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Abstract: Norway spruce (Picea abies) is an industrially important softwood species available in
northern Europe and can be used to produce bio-methane after proper pretreatment to overcome
its recalcitrant complex structure. Hot water extraction (HWE) pretreatment at two different
conditions (170 ◦C for 90 min (severity 4.02) and 140 ◦C for 300 min (severity 3.65)) was applied to
extract hemicellulosic sugars from Norway spruce for thermophilic anaerobic digestion (AD) of the
hydrolysate. The methane yield of hydrolysate prepared at the lower pretreatment severity was
found to be 189 NmL/gCOD compared to 162 NmL/gCOD after the higher pretreatment severity
suggesting higher pretreatment severity hampers the methane yield due to the presence of inhibitors
formed due to sugars and lignin degradation and soluble lignin, extracted partially along with
hemicellulosic sugars. Synthetic hydrolysates simulating real hydrolysates (H170syn and H140syn)
had improved methane yield of 285 NmL/gCOD and 295 NmL/gCOD, respectively in the absence
of both the inhibitors and soluble lignin. An effect of organic loadings (OLs) on the methane yield
was observed with a negative correlation between OL and methane yield. The maximum methane
yield was 290 NmL/gCOD for hydrolysate pretreated at 140 ◦C compared to 195 NmL/gCOD for
hydrolyate pretreated at 170 ◦C, both at the lowest OL of 6 gCOD/L. Therefore, both pretreatment
conditions and OL need to be considered for efficient methane production from extracted hydrolysate.
Such substrates can be utilized in continuous flow industrial AD with well-adapted cultures with
stable organic loading rates.

Keywords: lignocellulosic biomass; Norway spruce; hot water extraction; hydrolysate; anaerobic
digestion; thermophilic

1. Introduction

Biofuels are of great interest to reduce excessive dependence on fossil fuels that trigger issues
related to global warming and energy security. Lignocellulosic biomass such as wood, food wastes,
energy crops, and agricultural and forest residues are the most abundant renewable sources for biofuels
and do not compete with food production. Methane production from such biomass can reduce a
significant fraction of fossil fuel usage paving ways for a cleaner environment in a sustainable way.

Spruce, a softwood, is found abundantly as the major forest reserve in Nordic countries [1] and
can be considered as a potential source of biogas due to its high carbohydrate content. However, its
inherent recalcitrant structure and complex composition must be overcome to enhance hydrolysis
and further conversion by anaerobic microorganism [2]. Various pretreatments, such as mechanical,
thermal, chemical, and biological methods, have been attempted on lignocellulosic biomass prior to
anaerobic digestion (AD) to enhance methane production. Hot water extraction (HWE) has several
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advantages and is widely accepted as a green technology as it involves only lignocellulosic biomass
and water and avoids corrosion problems, acid recycling, and formation of neutralization sludges [3–5].
HWE, usually carried out at temperatures between 120 ◦C and 230 ◦C and various pressure conditions
for different retention times, effectively dissolves hemicellulose sugars which may be beneficial to
the anaerobic digestion in theory [6]. This liquid hydrolysate is rich in oligomeric and monomeric
products like xylose, glucose, mannose, arabinose, and galactose [7] and is a suitable substrate for
AD [8]. AD on hydrolysate, instead of AD on the original lignocellulose, overcomes problems related
to traditional solid-state (SS) or semi SS-AD such as higher retention time, poor biodegradation, low
methane yield, and acidification [9]. In addition to the hemicellulosic sugars in the liquid hydrolysate,
inhibiting compounds are also formed due to degradation of sugar molecules during HWE [10] which
usually inhibit bacteria and archea and operating parameters of the pretreatment need to be optimized
to reduce their formation [11]. The nature and concentration of such inhibiting compounds depend
upon the condition of pretreatment of the raw material types [12]. The main inhibitors are furfural and
5-hydroxymethylfurfural (HMF) formed by the dehydration of pentose and hexose sugars respectively
in addition to degradation products of lignin polymer such as phenol, cresol, syringaldehyde, and
vanillin [12].

