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Abstract: This study investigates a simultaneous processing of sugar beet pulp (SBP) for furfural,
hydrogen and methane production using various pretreatment methods. In the experiments, sugar
beet pulp was first subjected to thermal and thermochemical pretreatment at 140 °C. Then
hydrolysates from these operations were investigated for their potential for methane and hydrogen
production in batch tests. The experiments showed that thermal pretreatment of SBP resulted in the
highest biogas and methane yields of 945 dm?®kg volatile solids (VS) and 374 dm?® CHa/kg VS,
respectively, and a moderate hydrogen production of 113 dm3 Hz/kg VS, which corresponded to a
calculated energy production of 142 kWh/t; however, only low amount of furfural was obtained
(1.63 g/L). Conversely, the highest furfural yield of 12 g/l was achieved via thermochemical
pretreatment of SBP; however, biogas production from hydrolysate was much lower (215 dm3/kg VS)
and contained only 67 dm?®kg VS of hydrogen. Meanwhile, in the experiment with lower amounts of
sulfuric acid (2%) used for pretreatment, a moderate furfural production of 4 g/L. was achieved with as
high as 220 dm3/kg VS of hydrogen and the corresponding energy yield of 75 kWh/t.
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1. Introduction

Sugar beet pulp (SBP) is a residue obtained after large scale sugar production. According to the
Central Statistical Office and Institute of Agricultural Economics and Food Economy, in the period
from September 2018 to January 2019, a total of 2.6 million tons of sugar was produced in Poland,
which was greater than production in the 2017-2018 season (2.3 million tons). Siidzuker Polska
reported that the average sugar production from 1 ton of beet is 150 kg and resulted in the generation
of 250 kg of wet SBP. Thus, more than 4.3 million tons of SBP were produced in Poland in the 2018-
2019 season, which led to sugar producers needing proper management of this waste. Until now,
sugar beet pulp is mostly used in a dried form or as silage for cattle feeding. However, changes in the
European Union's agricultural policy to allow for increasing sugar production may result in the
overproduction of SPB [1,2].

The chemical composition and low cost of SBP makes this substrate attractive for many branches
of the chemical industry for its biotechnological [3] and chemical [4] properties. Sugar beet pulp is a
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type of lignocellulosic biomass and consists mostly of carbohydrates (cellulose 22%-30%,
hemicellulose 24%-32%, lignin 1%-2%) and polymeric saccharides (pectin 38%-62% of the dry
matter) [3,5]. Enzymatic, chemical, or thermal hydrolysis of these polymeric substances is a crucial
step for valorizing SPB. The main monosaccharides obtained by the hydrolysis of SBP are glucose,
fructose, mannose, galactose, galacturonic acid, rhamnose, raffinose, xylose, and arabinose [6,7].
These monosaccharides can successfully be used as sources of sugars for microorganisms (e.g., lactic
acid bacteria, yeasts, fungi, etc.) [8-11] or as substrates in chemical syntheses, e.g., for the production
of fuels (bioethanol, methane, hydrogen), solvents, polymers, etc. [4,12-14].

In addition to simple sugars obtained by the depolymerization of cellulose and hemicelluloses,
the SBP hydrolysates may contain other valuable chemicals including furfural, 5-
hydroxymethylfurfural (5-HMF) [15,16], vanillin (4-hydroxy-3-methoxybenzaldehyde) [17] and
levulinic acid (LA) [18,19]. Furfural is the main product among the aforementioned compounds,
whereas 5-HMF and levulinic acid are yielded in much lower amounts. Furfural is formed from
pentoses released from hemicellulose by acid-catalyzed dehydration. This process occurs relatively
easily at elevated temperatures of 130-160 °C [20,21] in the presence of mineral acids or solid acid
catalysts [22,23]. Furfural, because of its highly functionalized molecular structure, is a sustainable
platform molecule that can be valorized to value-added chemicals containing oxygen atoms [24].
Since the main polysaccharides building the structure of SBP are hemicelluloses, it seems to justify
the use of acidic treatment for hydrolysis of this material to obtain furfural. On the other hand, the
residue after acidic hydrolysis of SBP at elevated temperature and pressure still contains a pool of
unprocessed pentoses and hexoses, which can be used for biotechnological production of biofuels
like bioethanol or hydrogen-rich biogas. In this context, dark fermentation (DF) is a promising
technology that allows for the conversion of monosaccharides into hydrogen, which is regarded as a
nearly ideal fuel since it does not cause emissions when burned for energy recovery [3,21]. Several
substrates have been evaluated for their potential of hydrogen production via dark fermentation. As
stated in the literature, the main materials applied for dark fermentation were food waste [25-30] and
municipal solid waste [30,31], which gave moderate to high hydrogen yields. The DF experiments were
also performed using cheese whey [32,33], agricultural residues [34], biorefinery liquid streams [35],
distillery wastewater [36], cassava stillage [37], as well as byproduct from sugar production and
processing [38,39]. However, very little has been written about the use of hydrolysates after thermal
and chemical processing of wastes, including sugar beet pulp [40]. The dark fermentation process is
often combined with anaerobic digestion in a two-stage process, which allows for hydrogen and
methane production from waste [27,29,41].

