bottle was then sealed and incubated at
35 �C for 39 days. Gas sampling was conducted daily and liquid
samples were taken periodically for further analysis.

2.3. Data analysis

The daily volumetric biogas production was measured by a
water displacement method (Walker et al., 2009) and then con-
verted to volumetric biogas production under the STP condition
(273 K and 1 atm pressure) according to the ideal gas law. The
daily volumetric hydrogen or methane production was calculated
by multiplying the volumetric biogas production by the hydrogen
or methane concentration as determined from the GC analysis.
The total cumulative hydrogen or methane yield was then obtained
by adding daily volumetric hydrogen or methane production, cal-
culated according to the ideal gas law (in STP ml) Zhong et al.,
2011. The compositions of the biogases from the two phases were
measured using Gas Chromatography (GC; Agilent 7980) facili-
tated with thermal conductivity detector (TCD) (heater 200 �C, ref-
erence flow: 10 ml/min, helium make up flow: 2 ml.min�1) and
Sigma Porapach QS (2 m � 3 mm � 2.1 mm) column. A GC (Agilent
7980) using DB-WAX column (30 m � 250 mm � 0.25 mm), flame
ionisation detector (FID) (heater 250 �C, H2 flow: 35 ml.min�1, air
flow: 350 ml.min�1, make up flow 4 ml.min�1, total run time
13 min) was used to determine the volatile fatty acid (VFA) of liq-
uid samples taken from both phases. In order to obtain the lag
phase, maximum production potential and rate of both hydrogen
and methane production in each treatment, the following modified
Gompertz (Nath and Das, 2011) model was employed:

t ¼ Ph� exp� exp RGðtÞ

¼ P � exp � exp
Rmax � e

P
ðk� tÞ þ 1

� �� �
ð1Þ

where G(t) is the cumulative hydrogen or methane production [ml.
l�1], t the time [days], P the maximum hydrogen or methane pro-
duction potential [ml.l�1], Rmax the maximum hydrogen or methane
production rate [ml.l�1.per day] and k is the lag phase [days]
defined as a delayed period of a culture in responding to a new envi-
ronment and starting to produce hydrogen or methane (Swinnen
et al., 2004). The cumulative hydrogen and methane production
results were fitted using the model. To compare the mean of hydro-
gen and methane yields from each phase of all treatments, the data
were also statistically analysed using Analysis of Varians (ANOVA).
Post hoc tests were carried out using the least squares difference
(LSD).

Table 1
The results of elemental, proximate and physical analysis of food waste and biochar.

Parameter Food waste Biochar

Carbon (%) 42.7 77.9
Nitrogen (%) 2.3 0.3
Hydrogen (%) 9.1 3.7
Sulfur (%) 0.3 0.1
C/N ratio 18.7 255.0
pH 4.9 9.6
Total solid (%) 61.2 N.D*

Volatile solid (%) 59.5 N.D
Particle size distribution (lm) N.D 3.5–25.9
BET surface area (m2.g�1) N.D 130.0
Pore volume (cm3.g�1) N.D 0.0138

* Not determined.

30 N.M.S. Sunyoto et al. / Bioresource Technology 219 (2016) 29–36



Download English Version:

https://daneshyari.com/en/article/7069785

Download Persian Version:

https://daneshyari.com/article/7069785

Daneshyari.com

https://daneshyari.com/en/article/7069785
https://daneshyari.com/article/7069785
https://daneshyari.com