Temperature plays a crucial role in AD as increased temperature leads to increased reaction rate
in biochemical systems [13]. Thermophilic AD (55–60 ◦C) is considered a highly-efficient system due
to a better pathogen inactivation and enhanced biogas production rate compared to mesophilic AD
(35–40 ◦C) [13]. However, several studies have reported that thermophilic AD is susceptible to VFAs
accumulation (especially propionic acid), inhibiting the methanogenic activity and decreasing the
pH-buffer system [14–16]. Besides the operating condition, a higher proportion of feeding can also
influence the rate of anaerobic digestion. The organic loading (OL) of the reactor with a reasonable
amount of inoculum, also called substrate-to-inoculum ratio (S/I), is an important parameter when
estimating methane potential [17]. High OL leads to VFA accumulation inhibiting the methanogens,
thus lowering the amount of methane produced. On the contrary, lower OL cannot provide enough
nutrition for microorganism growth, thus hampering the AD process [18].

Although hot water extracted hydrolysates of several agricultural residues and energy crops
have been anaerobically digested to produce methane [11,19,20], AD of woody biomass hydrolysate
(especially spruce) is still lacking. Among the available experiments, very few [21] are conducted in
a thermophilic condition although it would save energy cost cooling the hydrolysates prepared at
high temperatures. It is also imperative to test AD of hydrolysate prepared at different pretreatment
conditions to have an overview of the effects of possible inhibitors in methane production due to the
severity of the pretreatment.

This paper aims to evaluate the methane yield in thermophilic AD condition from hot water extract
of Norway spruce pretreated at two different pretreatment severities, also by testing corresponding
synthetic hydrolysates and the effect of organic loadings in AD.

2. Materials and Methods

Norway spruce is pretreated using hot water extraction before anaerobic digestion is conducted
on the hydrolysate. Synthetic similar substrates, without inhibitors from the pretreatment, are also
anaerobic digested and compared with the spruce hydrolysates. Two batch AD methods are used,
syringe and automatic methane potential testing system (AMPTS II).

2.1. Raw Materials

Wood chips of Norway spruce was used for the experiment. The wood chips had a dry matter
content of 44.5% when received from a Norwegian forestry company. The sample was air dried to
93.9% dry matter, hammer milled with 1000 RPM through a 19 mm hole screen and fractionated to a
size between 13 mm and 5 mm.
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2.2. Hot Water Extraction (HWE)

The wood chips were hot water extracted in a Mini-Mill Laboratory Digester (MMLD) from MK
Systems Inc. Distilled water and wood chips were mixed in a 5:1 weight ratio and loaded into the
MMLD before preheated at 110 ◦C for 20 min. The temperature was then increased to the target
temperature of 140 ◦C or 170 ◦C over the course of 20 or 30 min, respectively, while the final temperature
was kept for 300 min or 90 min, respectively. After the HWE, the hydrolysate was collected, analyzed
and tested for anaerobic digestion.

In order to describe the combined effects of pretreatment time and temperature for each
pretreatment, a severity factor (Equation (1)) [22] is calculated for each hydrolysate (Table 1). The
temperatures and retention times were chosen based on literatures [10,23] so as to extract maximum
hemicellulose from the biomass without the formation of AD inhibitors in the hydrolysate while also
pretreating the solid residues to be used elsewhere such as bio-char production for enhanced carbon
recovery. Pretreatment at 140 ◦C for 300 min and 170 ◦C for 90 min gives a severity factor ((log(R0)) of
3.65 and 4.02 respectively, both considered as relatively moderate treatment severities with relatively
low concentration of inhibitory degradation products [23].

Severity factor = log(R0) = log (t× exp (
T− 100
14.75

)) (1)

where T (◦C) is the pretreatment temperature and t (min) is the reaction time.

Table 1. Severity factor for the hydrolysates from HWE.

Hydrolysate Samples Hydrothermal Pretreatment Conditions Severity Factor (log(R0))
Temperature (◦C) Time (min)

H170 170 90 4.02
H140 140 300 3.65

2.3. Synthetic Hydrolysate

Synthetic hydrolysates H170syn and H140syn were prepared to closely simulate hydrolysate
pretreated at 170 ◦C (H170) and 140 ◦C (H140) respectively, based on the concentrations of sugars and
acetic acid and excluding the amount of furfural, 5-HMF, and soluble lignin (Table 2).

Table 2. Content of synthetic hydrolysates.

Parameters H170syn H140syn

Soluble COD (gCODs/L) 20.7 12.6
Arabinose (g/L) 0.81 1.63
Galactose (g/L) 2.17 1.67
Glucose (g/L) 3.00 1.55
Xylose (g/L) 2.24 1.95

Mannose (g/L) 10.39 5.11
Acetic acid (g/L) 1.03 0.59

pH 3.07 3.14

2.4. Anaerobic Digestion in Batch Reactors

The two hydrolysates from HWE of Norway spruce were tested for bio-methane potential (BMP)
during syringe batch anaerobic digestion (AD) at different organic loads, while both hydrolysates and
the synthetic hydrolysates are tested in the AMPTS II at one load.

