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Chapter 16
Integration of Catalytic Biofuel
Production and Anaerobic Digestion
for Biogas Production

G. Hurst, M. Peeters, and S. Tedesco

Abstract The drive towards a low carbon economy will lead to an increase in new
lignocellulosic biorefinery activities. Integration of biorefinery waste products into
established bioenergy technologies could lead to synergies for increased bioenergy
production. In this study, we show that solid residue from the acid hydrolysis produc-
tion of levulinic acid, has hydrochar properties and can be utilised as an Anaerobic
Digestion (AD) supplement. The addition of 6 g/L solid residue to theADof ammonia
inhibited chicken manure improved methane yields by +14.1%. The co-digestion of
biorefinery waste solids and manures could be a promising solution for improving
biogas production from animal manures, sustainable waste management method and
possible form of carbon sequestration.

Keywords Biorefinery · Levulinic acid · Solid residue · Anaerobic digestion ·
Hydrochar

16.1 Introduction

Lignocellulosic biomass is the most abundant renewable feedstock for biofuel
production globally [1]. Biorefineries utilise a range of thermochemical processes to
produce high platform chemicals for fuels and niche applications. Acid hydrolysis
has received significant interest recent years for the valorisation of cellulose and
hemi-cellulose fractions of biomass. Acid catalysts such as sulphuric acid (H2SO4)
and hydrochloric acid (HCl) under aqueous conditions at mild temperatures (160–
250 °C) can produce levulinic acid, lactic acid and 5-hydroxymethfural (5-HMF) [2].
Of which levulinic acid has been recognised as one of the most promising precursors
for catalytic biofuel production. Several commercial pilot plants by GFBiochemicals
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(Caserta, Italy) and Segetis (USA) have demonstrated the potential technologies for
the large scale deployment of catalytically produced biofuels [3].

The growth of biorefineries will create challenges to valorise all waste products.
Acid catalysis of lignocellulose produces significant amounts of hydrochar-like Solid
Residue (SR)material. Recent studies have utilised SR as a solid fuel, pyrolysis feed-
stock and building material among other applications [4]. Hydrochar has recently
been investigated as Anaerobic Digestion (AD) supplement [5]. AD is a sustain-
able low-cost disposal process for organic matter as well as a source renewable
energy in the form of biogas. Biogas is considered an important low-carbon bioen-
ergy source however further implementation is limited due to feedstock constraints.
Animal manure is among the most pressing environmental concerns and potential
AD feedstock but is limited due to high inhibitor concentrations,most notably ammo-
nium [6]. Recently, hydrochar has been shown to improve biogas yields from swine
manure by 32–52% [7] by adsorbing ammonium, promoting microbial growth and
buffering capacity during AD; but is limited due to the high costs associated with
hydrochar production.

The pseudo-hydrochar properties of SR from acid catalysis could potentially be
used as a low-cost hydrochar for anaerobic digestion supplementation, in order to
improve the economics of both levulinic acid production and biogas. In this study,
we investigated the feasibility of using SR from the sulphuric acid hydrolysis of
Miscanthus x Giganteus to improve the anaerobic digestion of chicken manure.

16.2 Experimental

16.2.1 Solid Residue Preparation and Characterisation

Miscanthus x Giganteus was dried, ball-milled (<0.2 mm) and stored in air tight
conditions for further use. Solid residue was prepared by heating 0.5 g of biomass
in 10 ml of 2 M H2SO4 catalyst at 180 °C for 60 min under microwave heating. Post
reaction the SR was separated, washed with deioinsed water and dried at 60 °C. The
post aqueous reaction media was analysed using an HPLC as previously reported
[8]. Levulinic acid and SR yields are reported on a dry mass basis and theoretical
levulinic acid yield was calculated on structural sugar basis determined according to
NREL standard 510-42618. The acid hydrolysis process yielded; 30.8 wt.% SR and
16.7 wt.% levulinic acid which corresponded to a theoretical 64.5% levulinic acid
yield.

The total solids content and ash content were determined according to standards
ASTM D4442 and NREL 42622 respectively. The CHNSO elemental combustion
was carried using anElementalVarioMacroCube analyser,with oxygen%calculated
by difference. The recalcitrance index, R50, for the SR was calculated according to
Harvey et al. to estimate the carbon sequestration potential [9].
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16.2.2 Batch Anaerobic Digestion

Chicken manure (CM) was collected from a local supplier, dried and stored in a
desscitator until use. Inoculum sludge was collected from a local mesophilic AD
plant operating at 31 °C. The total volatile solids of CM and inoculum was set at 8
wt.%with a C/N ratio of 7.1. The effect of SR on ADwas investigated by varying the
SR concentration by 2–10 g/L, compared with an un-supplemented control reactor.
The biomethane potential assays were conducted in 500ml glass flasks with working
volume of 200 ml and purged with nitrogen gas for 5 min to achieve anaerobic
conditions. The batch reactors were submerged in a water bath maintained at 31 ±
1 °C and the manually shaken once a day. The batch biomethane potential (BMP)
assayswere set up in duplicate and operated for 14 dayswith daily gasmeasurements.
The primary biogas components, CH4 and CO2, were analysed utilising a GeoTech
2000 biogas analyser. The cumulative biogas volumeswere then fitted to themodified
Gompertz equation shown in Eq. 16.1 [6], using non-linear regression analysis in
Matlab© (2016a).

