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A B S T R A C T   

Acid hydrolysis is a key process for the production of platform chemicals from biomass, however solid residues 
by-products can amount to 50 wt% of the starting biomass material. In this study, solid residues from the pro-
duction of biofuel precursor levulinic acid were generated via microwave-assisted acid hydrolysis of Miscanthus x 
Giganteus and investigated for the supplementation of anaerobic reactors digesting Chicken Manure. The addition 
of the solid residues increased the methane yields by up to 14.1%, depending on the additive concentration 
levels, 2–10 g/L. A mild ammonium related inhibition was observed during the fermentation trials, which was 
mitigated by the solid residue additive. An experimental optimum of concentration 6 g/L residue was found 
which corresponded with a 20% decrease in ammonium concentrations and increased microbial diversity, where 
phyla Bacteroidetes and Firmicutes were the most prevalent, whilst the relative abundance of Archaea (Eur-
yarchaeota) decreased without negative effects on methane production. The effects of acid catalysis conditions 
on solid residue properties and methane yields from chicken manure were evaluated. All solids residue inves-
tigated exhibited ammonium absorption and improved microbial diversity during anaerobic digestion. The 
integration of anaerobic digestion downstream second generation biorefineries is a promising green waste 
disposal method for solid by-products from thermo-catalytic processes.   

1. Introduction 

The establishment of bio-based industries is necessary for the tran-
sition to a low carbon economy. Second generation biorefineries can 
convert lignocellulosic biomass into a spectrum of bio-products through 
multitude thermochemical processes, such as aqueous catalysis, gasifi-
cation, pyrolysis and ionic liquids. Acid-catalysed hydrolysis operates at 
relatively mild temperatures (150–250 ◦C) and is considered a prom-
ising approach for the production of key platform chemicals, including 
levulinic acid (LA), furfural and 5-hdroxymelthfurfural (5-HMF) [1,2]. 
Acid catalysed hydrolysis processes have many advantages including 
high selectivity, lower utility costs and relatively fast reaction times [3]. 
Several commercial-scale plants have been developed (e.g. Biofine and 
GFBiochemicals) to produce LA and 5-HMF from biomass using mineral 
acids [4,5]. LA is an especially promising commodity chemical that can 
be transformed into a range of bio-materials including green solvents, 
plasticisers and textiles [6]. However, full commercial deployment has 
so far proven challenging. 

Solid Residue (SR) by-product from acid hydrolysis is a significant 
unvalorised waste stream, which is primarily composed of lignin and 
hydrolysis-recalcitrant lignocellulose fractions, as well as condensation 
products from the degradation of reactive intermediaries [7,8]. The 
formation of solid degradation products (also referred to as humins in 
literature), has been attributed to dehydration of sugars and subsequent 
condensation polymerisation to form furan-rich carbonaceous solids [9, 
10]. The optimization of LA production inherently results in humin 
yields, however humins have become to be regarded as an unavoidable 
carbonaceous by-product [11]. 

Moreover, the growth of bio-refining applications will require 
development of new processes to valorise all associated by-products, in- 
order to maximise the full potential of the raw biomass feedstock and 
improve commercial viability. Several applications for SR from bio-
refineries have been investigated in recent years including integrated 
biorefineries that have sought to use the SR as a combustion fuel. 
However, having these similar elemental composition to coal, they will 
result in high carbon emissions[12]. SR has also been utilised as; 
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pyrolysis feedstock for the production of bio-liquids [13], a low carbon 
building material and also as a heterogeneous catalyst [14]. Similarities 
between SR from acid hydrolysis and hydrochar produced from hydro-
thermal carbonisation (HTC) have been found with red seaweed [15]. 
Hydrochars are carbonaceous residues formed during HTC of biomass in 
catalyst free aqueous conditions, which have been reported for high 
sorption properties and carbon sequestration potential [16]. Shi et al. 
[17] found similarities between hydrochar formation mechanisms to 
humins from acid hydrolysis via aldol-condensation/tautmerization, 
and suggested that furan-rich humin structures, formed under acidic 
condition, are an intermediate step of hydrochar formation [17]. Due to 
similar formation mechanism, both SR from acid hydrolysis and 
hydrochar may result in analogous material properties and potential 
applications. 

The supplementation of anaerobic digesters with carbonaceous ma-
terials, including hydrochars and biochars, to increase methane yields 
by inhibitor absorption and support for microbial growth has become a 
burgeoning field of research[18–20]. AD is a widely used low-cost 
disposal process for organic matter as well as a source renewable en-
ergy in the form of biogas [21]. AD inhibition has been reported when 
high concentrations of inhibitors such as ammonia, fatty acids, furans, 
heavy metals and organic compounds, disrupt and destabilise the com-
plex microbial community [22–24]. Inhibitory compounds can directly 
or indirectly destabilise AD and reduce methane yields. Chars have been 
reported to reduce aqueous concentrations of ammonia and metals ions, 
with notably improved methane yields [25]. This is especially applicable 
to the degradation of nitrogen-rich animal manures, which have been 
highlighted by serval authors as a growing environmental concern. The 
addition of biochar and hydrochar have both been observed to improve 
methane yields from manures by + 17% to + 500% from the digestion of 
nitrogen rich feedstock’s [26]. Another benefit of char addition is it can 
act as a form carbon sequestration [27]. However, the energy con-
sumption and subsequent costs of carbonaceous material production has 
been so far a limiting factor [28]. As SR from acid hydrolysis is an 
inherent waste stream of lignocellulosic biorefineries, it could poten-
tially be utilised as a large-scale low-cost supplement in AD digesters. 
However, the effects of acid hydrolysis SR as additive in AD systems are 
not well known. 