All hydrolysates, including the synthetic, had micronutrients and macronutrients added. A
macronutrient solution was made of NH4Cl (44.48 g/L), (NH4)H2PO4 (5.3 g/L), (NH4)2HPO4 (1.78 g/L),
MgCl2·6H2O (21.4 g/L), CaCl2·2H2O (7.56 g/L) and NaHCO3 (100 g/L). Similarly, a micronutrient was



Appl. Sci. 2020, 10, 4989 4 of 16

prepared from the yeast extract (2.5 g/L), FeCl3·6H2O (0.2 g/L), ZnCl2 (5.2 g/L), MnCl2·4H2O (0.0472
g/L), (NH4)6Mo7O24·4H2O (0.064 g/L), AlKO8S2·12H2O (0.01 g/L), CoCl2·6H2O (0.2 g/L), NiCl2·6H2O
(0.52 g/L), H3BO3 (0.12 g/L), CuCl2·2H2O (0.32 g/L) and HCl (20 mL/L). The macronutrient solution
was added to maintain a minimum COD:N:P ratio of 350:5:1 [24], while 4 mL micronutrient was added
per 1000 L feed. Nutrients and NaOH addition increased the feed pH to 7.

2.5. Bio-Methane Potential AMPTS II Test Setup

The BMP test was performed [25] with the Automatic Methane Potential Test System II (AMPTS II,
Bioprocess Control® AB, Lund, Sweden), a standardized laboratory set-up designed to automatically
determine BMP of any biodegradable material by water displacement method. Each sample was
run in triplicates (Table 3) in standard 650 mL glass flasks (Kimax® kimble) with working volume of
400 mL and the same organic loading of 20 gCOD/L. The system was purged with pure nitrogen gas
for 3–5 min to ensure desired anaerobic condition. An intermittent mixing was 50 s every hour (motor
speed adjustment of 80%). The carbon dioxide was removed by passing produced biogas through
80 mL of 3 M sodium hydroxide (NaOH) mixed with 0.4% thymolphthalein solution as pH-indicator
for each reactor. The methane produced from AMPTS II were automatically provided as NmL by
Bioprocess Control® software. A more detailed description of the system can be found in Badshah,
Lam [26].

Table 3. Organic loading (OL) of AMPTS II-fed hydrolysates and synthetic hydrolysates.

Sample Inoculum (mL) Substrate (mL) OL (gCODt/L)

H170 240 160 20
H140 200 200 20

H170syn 200 200 20
H140syn 160 240 20

Control (Blank) 240 160 (distilled water) NA

NA: Not applicable.

2.6. Bio-Methane Potential Syringe Test Setup

Cheap disposable plastic medical syringes (BD Plastipak, Franklin Lakes, NJ, USA) of 100 mL
were used as batch reactors for BMP test [27]. Triplicates of each OL of 6, 10, 20, and 30 g COD/L for
both HWE feeds were prepared (Table 4) for bio-methane potential (BMP) tests to study the effect of
OL on methane yield. After feeding, syringes were closed airtight by adding a needle with silicone
rubber stopper at the tip. Fed syringes were kept at 55 ◦C in a thermostat. Stirring was not applied but
frequent gas sampling acted as manual stirrer. During the test, gas volume was recorded depending
upon the activity. After prolonged gas accumulation, gas (minimum 5 mL) was transferred to a separate
syringe by pushing through interconnected gas valves (Mininert® syringe valve) for determination
of methane content of the produced biogas. Methane volume was adjusted to 0 ◦C and 1 atm and
presented as NmL.

Usually, OL is used interchangeably with substrate to inoculum (S/I) ratio. However, S/I is based
on volatile solids (VS) of substrate and inoculum. The value of 0.5 (based on volatiles) has been found
to be boundary to avoid overloading conditions if the inoculum is sewage sludge [28]. However,
this value can change with the types of inoculum and substrate used. The S/I value can be higher if
inoculum is compact such as granular sludge and lower if the substrate is more complex such as algae
residues [29]. As our substrate is mostly liquid, COD based loading per volume of inoculum is more
logical. In addition, volatiles such as acetic acid is lost during drying at 105 ◦C which gives incorrect
methane potential values using VS.
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Table 4. Organic loading (OL) of batch syringes fed HWE hydrolysates.