Fermentative production of Hz is carried out by a wide range of microorganisms belonging to
strictly anaerobic or facultative anaerobic bacteria such as Clostridium spp., Escherichia spp. as well as
some species of Bacillus spp., Enterobacter spp., Ruminococcus spp., Klebsiella spp. and others [42].
However, furfural may inhibit the growth of these bacteria, particularly when pure strains are used
for hydrogen production [43,44]. Not only is the application of pure cultures expensive but it is also
problematic due to the high risk of contamination by wild species [44]. Hence, the use of microbial
consortia from natural and industrial environments (like anaerobic sludge) is justified because these
organisms are better adapted to heterogeneous substrates and non-sterile process conditions.
Municipal sewage sludge after anaerobic digestion seems to be a good material served as inoculum
for dark fermentation. However, due to the presence of hydrogen-consuming microorganisms, this
inoculum needs preliminary treatment. In our previous research, inactivation of non-spore bacteria
and methanogens was achieved by pH adjustment to 5.5 and thermal pretreatment of inoculum
performed at 80 °C [26,44].

This research is the first to propose the complex valorization of sugar beet pulp for combined
production of furfural by thermochemical treatment and hydrogen by dark fermentation.
Experimentally, the thermal and thermochemical pretreatment of sugar beet pulp prior to dark
fermentation for hydrogen generation was performed. The novelty of the described method also
relies on the use of lower temperatures (up to 140 °C) in the first stage in contrast to conditions
typically applied (over 160 °C), which may significantly reduce the costs.
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2. Materials and Methods
2.1. Biological Material

2.1.1. Sugar Beet Pulp

Fresh sugar beet pulp (SBP) was delivered from the Dobrzelin Sugar Factory (Poland). Due to
the seasonality of sugar production, the fresh SBP was collected in the campaign period and stored
at -18 °C before use.

2.1.2. Inoculum

Anaerobic sludge was collected from the anaerobic mesophilic digester at the Municipal
Wastewater Treatment Plant in Lodz, Poland and served as inoculum for batch experiments. The
inoculum had total (TS) and volatile solids (VS) concentrations of 24.59 gTS/kg and 15.74 gVS/kg
(Table 1), respectively.

2.2. Experimental Setup and Operational Conditions

2.2.1. Sugar Beet Pulp Hydrolysis

Sugar beet pulp hydrolysates were obtained by thermal and acidic pretreatment of SBP. Two
experimental variants were performed—one with only thermal pretreatment and the other with
addition of 2% or 5% sulfuric acid (by volume) followed by thermal treatment. These conditions were
adopted to break down lignocellulosic structures of SBP in order to release furfural and easily
biodegradable sugars for methane and hydrogen production. In the experiments with only thermal
pretreatment, SBP was mixed with water in the proportion of 1 kg of biomass to 5 kg of water and
treated in a 8 dm? pressure reactor (Parr Instrument Company, series 4552) at 140 °C and under 4 bar
pressure to achieve thermally treated sugar beet pulp (TSBP). In the experiments with
thermochemical pretreatment, 1 kg of SBP was mixed with 58 mL of sulfuric acid and 4953 mL of
water, and then subjected to thermal treatment (as described above) to achieve thermochemically
treated sugar beet pulp (TASBP) (2 vol%: 55 g of 95% H:50s1 and 4945 g of water; 5 vol%: 141 g of 95%
H250s and 4859 g of water). The pressure reactor was characterized by high thermal inertia. It took
about 70 minutes to heat the contents of the reactor from room temperature to 140 °C. The reaction
at 0 h means the time it took to heat the contents to the set temperature without the use of a
thermostat. The cooling of the reactor for 15 minutes to achieve 80 °C was carried out by forcing the
water to cycle in the steel inside cooler. Sugar beet pulp enzymatic hydrolysates (HSBP) were
obtained by using a mixture of two commercial multienzyme preparations: Viscozyme and Ultraflo
Max (Novozymes, Denmark). Enzymatic hydrolysis of sugar beet pulp was conducted under optimal
conditions established in the previous research [7,45], at the temperature of 45 °C and pH of 5.0 with
mixing for 10 h.