The aim of this study is to investigate the addition of residual solids 
from acid hydrolysis on the anaerobic digestion of Chicken Manure 
(CM). Several SRs were co-produced alongside LA, using different acid 
hydrolysis reaction conditions of Miscanthus x Giganteus feedstock, with 
sulphuric acid as the catalyst, in microwave heated reactors. Increasing 
SR concentrations were added in batch AD reactors for the digestion of 
ammonia-rich CM. The effects of SR loadings on methane yields were 
experimentally modelled and determined using the modified Gompertz 
equation, in conjunction with readings of detected ammonium concen-
trations. The effects of the different acid hydrolysis reaction conditions 
on the SR structural and compositional properties have also been 
examined and discussed. Microbiome analysis of each AD reactor was 
also conducted to understand the effects of SR on AD microbial cell 
count, diversity and composition. 

2. Methods 

2.1. Inoculum seed and substrate composition 

The inoculum used in the experiments was collected from a meso-
philic (31 ± 1 ◦C) in two stages seven months apart, denominated Trial 1 
and 2 from an industrial brewery anaerobic digester. 

There was a significant performance change in biogas production 
during degasification between the two trials, hence each inoculum’s 
composition has been reported in Table 1, which includes characteri-
sation results of CM substrate. CM was collected, dried and stored in a 
desiccator to maintain consistency. 

2.2. Preparation of solid residues 

Oven dried Miscanthus x Giganteus (<0.2 mm particle size) was 
subjected to acid hydrolysis conditions with 2 M sulphuric acid catalyst 
using a microwave CEM 5 reactor. Post reaction, the aqueous phase was 
sampled and the solid residue was separated using 2 µm filter paper and 
washed with deionised water, before drying at 60 ◦C for 24 hrs. SR was 
stored in airtight containers before further characterisation and use 
during AD. 

The reaction conditions were chosen from pilot data, (fixed solid-to- 
medium ratio of 5 wt%) to produce a diverse range of SR properties with 
consideration to high achieving LA yields, shown in Table 2. The highest 
LA yield (16.7 wt%) and the lowest solids yield of 30.8 wt% was ach-
ieved at 180 ̊C for 60 mins (SR3). All reaction conditions exceeded 40% 
theoretical levulinic acid yield for the evaluation of reaction tempera-
ture and reaction time on SR properties for anaerobic digestion sup-
plementation. The aquoeus phase was analysed using an HP 1100 HPLC 
with a BioRad Aminex 87X-H column maintained at 50 ◦C coupled to 
Refractive Index Detector (RID). 

2.3. Characterisation of solid residues 

The moisture content was measured by heating the sample in a 
muffle furnace at 105 ̊C for 24 h according to ASTM D4442. Ash content 
was measured by heating the sample at 550 ̊C for 6 h in a carbolite 
furnace and derived on a dry weight basis according to NREL 42622. The 
pH and Electrical Conductivity (EC) of the SR in deionised water was 
determined at 25 ◦C, at a solid-to-water ratio of 1:20. The CHNSO 
elemental combustion was carried out using an Elemental Vario El Cube 
analyser, with oxygen % calculated by difference according to ASTM 
D5291. Fixed Carbon was determined as the remaining solids on heating 
for 7 min at 900 ̊C, excluding ash content according to European Stan-
dard CEN/TS 15148:2005. Thermal Gravimetric Analysis (TGA) was 
conducted using a TA Instrument SDT Q50 at 10 ̊C /min to 900 ̊C in a 
nitrogen atmosphere. Surface Electron Microscopy (SEM) was con-
ducted to evaluate surface and morphology of the different SRs, using a 
Supra 40VP-FEG Surface Electron Microscope under a partial pressure. 
The surface elemental composition was evaluated through Energy- 
Dispersive X-ray spectroscopy (EDX) utilising an AMETEK EDAX TSL. 

Table 1 
Proximate and elemental characterisation of Inoculum and CM feedstock.   

CM Inoculum Trial 1 Inoculum Trial 2 

TS (%, wt%) 87.7 ± 0.3 7.6 ± 0.8 9.0 ± 0.1 
VS (%, wt%) 64.7 ± 0.2 5.5 ± 0.6 7.0 ± 0.1 
VS (%) 73.7 ± 0.4 72.1 ± 0.5 78.2 ± 1.1 
pH N/A 7.78 7.00 
Ammonia (g/L) N/A 1.10 0.94 
C (%, TS basis) 34.7 32.1 38.0 
H (%, TS basis) 5.2 4.7 5.9 
N (%, TS basis) 7.7 7.2 8.1 
S (%, TS basis) 0.8 0.9 0.8 
O (%, TS basis) 23.8 27.1 25.3  

Table 2 
Reaction conditions for solid residue production and associated LA Yields.  