Sample Inoculum (mL) Substrate (mL) OL (g CODt/L)

H170 15 3 6
H170 15 5 10
H170 15 10 20
H170 15 15 30
H140 15 4 6
H140 15 6.7 10
H140 15 13.4 20
H140 15 20 30

Control (Blank) 15 10 (distilled water) NA

NA: Not applicable.

2.7. Inoculum

Mesophilic granular sludge used as inoculum was originally obtained from a mesophilic industrial
internal recirculation reactor treating paper mill effluent with total solid and volatile solid concentrations
of 181 and 119 g/L respectively. Inoculum was degassed at 30 ◦C for at least 5 days before using for
the experiment to reduce the gas production from inoculum. Thermophilic sludge was prepared [30]
by running initial similar tests in both syringes (Table 4) and AMPTS II (Table 3) at 55 ◦C for 53 days
until complete methane production before used as inoculum in this experiments. Blank sample, only
containing inoculum, was tested in triplicates along with the investigated samples. Gas produced from
blank sample was deducted from the gas produced from hydrolysates to offset the gas produced by
endogenous respiration of microorganisms in inoculum. The result thus represents gas produced only
from the tested samples.

2.8. Analytical Methods

Gas composition was determined by SRI gas chromatography (model 8610C) (Table 5) using
Helium as a carrier gas and the oven temperature was kept constant at 83 ◦C.

Table 5. Various analysis carried out during the experiment using different instruments.

Analysis Instruments Used References

Biogas composition SRI gas chromatography (model 8610C) [34]

VFA concentrations Gas chromatography HP 6890 serial C
(Hewlett Packard) [34]

COD Commercial kits (WTW™) [31]
pH WTW inolab pH7110

Carbohydrate composition Dionex ICS500 HPLC
(ThermoFisher Scientific) [32]

Furfural and HMF UV 1800 from Shimadzu [33]

VFA concentrations were carried out using gas chromatography HP 6890 serial C (Hewlett-Packard)
with a flame ionization detector and a capillary column (DB-FFAP 30 m long and 0.25 mm ID, 0.25 µm
film). Helium was used as the carrier gas at a flow velocity of 5 mL/min with detector gases as hydrogen
and air. The injector and the detector temperatures were set to be 200 ◦C and 250 ◦C, respectively. The
oven was programmed to start at 80 ◦C and hold for 1 min, then to 180 ◦C at a rate of 30 ◦C/min, then
to 230 ◦C at a rate of 100 ◦C/min.

COD was measured according to US standard 5220D [31]. Samples were filtered through 0.45 µm
pore size glass filter after sampling to measure CODs using commercial kits (WTWTM). pH was
measured using WTW inolab pH7110. The carbohydrate composition was analyzed according to the
NREL procedure by Sluiter, Hames [32], using a Dionex ICS500 HPLC system from ThermoFisher
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Scientific. Approximations of the furfural and HMF concentrations in the hydrolysates was done
according to the procedure of Chi, Zhang [33], using a UV 1800 from Shimadzu.

2.9. Kinetic Modeling

Maximum methane production potential was determined by fitting the observed cumulative
methane yield with the modified Gompertz equation Equation (2) [35]. It can simulate methane yield
and explain the lag time and sigmoidal growth curve [36].

G(t) = G0 exp
{
− exp

[
Rmaxe

G0
(λ− t) + 1

]}
(2)

where G(t) is the cumulative methane production (mL CH4 gCOD−1) at a given time t, t is time over
the digestion period in days (d), G0 is the maximum methane production potential (mL CH4 gCOD−1),
Rmax is the maximal methane production rate (mL CH4 Gcod−1 day−1), λ is the lag phase time in days
(d), and e is Euler’s constant (=2.7183).

3. Results

3.1. AD Feed Characteristics

Hot water extraction of Norway spruce led to higher organic concentrations in the hydrolysate
when treated at 170 ◦C than at 140 ◦C, with total COD (CODt) and soluble COD (CODs) concentrations
of 30.7 and 26.9 g/L respectively when treated at 170 ◦C compared to 22.3 and 20.0 g/L at 140 ◦C
(Table 6).

Table 6. Characteristics of hydrolysate pretreated at 140 ◦C and 170 ◦C (Average values ± standard
deviation (n, number of samples)).