2.2.2. Dark Fermentation

In this work sugar beet pulp hydrolysates (HSBP, TSBP, TASBP) were mixed with inoculum to
achieve the inoculum to substrate (Xo/So) ratio of 2:1 based on volatile solids concentration (Table 1) [46].
The experiments were performed using batch fermentation systems consisting of 1 dm? glass bottles,
each with a working volume of 0.7 dm?. The daily biogas production was measured by a water
displacement method; for this purpose each bottle was connected to a 1 dm?® gas collecting tank
(Figure 1). Before shutting down, the air in the headspace of each bottle was removed by blowing
with nitrogen gas for about 5 minutes to maintain anaerobic conditions. The bottles were then
incubated at 35 °C in a thermostat, which maintained the constant mesophilic temperature and were
manually shaken twice a day. Each experiment was continued to the point at which only residual or
no biogas production occurred. The dark fermentation trials ran for 14 days. In case of DF
experiments, in order to eliminate hydrogen consuming microorganisms, mainly methanogens, the
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substrate with inoculum were first treated with a 20% H2SOa solution to adjust the pH value to 5.5
and then heated in a laboratory dryer at 80 °C for 1.5 hours. These operations were performed in
order to not only inactivate hydrogen consuming bacteria and methanogens but also to provide
optimal conditions for hydrogen generation [41]. This procedure was not applied for anaerobic
digestion (AD) experiments. All the tests were conducted in triplicates, the results of which are
expressed as the averages.

Biogas Biogas

$ROUEL

Gas hold-bottle _,’ Gas hold-bottle

thout with thermal
withou pretreatment and
pretreatment pH adjustment

Substrate + inoculum

Figure 1. Laboratory set-up.
2.3. Analytical Methods

2.3.1. Substrate Characterization

Total solid (TS), volatile solid (VS), and pH was measured by the methods described in Standard
Methods for the Examination of Water and Wastewater [47]. Chemical oxygen demand (COD),
ammonium nitrogen, and orthophosphates were determined using a DR6000 spectrophotometer
(Hach-Lange, Loveland, USA) and Hach-Lange tests no. 8000, 8038 and 8048, respectively. The tests
were conducted according to the manufacturer’s instructions.

Individual volatile fatty acids (acetic, formic/propionic, i-butyric, n-butyric, i-valeric, n-valeric,
i-caproic, n-caproic and heptanoic acid) were determined by GC (gas chromatography), using an
Agilent 7890A GC chromatograph (Agilent Technologies, Santa Clara, CL, USA) equipped with a
flame ionization detector (FID). The components were separated using a column: DB-FFAP (a
nitroterephthalic-acid-modified polyethylene glycol (PEG) column of high polarity; 30 m x 0.32 mm,
film 0.25 um, Agilent Technologies, Santa Clara, CL, USA). Agilent ] and W DB-FFAP was a
nitroterephthalic-acid-modified polyethylene glycol (PEG) column of high polarity applied for the
analysis of volatile fatty acids and phenols. The operating conditions for the GC-FID analysis were
as follows: injector, 220 °C, split 1:10; FID, 220 °C, Hz 30 mL/min, air 400 mL/min, makeup He 20
mL/min; column, initial 100 °C initial, 1.5 min hold, 8 °C/min, 200 °C final 4.0 min hold. Helium was
used as the carrier gas (flow rate of 1.2 mL/min). The quantitative determination was performed using
the internal standard technique through a four-point calibration curve in the concentration range for
each of acids 2.0-8.0 mM. Reference substances: reference mixture of 10 lower fatty acids at a
concentration of 10 mM each (Sigma), 2-ethyl-butyric acid 98% IS (Sigma). The samples for volatile
fatty acid (VFA) analyses were prepared by centrifuging the digestate at 4000 rpm, for 10 minutes.
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2.3.2. Monosaccharide Content