Sample 
I.D. 

Reaction Conditions Product Yields 

Time 
(mins) 

Temperature 
(̊C) 

LA Yield 
(Theoretical) 

LA 
Yield 
(wt%) 

Solid 
Residue 
Yield (wt 
%) 

SR 1 30 180 48.6% 12.6% 34.4% 
SR 2 30 190 56.4% 14.6% 34.2% 
SR 3 60 180 64.5% 16.7% 30.8% 
SR 4 120 170 47.1% 12.2% 42.9% 
SR 5 120 180 59.1% 15.3% 32.1%  
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The surface areas were determined by the BET method from nitrogen 
adsorption data at − 196 ̊C measured with a Micromeritics ASAP2020 
instrument. The samples were degassed at 150 ̊ C for 12 h prior to 
analysis, while the surface functional groups of the SR were charac-
terised by FTIR spectroscopy (Spectrum Two, Perkin-Elmer, USA). 

2.4. Anaerobic digestion experimental design and set up 

The total volatile solids (VS) of CM and inoculum was set at 8 wt% 
with a C/N ratio of 7.1. The SR was not included in the total VS calcu-
lations, due to the slow microbial degradation of chars according to 
[29]. The summary of the experimental design is shown in Table 3, 
which had the objective to determine the optimum SR concentration and 
the effect of acid hydrolysis operating conditions on SR addition to the 
AD of nitrogen rich feedstock (CM). The loading values of added SR have 
been selected based on work by Xu et al., 2018 [30], and correspond to a 
SR addition of 2.5 – 11.0% of TS. Since SR3 corresponded with the best 
acid hydrolysis conditions with regards to LA production, it was thus 
selected for the appraisal of the optimum SR concentration in the AD 
reactors in Trial 1. Trial 2 aimed instead at the investigation of different 
SR types, and used the experimentally determined optimum concen-
tration of 6 g/L, identified in Trial 1. 

All batch Biochemical Methane Potential (BMP) assays were con-
ducted in 500 mL glass flasks with working volume of 200 mL. The 
bioreactors were sealed using ground glass joints connected to 
aluminium foil biogas bags, which were purged with nitrogen gas for 5 
min to achieve anaerobic conditions[NO_PRINTED_FORM]. The batch 
reactors maintained at 31 ± 1 ◦C inside a water bath for 14 days in 
duplicate and manually shaken once a day. Each trail included double 
replicated control reactors to evaluate the inoculum biogas contribution. 
The biogas was measured daily and the primary biogas components, CH4 
and CO2, were analysed utilising a GeoTech 2000 biogas analyser. The 
biogas volumes were then converted to standard gas conditions of 0 ◦C 
and 1 atm. The experimental data was fitted to a modified Gompertz 
equation by Gibson et al., 1987 (shown in Eq. 1) [31], using non-linear 
regression analysis in Matlab©(2016a). Where, VCH4(t), is the predicted 
cumulative methane production (mL/g VS) at any time t (day), Amax is 
the measured cumulative methane yield (mL/g VS), Rmax is the 
maximum methane production rate (mL/g VS⋅d), e is the mathematical 
constant 2.718282, and λ is the lag phase delay (day). 

VCH4(t) = Amaxexp
[

− exp
(

Rmax ∗ e
Amax

(λ − t)+ 1
)]

(1)  

2.5. Monitoring of pH and ammonium 

After the 14-day digestion the reactor pHs were measured using a 
Hanna Instruments PH211. The ammonium concentration was 
measured using Ion-Chromatography with a Thermo Scientific ICS5000 
using suppressed conductivity detection coupled with a Dionex IonPac 

CS16 column. 

2.6. Microbial community analysis 

2.6.1. Microbial quantification 
DNA was extracted from 1 g of sample using the Quick-DNA Fecal/ 

Soil Microbe Miniprep Kit (Zymo Research, Irvine, CA, USA) following 
the manufacturer’s instructions. Abundance of prokaryotic cells was 
determined by quantitative PCR (qPCR) using SensiFAST SYBR Green 
Lo-ROX Mix and the MX3000P qPCR System (Agilent Genomics, 
Headquarters, Santa Clara, CA, United States) using universal 16 S 
primers [32] (forward primer and reverse primer both at 25 μM) [32,33] 
Serial dilutions of template DNA (obtained from Escherichia coli, NTCT 
50167) was used to constructed a standard curve ranged from 9.4 × 103 

to 9.4 × 108 cells mL-1 (5.28 ×10-1 to 5.28 ×10-7 ng DNA mL-1), and 
meltcurve analysis corroborated the presence of a single gene-specific 
peak. The absolute quantification of the target genes was calculated 
by the standard-curve (SC) method [34]. 