VCH4(t) = Amaxexp

[
−exp

(
Rmax ∗ e

Amax
(λ − t) + 1

)]
(16.1)

16.3 Results

16.3.1 Material Characterisation

The properties of SR, Inoculum and CM are shown in Table 16.1. The SR carbon
content exceeded 62%, with a highH/C and lowO/C ratio indicating that the biomass
underwent dehydration during the acid hydrolysis process, to produceSRwith similar
elemental properties to hydrochar. The acid hydrolysis process resulted in a high
specific surface area (19 m2/g) which suggests the SR contains micro-porous struc-
tures suitable for adsorption. The pH of SR was measured in water at 1:10 mass
ratio and the solid residue was slightly acidic and could negatively affect buffering
capacity of AD. The recalcitrance index, R50, is a measurement of char stability to
microbial degradation and suitability for carbon sequestration. The SR had a R50 of
0.66 which is comparable with that of biochar and indicates the land application of
post-digestion SR could be a potential form of stable carbon sequestration.
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Table 16.1 Characteristics of inoculum, chicken manure (CM) and SR

Raw-Miscanthus SR Inoculum CM

TS (%, w.b) 97.2 95.15 7.6 87.7

VS (%, w.b) 94.4 92.4 5.5 64.7

VS (%, d.b) 97.37 97.37 72.1 73.7

pH 3.56 2.5 7.78 N/A

BET (m2/g) N/A 19 N/A N/A

C (%, DS basis) 48.1% 62.4% 32.1 34.7

H (%, DS basis) 6.0% 5.5% 4.7 5.2

N (%, DS basis) 0.5% 0.3% 7.2 7.7

S (%, DS basis) 0.1% 0.4% 0.9 0.8

O (%, DS basis) 42.4% 23.8% 27.1 23.8

O/C N/A 0.29 N/A N/A

H/C N/A 1.06 N/A N/A

R50 N/A 0.66 N/A N/A

Fig. 16.1 Cumulative methane yield with varying SR addition and predicted yields
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16.3.2 Effects of SR on Methane Production During CM
Digestion

Figure 16.1, shows the cumulative methane yields from the AD of CM over 14 days,
alongside the predicted methane yields according to Eq. 16.1. The control reactor
yielded 136 ml CH4/gVS compared with the CM stoichiometric CH4 potential of
286 ml/gVS, which corresponds with a biodegradability index of 48%. The addition
of 2 gSR/L increased the methane yield (+12% CH4) with respect to the CM control,
strongly indicating a beneficial effect to AD, by either promoting microbial growth
or adsorbing inhibitors. There was only a minor improvement with increasing SR
concentration at 6 g/L (+14.1% CH4) suggesting that the SR is not being degraded
in the reactors. The minor improvement also indicates that the AD system is not
undergoing significant stress and the positive effects of SR could potentially be more
significant in more toxin-rich environments. There was a noticeable decrease in CH4

yields at higher SR loads (8 and 10 gSR/L), which can be attributed to the potential
toxicity of SR onADmicroorganisms. However, for all BMP conditions, SR addition
resulted in higher methane yield than the CM control, which emphasises the positive
effects on biogas production.

The Gompertz model has successfully been used to model BMP experiments
from a range of substrates [6, 10]. For all experimental conditions in this study,
the regression values exceeded 0.99, indicating a good fit of the model parameters
shown in Table 16.2. The addition of SR increased themaximummethane production
(Amax) by 6.9–11.8% and the maximum methane production rate (Rmax) by 18.3–
25.9%, compared with the control reactor. This suggests that SR increased both the
biodegradability of CM over 14 days and also the maximum microbial activity. The
lag time of microbial AD system is associated with the maximum degradation rate
and the adaption of the microbial community to the reaction conditions. Table 16.2,
shows that SR concentrations prolonged the lag phase compared with the control

Table 16.2 Summary of Kinetic data for the AD of CM with different SR concentrations

Condition Cumulative CH4 yield Modified Gompertz parameter Statistics

F AMax RMax λ R2 p

Control 140 ± 3 138.4 18.44 0.1696 0.9960 0.9976

2 g/L 156 ± 2 152.7 21.7 0.256 0.9946 0.9966

4 g/L 158 ± 2 154.4 22.51 0.3189 0.9937 0.9942

6 g/L 160 ± 1 154.8 23.22 0.3974 0.9917 0.9939

8 g/L 157 ± 1 152.4 22.32 0.4615 0.9949 0.9960

10 g/L 152 ± 3 148.0 21.81 0.492 0.9945 0.9963

F is themeasured cumulativemethane production, mL/gVS added, Amax is the predicted cumulative
methane production, mL/gVS added day, RMax is the maximum methane production rate, mL/gVS
day, and λ is the duration of the lag phase, days
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reactor from 0.17 to 0.49 days. The increase in lag time implies amildmicrobial inhi-
bition with increasing SR concentrations and that the microbial community reacted
negatively to those SR levels. This can be further seen with a decrease in Amax from
154.8 to 148.0 ml CH4/gVS day between 6 and 10 g/L suggesting that inhibition
is caused from the SR itself and not from imbalances in the complex system. The
negative effects of SR on AD must be further investigated, but does not negate the
potential benefits.

16.4 Conclusion

In this study, the addition of SR from acid hydrolysis improved the methane yields,
by 6.9–14.1%. During the mesophilic anaerobic digestion of CM. The SR from
a high yielding levulinic acid process was determined to have hydrochar properties
whichwere evident during theAD process. ThemodifiedGompertzmodel suggested
that SR increased both the microbial degradation rate and the cumulative methane
yields, however toxicity was a factor at higher concentrations. The integration of
AD into acid hydrolysis biorefineries could potentially create synergies for the dual
production of biofuel and biogas.
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