The monosaccharide profile of sugars in the stillage obtained after furfural production was
determined by UV-spectrophotometry (Thermo Scientific Multiskan GO; Thermo Fisher Scientific,
Munich, Germany) and by using Megazyme Kits (Megazyme Ltd., Bray, Inc; Ireland) following the
manufacturer’s procedure. For glucose, mannose and fructose determination—D-Mannose, D-
Fructose and D-Glucose assay kit (K-MANGL); for arabinose and galactose assay kit (K-ARGA); for
galacturonic acid K-URONIC kit; for xylose—K-XYLOSE kit; for raffinose—K-RAFGA kit; for
rhamnose —K-RHAMNOSE kit. Samples for monosaccharide content were prepared by centrifuging
the digestate for 10 minutes at 4000 rpm.

2.3.3. Methane and Hydrogen Potential Tests

Biogas yield was monitored on a daily basis by the water displacement method, which is
described elsewhere in the literature [48]. The content of Oz, COz, CH4, H2 and H2S was measured by
portable gas analyzer (Madur, GA-21 plus). In this study, the hydrogen yield was evaluated mainly
on the VS basis in order to render our results comparable to other studies.

2.3.4. Furfural

Furfural concentrations were measured by GC-FID (Hewlett Packard 5890 Series II gas
chromatograph equipped with a flame-ionizing detector and capillary column (Restek RTX—5: 30 m x
0.53 mm x 1.50 pm, Helium (Linde; 99.999%)). The operating conditions for the GC-FID analysis were
as follows: flow rate of the carrier gas 30 mL/min; dispenser temperature 150 °C; column temperature
60-150 °C; initial temperature 60 °C; start time 2 min; temperature rise 2 °C/min; detector temperature
250 °C; injection volume 1 pL.

2.4. Statistical Analysis

All the analytical tests were performed in triplicates. The mean and standard deviation values,
error bars were calculated in Microsoft Excel 2010 and in R version 3.5.0.