2.6.2. Microbial composition analysis 
Microbial composition was profiled by sequencing the V4 region of 

the 16 S rRNA gene, with amplification using duplicate PCR and primers 
515 F and 806 R, on a MiSeq platform (Illumina, San Diego, CA, United 
States), using the dual indexing method [35]. Click or tap here to enter 
text.Raw amplicon sequencing data were processed using the DADA2 
pipeline to create amplicon sequence variants (ASVs) present in each 
sample [36]. Sequences below 220 bp in length and an average quality 
score below 30 on a window of 20 bases were discarded. Taxonomy of 
the ASVs was assigned using a Naive-Bayes approach implemented in 
the SILVA database [37]. 

2.7. Statistical analysis 

Experimental bioreactors were run simultaneously in triplicate and 
values given as means ± 1 standard deviation throughout. All statistical 
analysis were conducted using parametric tests after visual confirmation 
that the models conformed to the assumptions, unless otherwise stated 
in the text. Multivariate models were undertaken using nonmetric 
multidimensional scaling (NMDS) to separate out microbial commu-
nities based on their composition. Differences between the samples were 
assessed using permutation ANOVA (999 permutations). All diversity 
metrics (α & β) were calculated, and analysis performed in R (R Core 
Team, 2017) using the package vegan [38,39]. 

3. Results and discussion 

3.1. Solid residue characterisation for AD suitability 

The thermogravimetric (TGA) and differential thermogravimetric 
(DTG) analysis of the five solid residue (SRs) from the acid hydrolysis 

Table 3 
Experimental design of BMP fermentation test and reactors setup.   

Reaction 
Conditions 

Hydrochar 
Type 

Hydrochar 
Concentration (g /L) 

Trial 1- Effects of Solid 
Concentration 

Control None None 
C1 SR 3 2 
C2 SR 3 4 
C3 SR 3 6 
C4 SR 3 8 
C5 SR 3 10 

Trial 2- Effects of 
Different SR 

Control None None 
D1 SR 1 6 
D2 SR 2 6 
D3 SR 3 6 
D4 SR 4 6 
D5 SR 5 6  

Table 4 
Physico-chemical characterisation of raw uncatalyzed Miscanthus and its post- 
reaction solid residues (SR).  

Biomass Type Miscanthus SR 1 SR 2 SR 3 SR 4 SR 5 

Ash (wt%) 2.9% 2.19% 2.64% 2.63% 2.08% 1.85% 
Volatile Matter 

(wt%) 
84.7% 68.2% 53.6% 64.2% 72.5% 65.2% 

Fixed Carbon (wt 
%) 

9.6% 26.4% 40.4% 28.3% 22.2% 29.6% 

pH 3.56 2.79 2.54 2.5 2.43 2.32 
EC (mS/cm) 5.48 1.71 3.36 3.14 4.28 11.68 
BET (m2 / g) / 17 21 19 9 35 
Bulk Atomic O/C 0.66 0.35 0.27 0.29 0.38 0.26 
Surface Atomic 

O/C 
0.72 0.41 0.40 0.50 0.38 0.54  
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process are shown in Fig. 1. The initial mass loss can be primarily 
associated to the loss of residual water. The peaks at 200–300 ◦C on the 
DTG plot represent the degradation of sugars. In particular, the broad 
peaks in this region for SR1 and SR4 indicate incomplete hydrolysis of 
the cellulose, due to the milder reaction conditions of 180 ◦C for 30 mins 
and 170 ◦C for 120 mins respectively. This is especially evident from the 
low surface area value of 9 m2/g of SR4, suggesting some cellulose 
structures remained intact, due to the low reaction temperature of 
170 ◦C. The incomplete hydrolysis of SR4 can be further observed in the 
van Krevelen plot (Figure S1), which also shows the primary SR un-
derwent dehydration reactions, as also seen by [40]. The incomplete 
hydrolysis of SR4 will result in intermediate biomass-hydrochar prop-
erties that can be used as control to compare the effect of the relative 
effect of surface properties. SR 1, 2 and 3 exhibit higher surface area of 
17–21 m2/g indicating degradation of the cellulose matrix, leaving the 
unreacted lignin. SR5 (180 ◦C, 120 mins) has a surface area of 35 m2/g, 
which is significantly higher than SRs produced in shorter time periods. 
This represents an opposite trend associated with HTC, which has noted 
a decrease in hydrochar surface area [41,42]. The SEM images 
(Figure S2) show significant carbon spheres growth on the surface of the 
material, which would be responsible for increased surface areas. Car-
bon sphere formation during acid hydrolysis has been attributed the 
polymerisation of reactive intermediates from sugar decomposition to-
wards humins [9,10]. The presence of sulphuric acid catalyst may 
accelerate the formation of carbon spheres compared with HTC and will 
significantly alter the surface properties of the char. The elemental 
surface composition of carbonaceous spheres was estimated using EDX 
(Table S1), which shows surface O/C ratio varied between 0.41 and 
0.54, see Table 2. The surface O/C differed with the bulk O/C ratio 
determined by combustion analysis (0.26–0.38), indicating that the 
outer surface area is rich in oxygenated functional groups. The surface 
functional groups were not characterised in detail however, it can be 
inferred that the increased O/C will increase the SR hydrophilicity and 
cationic exchange capacity [43,44]. This may suggest that SR 3 & 5 have 
increased ammonium cation absorption capacity, which is further dis-
cussed in Section 3.4. SR2 exhibited a lower O/C ratio and high fixed 
carbon content, possibly due to the higher degree of aromatisation 
caused by the higher reaction temperature. A higher degree of aroma-
tisation is further suggested by FTIR spectroscopy (Figure S3) with the 

more pronounced peaks at 1510 & 1595 cm-1 associated with aromatic 
C––C bonds. Aromatic deoxygenated surface properties have been pre-
viously been found to have hydrophobic properties [45], which promote 
biofilm formation and stimulate microbial activity. 