Parameters H170 H140

Total COD (gCODt/L) 30.7 ± 1.7 (41) 22.3 ± 1.6 (66)
Soluble COD (gCODs/L) 26.9 ± 2.6 (41) 20.0 ± 1.9 (66)

Acetic acid (g/L) 1.0 ± 0.2 (8) 0.6 ± 0.1 (14)
pH 3.7 ± 0.1 (2) 3.8 ± 0 (2)

Furfural (g/L) 0.9 ± 0.02 (2) 0.2 ± 0.01 (2)
5-Hydroxy methyl furfural (g/L) 0.5 ± 0.01 (2) 0.2 ± 0.01 (2)

Arabinose (g/L) 0.8 ± 0.003 (2) 1.6 ± 0.02 (2)
Galactose (g/L) 2.2 ± 0.01 (2) 1.7 ± 0.05 (2)
Glucose (g/L) 3.0 ± 0.01 (2) 1.6 ± 0.05 (2)
Xylose (g/L) 2.2 ± 0.02 (2) 2 ± 0.04 (2)

Mannose (g/L) 10.4 ± 0.02 (2) 5.1 ± 0.1 (2)
Total sugars (g/L) 18.6 ± 0.01 (2) 11.9 ± 0.3 (2)

The sugars found in the hydrolysate were the hemicellulose sugars arabinose, galactose, glucose,
xylose, and mannose. Mannose was the major compound in both hydrolysates with 56% and 43% for
pretreated at 170 ◦C and 140 ◦C, respectively. The total sugar concentration was higher (18.6 g/L) when
treated at 170 ◦C than at 140 ◦C (11.9 g/L). All other individual sugar concentrations, except arabinose,
was found higher in hydrolysate pretreated at 170 ◦C than at 140 ◦C.

Both furfural and HMF concentrations were higher in hydrolysate pretreated at 170 ◦C (923
and 451 mg/L respectively) than pretreated at 140 ◦C (160 and 168 mg/L respectively) due to higher
severity pretreatment.

The pH of hydrolysate pretreated at 170 ◦C (3.7) was lower than for hydrolysate pretreated
at 140 ◦C (3.8) due to higher acetic acid released from the hydrolysis of acetyl groups contained in
the hemicellulose. Acetic acid was the dominant volatile fatty acid in the hydrolysate and is also a
substrate for methane production if the concentration is not above the threshold value of inhibition
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(2400 mg/L) [37,38]. The concentrations were below for both hydrolysates with acetic acid concentration
of hydrolysates pretreated at 170 ◦C of 1030 mg/L and at 140 ◦C of 590 mg/L.

3.2. AMPTS II Test

Methane yield in AMPTS II was recorded for 8 days in which methane formation was completed
within 6 days and resulted in cumulative methane yields of 189 NmL/gCOD (0.53 gCOD/gCOD) and
162 NmL/gCOD (0.45 gCOD/gCOD) for hydrolysate pretreated at 140 ◦C and 170 ◦C, respectively
(Table 7).

Table 7. Initial pH values and effluent characteristics at the end of AMPTS II experiments.

Samples Initial pH End pH End CODs
(mg/L)

End Acetic
Acid (mg/L)

End Propionic
Acid (mg/L)

End Total VFA
(mg/L)

Methane Yield
(gCOD/gCOD)

H170 7 7.97 ± 0.06 5780 ± 200 97 ± 22 112 ± 30 221 ± 42 0.45 ± 0.01
H140 7 8.00 ± 0.04 4730 ± 30 67 ± 8 36 ± 7 103 ± 6 0.53 ± 0

H170syn 7 7.77 ± 0.05 2490 ± 120 15 ± 4 0 15 ± 4 0.84 ± 0.01
H140syn 7 7.73 ± 0.05 1970 ± 120 15 ± 7 0 15 ± 7 0.84 ± 0.01

The methane yield of real hydrolysates was significantly lower than of synthetic hydrolysates
(Table 7). Synthetic hydrolysate had 87% and 58% higher methane yield than hydrolysate prepared
at 170 ◦C and 140 ◦C, respectively. Values of CODs and accumulated VFA (acetic acid, propionic
acid, and total) (Table 7) at the end of the experiment shows higher degradability of synthetic
hydrolysates compared to real hydrolysates as observed by lower concentration of undigested CODs
and VFA. Synthetic hydrolysates had negligible amount of VFA which is in accordance with its high
biodegradability while hydrolysate pretreated at 170 ◦C had more than double total VFA concentration
(221 mg/L) compared to hydrolysate pretreated at 140 ◦C (103 mg/L). Even propionic concentration
(112 mg/L) was higher than acetic acid (97 mg/L).