3. Results and Discussion

3.1. Composition of Sugar Beet Pulp Hydrolysates

In this study, the effect of thermal and chemical hydrolysis on the degradation of the complex
structure of SBP was evaluated on the basis of sugar profiles, furfural production, and hydrogen and
methane yields. It must be mentioned that production of furfural from lignocellulose biomass has
been described in the literature, and the authors used various acids and temperature conditions:
hydrochloric acid with 65% furfural yield (under 170 °C reaction temperature) [49], sulfuric acid also
with 65% furfural yield (230 °C) [50], phosphoric acid with 60% yield (200 °C) [51]. In contrast to these
studies, we used relatively low concentrations of sulfuric acid combined with lower pretreatment
temperature, which may be economically beneficial (Table 1). The experiments with thermal and
thermochemical hydrolysis of sugar beet pulp are summarized in Table 2. With increasing time of
hydrolysis and the amount of acid used, the volatile solids value of SBP decreased to achieve as low
as 24 g/kg (TASBP-2) for thermochemical treatment. This was probably due to chemical destruction
of carbohydrates (i.e., in Maillard reaction and formation of volatile compounds [52,53]), which was
also visible by a strong color change after pretreatment from beige to dark brown and a caramel-like
smell of hydrolysate. The application of acid also enhanced furfural yield during hydrolysis. The
furfural production via thermal pretreatment alone was moderate and did not exceed 2 g/L.
However, when combined thermochemical treatment was applied, especially at 5% sulfuric acid
concentration, the furfural yield reached 12 g/L (Table 1). Luo et al. [54]. achieved similar results for
Pubescens (1.2%) at a higher temperature (160 °C) with no addition of acid. The cited authors also
applied microwave treatment at 200 °C and H:0-cyclohexane at 160 °C but with no further
improvement. In our study, the maximum temperature was established at 140 °C mainly due to further
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use of hydrolysates for dark fermentation (DF) and anaerobic digestion (AD). However, temperatures
above 160 °C contributed to the formation of phenolic compounds, including furfural, levulinic acid,
vanillin and vanillin acid, all of which could inhibit hydrogen and methane production [55]. Much
higher furfural yield was documented by Brazdausks et al. [56] who worked with birch wood (11%
based on the weight of material, at 147 °C for 90 min). However, the birch wood hydrolysates contained
much more lignin (24%) than sugar beet pulp (1%-3%) and cellulose (45% versus 22%-30%) while the
amount of hemicellulose was comparable (around 25%). In our study, all the substrates were rich in
easily biodegradable monosaccharides, which are excellent for microorganisms. The predominant
sugars released were pectin-associated sugars such as arabinose, galactose, galacturonic acid, glucose
from cellulose, as well as traces of rhamnose, which is derived from rhamnogalacturonan as a part of
pectin [3,6]. Enzymatic hydrolysis of SBP allowed for the high concentrations of glucose, fructose,
raffinose and xylose with no furfural production and improved hydrogen yield, which is comparable to
the sugars profile observed in the previous research [45] under identical experimental conditions. In
contrast, thermal pretreatment also released sugars but at much lower concentrations than the values
reported in hydrolysate after enzymatic treatment. A 2% addition of sulfuric acid accelerated both furfural
production and the release of some sugars, especially arabinose, xylose and rafinose, whereas the
concentrations of other sugars dropped. At a higher acid concentration of 5% (TASBP-2) furfural, the
maximum yield (12 g/L) was achieved while the concentration of reducing sugars was significantly lower
than the corresponding values for TASBP-1 (Table 1). This was particularly visible for pentoses, which
were degraded to furfural. Hence, the greater production of furfural (TASBP-1 and TASBP-2) resulted in
a drop of sugar content in hydrolysates, which are necessary for both AD and DF (Table 1). On the other
hand, the hydrolysates after thermochemical pretreatment still contained a certain amount of sugars,
which could be used by microorganisms in further processes.

Table 1. Characteristic of substrates and parameters of pretreatment processes.

Experimental Run Inoculum HSBP TSBP-1 TSBP-2 TSBP-3 TASBP-1 TASBP-2
Dilution (SBP: water) - 2:1 2:5 1:5 1:5 1:5 1:5
Pretreatment time (h) - 10 6 0 6 0 1

P retreat(fg)m temp - 45 140 140 140 140 140

H2SOs dose - - - - - 2% 5%

Total solids (g/kg) ~ 24.59+0.18 1611.'5 ; * 5%’2‘21 2%;? 27.56+0.94 3%'.55? 23@1;

Volatile solids (g/kg) ~ 15.74+0.12 1419.‘865 * 42’@21 Zzzii 24.21+053 3%'.93471 2‘2’)’.66634"
Furfural (g/L) - 0.00 = 0.00 1;;’; ! ;19; 1.16+0.11 4(')(.)5’91 121'.13261'
Yield (%) - 0.00 +0.00 O;g; 0;8: 0.10 0.01 0(')‘?’3; 16?8;
Glucose (g/L) - 18.42+0.98 3;;; 26?32 4* 324+0.38 1(')?; 1(';21;
Fructose (g/L) - 7894042 ('fg; ! gzzsi 3.12+0.46 Ojg’; O('fg f
Mannose (g/L) - 425+0.12 6('5:; 7(')?; 1075+ 1.18 0(')%311 O(';S f
Arabinose (g/L) - 6.07+0.18 2('522 ; O(fg f 4.04+0.62 1?)'.%;8; 4(')‘?’22 Si
Galactose (g/L) - 8.25+0.25 10719 ; 053; 3.65+0.35 8(')?;1; 45; zi
Rhamnose (g/L) - 7.04+0.15 O(j(.)goi 0(')(.)55 0.05 +0.00 4(')?57 31 45;;
Raffinose (g/L) - 11.84+0.28 1(';26; 1(')(.)15; 1414032 111.3?; 65772*
Xylose (g/L) - 3.98+0.15 0(';_316; ogg 068002 ! (';f; Oég;
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Galacturonic acid 10.87 + 0.55 + 270+ 028+
- 411012 10.07 £ 0.
(g/L) 0 0.85 0.01 007£068 0 0.01

+ standard deviation. 2 yield of furfural based on the weight of the starting material. HSBP —enzymatically hydrolyzed sugar beet
pulp. TSBP —thermally pretreated sugar beet pulp. TASBP —thermochemically pretreated sugar beet pulp.