Conductive carbon materials have been proposed to promote direct 
interspecies electron transfer in methanogens [46], however Viggi et al. 
[47] suggested that bulk Electrical Conductivity (EC) is only one of 
many indicators of char electron transfer capacity. SR5 exhibited a 
remarkable EC of 11.7 mS in water compared with SR 1–4, which has 
been attributed to high carbon content (66.7 wt%) with possible 
graphitic and crystalline humin structures of the carbon spheres [41]. 
An increase in interspecies electron transfer can be observed as increase 
in biogas quality, due to the promotion of more efficient conversion of 
organic acids to methane relative to CO2 [22]. However, it should be 
noted that SRs 1–4 exhibited lower electrical conductivity than that of 
the untreated Miscanthus feedstock. This is could be caused by the sig-
nificant reduction of metal ions (Supplementary Table 2), due to acid 
leaching and it is further evidenced by the lower ash contents (range of 
1.85–2.64%). This contrasts with hydrochars which generally exhibit 
higher ash contents than the starting feedstocks [48]. Previous studies 
have proposed that the hydrochars increase the bioavailability of trace 
elements, which have been partially attributed to promote methanogen 
enzymatic activity and increased methane yields[49]. The low trace 
element composition of the SR compared with the feedstock makes this 
unlikely to increase bio-availability and it can be assumed that the po-
tential benefits of SR additives in this study would be confined to biofilm 
promoted microbial diversity and absorption of cation inhibitors. 

3.2. Effects of solid residue addition on methane production (Trial 1) 

The acid hydrolysis parameters (shown in Table 2) were investigated 
with a focus on LA production and the highest yield of 17.1 wt% (64.5% 
theoretical) was achieved for operating conditions leading to SR3 type 
residue. Therefore, SR3 (hereafter referred to as SR) was selected as 
additive to study the AD (methane yields were measured daily for 14 
days) of the feedstock (CM), using increasing additive levels (2 − 10 g/L) 
that were loaded at the start of the digestion period. The cumulative 
methane yields over the 14 days are shown in Fig. 2, alongside the 
predicted methane yields according to the Gompertz model (Eq. (1)). 

Fig. 1. : TGA and DTG curves of SR samples showing samples weight reduction with rising temperature.  

G. Hurst et al.                                                                                                                                                                                                                                   



Journal of Environmental Chemical Engineering 10 (2022) 108343

5

The Gompertz model was statistically significant, and the calculated 
Gompertz model parameters are shown in Table 5. The SR addition did 
not stop the anaerobic digestion of CM and all reactors normally pro-
duced methane-containing biogas. The CM control yielded 136 mL CH4/ 
gVS compared with a stoichiometric CH4 potential of 459 mL/gVS and 
resulted in a biodegradability index of 30%. The addition of 2 gSR/L 
significantly increased the cumulative methane yield (+12% CH4) with 
respect to the CM control, strongly indicating a beneficial effect to AD, 
with a further minor improvement (+14.1% CH4) at 6 g/L. Increasing 
the SR concentration by a factor of 3 did not lead to a significant increase 
in CH4 production, suggesting the additive is not being degraded in the 
reactors however, it is promoting microbial growth and absorbing in-
hibitors. Furthermore, the small change in methane yields (~2%) be-
tween 2 and 6 gSR/L indicates that overall the AD system is not 
undergoing significant stress and SR addition could potentially be more 
beneficial in more toxic environments. This results in lower methane 
yield improvements with comparable works with similar works with 
hydrochar and biochar that achieved improvements of + 38% and 
+ 69% respectively [19,50]. 

A noticeable decrease in CH4 yields occurred at higher SR loads (8 
and 10 gSR/L), despite remaining significantly above the CM control. At 

higher concentrations, chars have been reported to inhibit microbial 
communities [51]. This could be associated with the SR’s acidic prop-
erties causing AD acidification [18] or to a minor extent as well as the 
presence of organic inhibitors [52] on the SR surface that were formed 
during the acid hydrolysis process, such as organic compounds or sul-
phates. Although the high sulphur content of the inoculum used in this 
study would suggest microbial acclimation to sulphate groups, sulphur 
inhibition cannot be discarded based solely on BMP yields. 