3.3. Kinetic Modeling

The modified Gompertz model was applied for modelling the methane yield of both real and
synthetic hydrolysates from the AMPTS II tests (Figure 1). It shows that the tested model provided
reasonable fit to the experimental data (Table 8). It was confirmed by the high values (all above 0.96) of
determination coefficient (R2) and less than 4% difference between the predicted (G0) and the measured
cumulative methane yield. It implies that the model could explain greater than 96% of the variations
in the results.
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Figure 1. Cumulative methane yield of hydrolysate pretreated at 140 ◦C and 170 ◦C from AMPTS II
fitted with modified Gompertz law.
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Table 8. Regression results of cumulative biogas yield with the modified Gompertz model.

Samples G0 (NmL CH4
gCOD −1)

Rmax (NmL CH4
Gcod −1Day−1) λ (Days) R2

Cumulative
Methane Yield
(NmL gCOD−1)

H170 168.0 34.0 0.4 0.962 162
H140 187.4 99.8 0.3 0.962 189

H170syn 302.9 42.2 0.8 0.960 285
H140syn 295.2 60.1 0.6 0.960 295

Hydrolysate pretreated at 170 ◦C had a lower maximum methane production rate (Rmax = 34 mL
CH4 gCOD−1day−1) compared to hydrolysate pretreated at 140 ◦C (Rmax = 100 mL CH4 gCOD−1day−1).
It shows that higher severity index pretreatment not only reduced the methane yield, but also decreased
the rate of the AD process.

The lag phases (Table 8) during the beginning of the digestion period were less than 0.4 days for
all substrates. Interestingly, the synthetic hydrolysates had slightly higher lag phase in both cases and
lower Rmax in case of 140 ◦C hydrolysate compared to real hydrolysates for some unknown reasons.

3.4. Syringe Tests

The batch experiments in syringes were run for 38 days until the biogas production became
negligible but most of the biogas was produced before 10 days.

3.4.1. Influence of Organic Loading on AD of Hydrolysate

Increasing OL of the hydrolysate pretreated at 170 ◦C had negative effect on the methane yield
(Figure 2). Methane yields at OL of 6 and 10 gCOD/L were 0.56 gCOD/gCOD (195 NmL/gCOD) and 0.53
gCOD/gCOD (186 NmL/gCOD) respectively. At higher loadings of 20 and 30 gCOD/L, the methane yield
decreased even more to 0.48 (167 NmL/gCOD) and 0.43 gCOD/gCOD (152 NmL/gCOD) respectively.
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Figure 2. Methane yield of H170 under thermophilic condition under different organic loadings (OLs).

The methane yields from hydrolysate pretreated at 140 ◦C (Figure 3) had a similar trend as that of
hydrolysate pretreated at 170 ◦C. During the lower OLs of 6 and 10 gCOD/L, the methane yield was
0.83 (290 NmL/gCOD) and 0.80 gCOD/gCOD (282 NmL/gCOD) respectively while decreasing to 0.71
(247 NmL/gCOD) and 0.6 gCOD/gCOD (211 NmL/gCOD) for 20 and 30 gCOD/L respectively. The
methane yield of hydrolysate pretreated at 140 ◦C was significantly higher than hydrolysate pretreated
at 170 ◦C at all OLs (Figure 4), as also observed during AD in AMPTS II.
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added for comparison.

3.4.2. pH and Methane Content in the Biogas

The methane content, ranging from 10% to 84 %, increased over time, and remained constant at
the later stages for both substrates at all loadings (Figures 5 and 6). The main difference between the
substrates was the higher methane content of hydrolysate pretreated at 140 ◦C than 170 ◦C during the
initial period of higher loadings suggesting higher inhibitor concentration in higher severity pretreated
hydrolysate. The low initial biogas methane content also implies that the methanogenesis step was
inhibited. The final weighted-average methane content in the biogas ranged from 64.9% to 73.3%
(Table 9). It was higher for hydrolysate pretreated at 170 ◦C compared to 140 ◦C and decreased at
increased OL.
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Table 9. Weighted average methane content in the produced biogas in syringes.