3.2. Batch Tests

The characteristics of pretreated SBP used for experiments is depicted in Table 1. The results of
the batch digestion tests are summarized in Tables 2 and 3, and the plots with cumulative biogas
yields are shown in Figures 2, 3 and Al.

The initial pH value for the methane digesters ranged from 7.05 to 7.33 and for the hydrogen
digesters from 5.48 to 5.61 (Tables 2 and 3). During the experimental period, the average pH value
decreased in each run for both methane and hydrogen digesters irrespective of the treated
hydrolysates. Meanwhile, the pH drop for the trials without pretreatment was more pronounced in
contrast to the other runs. The values of pH showed a decrease below 5.5, which could be linked to
the release of volatile fatty acids (Table 5). Zieminski and Wentel [55] observed a similar pH decrease
(from 7.18 to 6.90) during anaerobic digestion of thermal—pressure pretreated sugar beet pulp.

The fermentability of sugar beet pulp (SBP) hydrolysates was determined by measuring the
production of methane, hydrogen and organic acids. Sugar beet pulp is a good substrate for both
anaerobic digestion and dark fermentation because it is mainly composed of carbohydrates.
However, the compact lignocellulosic complex significantly hinders biological treatment. In our
previous study, both fresh untreated and treated SBP were used for dark fermentative hydrogen
production [45]. The hydrogen yield was only 31 dm?3 Hz/kg VS from fresh untreated sugar beet pulp,
103 dm? Hz/kg VS from steamed SBP, and exceeded 150 dm? Hz/kg VS from enzymatically hydrolyzed
pulp. The difference between previous and current research in the amount of produced hydrogen
after enzymatic hydrolysis may have resulted from the use of pulp collected in two different
campaign seasons. Therefore, in this research, the hydrolysates after furfural production were used
and compared with enzymatically treated pulp to determine their hydrogen and methane potential.
The biogas production from enzymatically treated SBP was greater than the one obtained from the other
hydrolysates. This resulted from the fact that the sugar beet pulp hydrolysate after enzymatic treatment
contained more sugars than the products after thermal and chemical pretreatment since part of these
sugars were involved in furfural production (Table 1). Moreover, the inhibitory role of furfural should
not be excluded. During the experiments, the biogas volumes and composition were measured each
day and the daily values were plotted to obtain the cumulative curves (Figures 2, 3 and A1). The highest
biogas production was observed in the first two days of fermentation reaching a maximum after 24 h
and practically stopped after 3 days for hydrogen experiments. Only in experimental runs of HSBP was
hydrogen production extended to 8 days (Figure Ala,c). The first series of experiments were performed
with neither pH correction nor thermal pretreatment of the substrates and inoculum, and data of these
runs is depicted in Table 2. The greatest methane production in these runs was recorded for sugar beet
pulp (SBP) after enzymatic hydrolysis (402 dm® CHs/kg VS), whereas neither thermal nor thermochemical
pretreatment improved methane yield (Table 2). The highest SMP of 391 dm? CHs/kg VS was obtained for
TSBP-2 which was lower than the production for steamed SBP (416 dm3 CHs/kg VS) reported in the
previous research [45]. This could be due to the formation of phenolic compounds, which is dependent
on the temperature applied. This corresponds to the findings of Zieminski and Wentel [55], who achieved
the highest methane yield (543 dm?® CHas/kg VS) while treating SBP at 120 °C. It must be mentioned,
however, that in batch digestion experiments with enzymatically treated SBP, apart from relatively high
methane yield of 402 dm?® CHa/kg VS, a significant hydrogen production of 113 dm?® Ho/kg VS was also
observed. Similarly, in the TSBP-1 experiment, the specific methane yield of 374 dm® CHai/kg VS was
accompanied with the yield of 93 dm? Hz/kg VS, whereas the corresponding values reported in TSBP-3
run were 391 dm?® CHy/kg VS and 81 dm?3 Ho/kg VS. This means that biogas obtained in these experiments
had high calorific value due to a significant contribution of hydrogen of more than 10% by volume.
Application of sulfuric acid for thermochemical pretreatment of SBP significantly improved furfural
production but had a rather inhibitory effect on both methane and hydrogen yield. The production of
methane reported in runs TASBP-1 and TASBP-2 was residual and did not exceed 40 dm3 CHs/kg VS.
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Methane production in those runs were supposed to be strongly affected by elevated furfural
concentrations. Moreover, in TASBP hydrolysates, the concentrations of sugars were significantly
lower compared to the corresponding values for the other hydrolysates, especially after enzymatic
pretreatment. Another series of experiments was performed using thermal pretreatment and pH
adjustment to 5.5, and the aim of these experiments was to evaluate potential of hydrogen production
from SBP hydrolysates (Table 3). Interestingly, this operation did not avoid methane formation. The
hydrogen yield from enzymatically hydrolyzed SBP (HSBP) was at a comparable level to the Hz
production reported in experiments with no pH adjustment and thermal inactivation of
methanogens. Regarding the experiments with thermally pretreated sugar beet pulp, the highest
hydrogen production of 85 dm? Hz/kg VS was detected in the TSBP-3 run, which also corresponded
to the findings from the first series of experiments (Table 2). Much greater hydrogen production was
achieved in the experiment with hydrolysates from thermochemical pretreatment using 2% sulfuric
acid (TASPB-1). In that run, the production of hydrogen reached 220 dm? Hz/ kg VS (as much as 49%
of the biogas volume) and was the highest in the whole study. A similar hydrogen yield of 252 dm?
Hz/kg VS was achieved from sugar beet stillage (after ethanol production) derived from the same
SBP, and reported in the previous investigation [57]. However, other researchers working with
similar substrates obtained lower hydrogen yields, for instance up to 164 dm3 Ha/kg VS from distillery
wastewater [36] or 103 dm? Hao/kg VS from agricultural residues [34]. Furthermore, the production of
hydrogen from food waste reported by Angeriz-Campoy et al. [30] and Nathao et al. [27] was even
lower and did not exceed 55 dm? Hz/kg VS. In contrast, Dhar et al. [38] obtained 3.2 mol H2/mol hexose
from sugar beet juice (compared to the calculated amount of 1.7 mol Hz/mol glucose in our study),
whereas Singh et al. [58,59], reported even as much as 8 mol Hz/mol glucose, however, they worked
with pure cultures and higher temperatures of the dark fermentation process.