The Gompertz model has successfully been used to model BMP ex-
periments from a range of substrates[18,53]. The models’ regression 
values in this study were all greater than 0.99 for all experimental 
conditions, indicating an outstanding fit of the predictive model. SR 
additive increased the maximum methane production (Amax) achievable 
by 6.9 – 11.8% and the maximum methane production rate (RMax) by 
18.3–25.9%, both compared with the control reactor. This shows that SR 
not only increases the absolute methane yields from CM over the 
digestion period but also increases the maximum methane production 
rate. The Gompertz model parameters show that higher SR concentra-
tions also prolonged the lag phase compared with the CM control from 
0.17 days to 0.49 days. This shows that the SR slowed the microbial 
activity, however a lag time < 1 day indicates a high initial microbial 
activity and overall microbial acclimation to the system conditions. The 
increase in lag time for 8–10 gSR/L implies a mild inhibition taking 
place and that the microbial community reacted negatively to those SR 
levels. This can be further seen with a decrease in Amax from 17.15 to 
16.46 mL CH4/ gVS day between 6 g/L and 8 g/L, suggesting that in-
hibition is caused by the hydrochar itself and not from long term im-
balances in the complex system. 

3.3. Effect of different SRs on anaerobic digestion 

Most of the five SRs investigated in this study resulted in higher 
methane yields from the anaerobic digestion of CM with 6 g/L SR con-
centration, as shown in Fig. 3. The highest cumulative methane yield 
was observed with the addition of SR3 followed by SR5, SR4 and SR1, as 
shown in Table 6 alongside the Gompertz model parameters. SR3 
improved the cumulative methane yield relative to the un-supplemented 

Fig. 2. : Cumulative methane yield at different SR addition against predicted yields.  

Table 5 
Summary of Kinetic data for the AD of CM at rising SR concentrations.  

Condition Cumulative 
CH4 Yield 

Modified Gompertz parameter Statistics 

F AMax RMax λ R2 p 

Control  140  138.4  18.44  0.1696  0.9960  0.9976 
2 g/L  156  152.7  21.7  0.256  0.9946  0.9966 
4 g/L  158  154.4  22.51  0.3189  0.9937  0.9942 
6 g/L  160  154.8  23.22  0.3974  0.9917  0.9939 
8 g/L  157  152.4  22.32  0.4615  0.9949  0.9960 
10 g/L  152  148  21.81  0.492  0.9945  0.9963 

F is the measured cumulative methane production, mL/g VS added, Amax is the 
predicted cumulative methane production, mL/g VS added day, RMax is the 
maximum methane production rate, mL/ g VS day, and λ is the duration of the 
lag phase. 

G. Hurst et al.                                                                                                                                                                                                                                   



Journal of Environmental Chemical Engineering 10 (2022) 108343

6

(control) digester, by + 3.1%, which was less than 14.1% observed in 
Trial 1. Both trials utilised the same conditions though there were sig-
nificant changes in the inoculum digester source (supplied) in terms of 
initial composition and microbial diversity, as shown in Section 3.5. This 
change was most evident in the increase in biodegradability index be-
tween Trial 1 and 2, from 30% to 35%. This suggests that the addition of 
SR has less effect on AD systems with higher biodegradability. It may be 
relevant in future to assess hydrochar addition to anaerobic digestion 
relative to the overall systems to accurately gauge the effects. 

The SR3 was produced as the solid product from the 2 M H2SO4 
catalysis of Miscanthus x Giganteus under 180 ◦C for 30 mins, which not 
only corresponded with the highest LA yield (17.1 wt%) but also to the 
best methane yield improvement (3.1%). This natural synergy may 
suggest that more extreme catalysis conditions produce AD inhibitors 
such as humins. This inhibition was observed from SR2 (190 ◦C 
30 mins), the highest reaction temperature, which was the only SR type 
leading to a negative effect on the methane yields. SR2 was noted as 
being highly carbonaceous with the highest fixed carbon content, lowest 
bulk O/C ratio and high aromaticity indicated by the FTIR analysis. 
Higher reaction temperatures may be the direct cause of this toxicity and 
not the humins directly, as SR5 had the most observed humin formation 
but did not impede the AD process. Due to the similarity in methane 
yields between the different SRs it is difficult to assess directly each 

material property, however it does indicate that a wide variety of SRs 
can be used as an AD supplement. Future work should investigate the 
cause of the inhibitory effect and the long-term effects in AD systems in 
continuous feeding, with the opportunity to adapt acid hydrolysis var-
iables to target minimised inhibition. 

3.4. Ammonium content 

The addition of even a small amount of the SR significantly decreased 
the ammonium contents of the reactors at the end of the digestion 
period, as shown in Table 7. In Trial 1, the un-supplemented control 

Fig. 3. : Cumulative methane yield of SRs formed under different reaction conditions.  

Table 6 
Summary of Kinetic data for the AD of CM with SR formed under different reaction conditions.  

Condition Cumulative 
CH4 Yield  

Modified Gompertz parameter Statistics 

F Change due to SR AMax RMax λ R2 p 

Control  163.5  0.0%  162  19.1  -0.40  0.9958  0.9962 
SR 1  165.5  1.2%  166  18.2  -0.43  0.9932  0.9953 
SR 2  157.4  -3.7%  156  18.1  -0.41  0.9949  0.9963 
SR 3  168.4  3.1%  168  19.3  -0.35  0.9937  0.9966 
SR 4  165.9  1.5%  164  19.4  -0.43  0.9917  0.9935 
SR 5  166.6  1.9%  166  18.8  -0.49  0.9970  0.9972 

F is the measured cumulative methane production, mL/g VS added, Amax is the predicted cumulative methane production, mL/g VS added day, RMax is the maximum 
methane production rate, mL/ g VS day, and λ is the duration of the lag phase 

Table 7 
Ammonium content and pH of reactors after 14 days of digestion.  