OL (gCOD/L) H170 H140

6 73.3 ± 0.3 70.1 ± 0.4
10 69.4 ± 0.4 65.7 ± 0.1
20 69.5 ± 0.8 66.4 ± 0.3
30 68.2 ± 1.4 64.9 ± 0.8

4. Discussion

4.1. Effect of Sugars

Hydrolysate pretreated at 170 ◦C had a higher concentration of sugars and COD values compared
to hydrolysate pretreated at 140 ◦C due to increased solubilization of macromolecular organic
compounds (e.g., hemicelluloses) that hydrolyzed into small molecular matter like oligosaccharides
and monosaccharide (e.g., glucose and xylose). A similar trend has been observed by others [39,40].
Higher methane yield for hydrolysate produced at 140 ◦C than at 170 ◦C is also observed by
others [11,36]. Contrary to different studies, that higher sugar content in the hydrolysate is best for
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methane production [20], it shows that it is not necessarily true. The reason is assumed to be the
formation of sugar and lignin degradation products (e.g., furfural, HMF, phenol, cresol) which inhibit
the AD process [2,19]. Therefore, sugar content should not be the sole objective to be considered
if methane production is the main goal, and the amounts of inhibitors and soluble lignin in the
hydrolysate needs to be considered [19,41]. The severity index during the pretreatment appears to be a
useful control parameter to obtain fewer inhibitors, solubilize lignin and cellulose in the hydrolysate
and to obtain a solid residue ideal for other purposes, like making bio-char.

Usually, glucose is present in the hydrolysate due to hydrolysis of cellulose but as the HWE is not
severe enough to cause dissolution of cellulose, it is expected to have originated from hemicelluloses
or extractives [6,42].

4.2. Effect of Sugar Degradation Products

Higher pretreatment severity leads to higher sugar dissolution which increases the concentration
of sugar degradation products such as furfural and HMF which inhibit the AD process [2]. Furfural is
formed in the hydrolysate as degradation product from pentose sugars (xylose and arabinose) while
HMF is formed from hexose sugars (mannose, glucose, and galactose) [43]. Increase in severity leads
to low arabinose concentration in hydrolysate pretreated at 170 ◦C due to its assumed conversion to
furfural. Since only arabinose and xylose can be converted to furfural as they are pentose sugars, and
arabinose has the lowest activation energy in the degradation reaction of arabinose to furfural when
compared to that of xylose to furfural a conversion of arabinose is assumed [19].

Although the concentration of furfural and HMF is within the threshold value (2 g/L for furfural
and 0.8 g/L for HMF) for both the samples [44], inhibition could be expected from the synergistic effect
of both inhibitors [45]. Although inhibitors are also considered to be more pronounced at thermophilic
condition than mesophilic condition [46,47], this may not be a problem in continuous flow industrial
processes since the microorganisms can get acclimatized to toxic compounds over time. The inhibitors
are themselves degraded in an adapted culture, but if furfural is present in the HMF, the conversion
rates of both decrease significantly and HMF degradation started only with the complete degradation
of furfural in batch experiments [48]. Continuous flow experiments are needed to better understand
the effects of hydrolysate inhibitors on AD and culture adaptations to such.

4.3. Effect of Soluble Lignin and its Derivatives

During hot water extraction, part of the lignin is also dissolved along with the hemicellulose
depending upon the severity index [4,7]. Hydrolysate from higher pretreatment temperature is
therefore expected to have higher concentrations of complex recalcitrant compounds and soluble
lignin than lower temperature pretreated hydrolysate. These compounds will remain undigested, are
slowly degraded, or act as inhibitors to different steps of AD [41,49,50] and can be observed as higher
undigested CODs at the end of the experiment (Table 7). Decrease in methane yield has been observed
previously due to the addition of lignin during AD of xylose [12].

Although not quantified here, it can be safely assumed that there must be some lignin degradation
products such as phenols and cresols due to long residence time in HWE which inhibit the AD
process [51,52].

4.4. Effect of OL

Methane yield of hydrolysate pretreated at 140 ◦C at OL of 6 gCOD/L was similar to that of
synthetic hydrolysate (Figure 4) suggesting concentration of inhibitors below threshold values and
favorable organic loading for AD microbes. This is similar to findings of wheat straw hydrolysate [8],
but no similar studies on woody biomass hydrolysates are found for comparison. Additionally, most of
the existing experiments on hydrolysate from agricultural residues are based on mesophilic conditions.

The trend that the comparative cumulative methane yield (gCOD/gCOD) from the syringe batch
reactors decreased with increased OLs (R2 = 0.995 for both hydrolysates) is also observed by others [18]
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and can be explained by increased stress on microorganisms. Lower OL provides favorable microbial
symbiosis leading to higher methane yield while higher OL leads to imbalance between VFA production
and its consumption.

4.5. Methane Content as a Tool to Monitor Reactor Health

Monitoring the methane content to evaluate possible overloading situations revealed a rather
normal behavior [18,53] where the methane content in the produced biogas increased over time and
remained nearly constant at the later stages for both substrates at all loadings. The behavior can be
explained by VFA production and consumption affecting the pH. Soluble sugars are the most readily
biodegradable organics and are converted into VFAs and finally to methane [20]. Easily degraded
substrate can lead to accumulation of intermediate products such as alcohol and VFAs due to imbalance
of micro-organisms created by stressful conditions such as nutrient deficiency and toxicity in the feed,
leading to thermodynamic and kinetic constraints in the system. Then microorganisms are unable
to convert acetate to methane efficiently, compromising the methane content [19]. Overtime, VFA
is consumed slowly increasing pH, creating more favorable conditions for methanogens, and the
methane concentration increases accordingly. During lower loading, the initial condition is not as
acidic compared to higher loading avoiding pH inhibition of the methane production. The initial pH
drop due to excessive VFA accumulation and methanogens inhibition increases with OL as confirmed
by low methane concentration (Figure 6) [37]. The reactor recovered from this initial stress in our cases
(end pH between 8.1 and 8.3) with reasonable final methane concentrations in all cases (Table 9). This
implies that continuous flow industrial AD will work well on these substrates as long as large, abrupt
organic load changes are avoided.

4.6. Kinetic Modeling

170 ◦C synthetic hydrolysate also had lower Rmax compared to 140 ◦C synthetic hydrolysate but
the difference was not as drastic as in real hydrolysates and can be attributed to the higher concentration
of xylose in 170 ◦C synthetic hydrolysate which is generally less preferred to degrade as feed by
microorganisms than other sugars [54]. A short lag phase of less than 0.4 days was also observed by
others during AD of sugars [55].

4.7. Comparison of AD Batch Methods

Comparing the methane yields from hydrolysate pretreated at 170 ◦C and 140 ◦C for both real
hydrolysates and synthetic hydrolysates at 20 gCOD/L, the AMPTS II gave lower methane yields
compared to the syringe test method (Figure 4), and has also been reported lower than the German
DIN standard method using eudiometers [56]. Hydrolysate pretreated at 170 ◦C had 7% higher
methane yield in the syringe method (0.48 gCOD/gCOD) versus AMPTS II (0.45 gCOD/gCOD), while
hydrolysate pretreated at 140 ◦C had 34% higher in syringe method (0.71 gCOD/gCOD) versus AMPTS
II (0.53 gCOD/gCOD). The difference can be attributed to human error due to manual operation [57],
while headspace gas concentration in syringe and microbiology of AD also can be affected due to change
of temperature while removing incubated syringes from the temperature-controlled environment
during measurement of gas [58]. The relative differences between the different feeds compared are
similar for the two methods implying that both methods worked well for the comparisons in this study.

5. Conclusions

Hydrolysates of Norway spruce from hot water extract are a promising feed for anaerobic digestion
and hydrothermal pretreatment conditions influence both methane production rates and yields. Higher
pretreatment severity yielded higher concentrations of AD inhibitors. Despite having lower sugar
content, hydrolysate pretreated at the lower temperature of 140 ◦C had 18% higher methane yield
(0.53 gCOD/gCOD) than higher pretreatment temperature of 170 ◦C (0.45 gCOD/gCOD). Comparison
of methane yield between real hydrolysate and synthetic hydrolysate showed that soluble lignin and
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inhibitors (furans) had a significant effect on methane yield. Synthetic hydrolysate had 87% and
58% higher methane yields than hydrolysates prepared at 170 ◦C and 140 ◦C, respectively. Negative
correlation was observed between methane yield and organic loadings (OLs) of the hydrolysates
prepared at both temperatures. The higher organic loadings were found to cause the most stress
initially, assumed to be mainly due to inhibition of the methane production, but all batch reactors
eventually recovered with reasonably high final methane yields. This implies that these substrates can
be utilized safely in continuous flow industrial AD with well adapted cultures where large, abrupt
organic load changes are avoided.
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