Trial 1 Trial 2 

Condition Ammonium g/L pH Condition Ammonium g/L pH 

Control 3.0 ± 0.2  7.62 Control 2.3 ± 0.1  8.00 
2 g/L 2.3 ± 0.3  7.57 SR 1 2.0 ± 0.0  7.77 
4 g/L 2.0 ± 0.1  7.56 SR 2 1.9 ± 0.1  7.69 
6 g/L 2.4 ± 0.2  7.57 SR 3 2.1 ± 0.1  7.76 
8 g/L 2.2 ± 0.1  7.58 SR 4 2.1 ± 0.1  7.74 
10 g/L 1.9 ± 0.3  7.56 SR 5 2.1 ± 0.0  7.83  
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reactor with CM had an ammonium content exceeding 3 g/L, which 
strongly indicates ammonium inhibition associated with the digestion of 
nitrogen rich CM. The addition of SR decreased the ammonium con-
centration under all conditions, indicating partial absorbance of the 
ammonium. In Trial 1, increasing the SR concentration from 2 g/L to 
8 g/L had negligible effect on the ammonium content indicating that SR 
absorbed the excess ammonium without disturbing the ammonia/ 
ammonium buffered state. Trial 2, which investigates the different SR 
types, had a far lower ammonium concentration (2.3 g/L) in the control 
reactor, which was attributed to changes in the inoculum composition, 
although the addition of SR did result in decreasing ammonium con-
centrations being detected. The addition of SR2 caused the lowest 
observed ammonium concentration, 1.9 g/L, which could be attributed 
to absorption capacity caused by high aromaticity due to the higher 
formation temperature of 190 ⁰C. However all 5 SRs were broadly 
similar, with values in the range of 1.9–2.1 g/L compared with the 
control reactor of 2.3 g/L and 1.9–2.4 g/L in Trial 1. Across both trials 
the SR reduced to ammonium concentrations to ⁓2 g/L with suggesting 
that an equilibrium was formed at this level. It is not clear if the decrease 
ammonium concentration was the only direct effect of the increased 
methane yields associated with the SR addition, however this shows a 
possible mechanism of action. Usman et al. [54] found that 
wood-derived hydrochar only improved methane yields by + 10% at 
ammonium concentrations below 4 g/L which shows that under directly 
comparable AD conditions the SR compares favourably to other 
hydrochars. 

3.5. Effect of hydrochars on microbial composition 

3.5.1. Effect of loading dose (Trial 1) 
The effect of the varying addition of SR3 to the AD of CM was 

investigated for the correlation between methane yield and microbial 
community composition. The presence of SRs significantly altered the 
abundance of microbial cells (F4,5 =10.5, p = 0.006;Table 8). Further, 
significant effects with increased loading of hydrochars (F4,5 =7.32, 
p = 0.025) were observed. Here, increasing hydrochar load broadly 
correlated to increasing microbial cell count. Our analysis also indicated 
that the microbial diversity at the domain level was dominated by 
bacteria in all the samples (97.5 ± 0.7%). Organisms belonging to 
domain bacteria were significantly more abundant on the SR samples 
than the inoculum (F5,6 = 11, p = 0.005). This result meant that there 
was a lower abundance of archaea in the SR samples (2.5 ± 0.7%). 
Microbial communities were dominated by phyla Bacteroidetes (43.2 
± 1.1%) and Firmicutes (38.5 ± 2.1%). Differences in microbial 
composition were visualised on NMDS ordination space and the pres-
ence of SRs significantly (PERMANOVA F1,11 =37.14, p = 0.016, R2 

=0.79) altered the composition of the communities and this change was 
strongly correlated (R2 =0.99, t10 =22.825, p < 0.001) with an increase 
in methane yield (Fig. 4). 

3.5.2. Effect of different hydrochars (Trial 2) 
Samples treated with different substrates (SR1 to SR5) ranged be-

tween 2.51 × 1011 to 6.09 × 1011 cells mL-1 (3.86 ×1011 ± 1.3 ×1011 

cells mL-1). The addition of different SRs significantly (F4,5 =8.37, 
p = 0.010) altered (Table 8) the abundance of microorganisms. Further 

differences (F4,5 =6.31, p = 0.030) were observed between the different 
SRs used. Most notably, SR3 had the lowest observed microbial cell 
count relative to the other SRs in Trial 2, despite having the highest 
methane yields. While SR2 which had a negative effect on the methane 
yields had the highest observed microbial cell count. This indicates that 
the effect of SR is not directly linked to microbial abundance and sug-
gests that the SRs properties have differing effects on the complex mi-
crobial communities. 

The alpha diversity (observed, Chao1, Simpson and Shannon indices) 
was consistent among the samples, and no significant differences were 
detected by ANOVA across the hydrochar samples (Table S4). There was 
no change in the dominant microorganisms between this and the pre-
vious experiment where organisms affiliated to Bacteroidetes (40.9 
± 1.55%) and Firmicutes (39.1 ± 2%) were the most prevalent. Or-
ganisms affiliated to phyla Bacteroidetes and Firmicutes have been re-
ported as the main microbial components in similar anaerobic digestion 
processes, and main bacteria impacting the methane yield, shown in  
Fig. 5 [55,56]. Regarding archaeal organisms, phylum Halobacteriota 
includes hydrogenotrophic, acetate/H2/formate oxidizing, methano-
genic, hydrocarbon utilizing groups (order/genus), and its presence has 
frequently been detected on refinery waste environments [57]. Inter-
estingly, in this study the methanogenic Methanosaeta increased to 
dominate the bioreactors, although this was not statistically significant 
(one-sample Wilcoxon rank sum test V=15, p = 0.065), resulted in the 
methanogenesis being almost entirely produced via an acetate precursor 
[58]. The cumulative yield of methane detected on this project corrob-
orates that the syntrophic interaction between bacterial and archaeal 
organisms (established by acidogenesis and methanogenesis) occurs 
within the AD system [59]. 

Additionally, the production of methane may be occurring through 
other processes such as direct interspecies electron transfer (DIET) [60, 
61]. The results above show that the relative abundance of Archaea 
decreased significantly (one-sample Wilcoxon rank sum test V=0, 
p = 0.002) in the presence of the hydrochar substrates (2.10 ± 0.67%, 
SR3 2–10 g/L and SR1 to SR5) compared to inoculum control (19.62%). 
However, the high methane yields may indicate that the lower relative 
abundances did not mean the lower absolute concentrations of 

Table 8 
Post-digestion cells count results from quantitative PCR for all SRs conditions.  

Trial 1 Trial 2 

Condition Cells per mL Condition Cells per mL 
Control 1.46E+ 11 Control 5.08E+ 11 
SR3 2 g/L 2.13E+ 11 SR 1 5.23E+ 11 
SR3 4 g/L 1.84E+ 11 SR 2 6.02E+ 11 
SR3 6 g/L 1.16E+ 11 SR 3 1.93E+ 11 
SR3 8 g/L 2.87E+ 11 SR 4 2.84E+ 11 
SR3 10 g/L 2.92E+ 11 SR 5 3.15E+ 11  

Fig. 4. : NMDS graph of microbial composition alongside methane yield from 
Trial 1, showing changes in microbial composition are correlated with 
increased methane yield. The SRs were also found to cause significant dissim-
ilarities between the inoculum and SR samples (b, circles), which was also 
found to correlate with an increased methane yield (bars). 
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methanogens archaea [62]. In addition, results suggest that the archaeal 
community is becoming more specialized towards using the substrate to 
produce methane, a phenomenon observed in similar anaerobic diges-
tion processes [63]. Another possible explanation for the decrease of the 
methanogens is the stability of the AD system since it has been reported 
that archaeal methanogens are more often observed in extreme condi-
tions due to their higher robustness [64]. Interestingly, SR2 which 
negatively impacted the 14-day methane yields compared with the 
control reactor had minimal differences in microbial composition 
compared with the other SRs. This shows that the SR2 still exhibited 
microbial promotion properties. This indicates that the microbial in-
hibitors formed during the high temperature catalysis (190 ◦C) were 
likely metabolic inhibitors, which corresponds with the abnormally high 
microbial cell count. 

Our results show that whilst the presence of hydrochar has a sig-
nificant effect on composition (PERMANOVA F1,9 =70.02, p = 0.010, R2 

=0.88), however, once this is accounted for, there is no difference be-
tween the microbial composition and either the amount of hydrochar 
loaded (F1,9 =0.38, p = 0.597, R2 =0.01) or methane yield (R2 =0.11, t8 
=0.31, p = 0.767). Therefore, the addition of a small quantity of SR 
formed under any conditions was sufficient to induce microbial change 
towards a more diverse equilibrium condition. The microbial promotion 
activity of solid residues could be caused by either the functionalised 
microporous structures or due to the associated reduction in ammonium 
concentrations. 

4. Conclusion 

In this work, the application of SR from the acid catalysed production 
of LA from lignocellulosic biomass was evaluated with regards to solid 
properties, methane potential, residue concentration, effect on 

ammonium concentration and microbial composition. The conclusions 
are as follows:  

• SR from acid hydrolysis of lignocellulosic biomass could be used as 
an anaerobic digestion supplement under a wide range of conditions  

• The SR produced at the optimum LA conditions resulted in a + 14% 
increase in methane yields compared with the control reactor with 
an optimised concentration of 6 g/L 

• SR reduced ammonium concentration and increased microbial di-
versity under all conditions analysed  

• The SR produced from the highest yielding LA catalysis conditions 
(64.5%), 180 ◦C for 60 min, suggesting possible inherent synergies 
between catalysis and hydrochar optimisation as a balance between 
surface functionalisation and inhibitor formation  

• The application of waste solid residue from biorefineries could 
potentially be used as a low-cost char substance for the improvement 
of a large variety of difficult AD feedstocks. 
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