When the concentration of sulfuric acid used for thermochemical pretreatment was increased to
5% (TASBP-2), the hydrogen yield from the hydrolysate was much lower (67 dm? Hz/kg VS). In both
TASBP processed, no methane was detected in biogas. Hence, it seems that sulfuric acid used for
pretreatment stimulates both furfural and hydrogen production but only when used in low amounts
(2% in this study). Another important finding is that hydrolysates obtained in thermal and
thermochemical pretreatment, which gave the highest methane yields, were not suitable for
hydrogen production and vice versa. Only enzymatically treated sugar beet pulp was suitable for
both processes. This is in contradiction to the findings of Arreola-Vargas et al. [40], who successfully
produced hydrogen and methane from acid hydrolysates, however, they did not apply thermal
pretreatment for the raw materials. The cited authors have also mentioned about negative effects on
hydrogen production caused by weak acids, furans and phenolics present in hydrolysates.

Table 2. Parameters of the batch digestion tests without pretreatment.

Specific Gas Specific Methane Specific Hydrogen
Substrate Production (SGP) Production (SMP) dm®  Production (SHP) dm®  pHinitiar  pHitinal
dm¥kg VS CHu/kg VS H:/kg VS

HSBP 913.22 +28.54 40226 2151 112,50 +8.94 7(')%3; 7(-)")3;
TSBP-1 945.22 +130.93 374.24 + 45.09 93.42 + 15.61 7('5’3; 7;3:
TSBP-2 170.30 + 036 83.34+0.52 5.84+0.10 7(')?35 6('33;
TSBP-3 894.50 +15.78 391.16 +12.08 80.68 + 3.60 (e
7.05+ 51+

TASBP-1 61.60 + 3.49 40.16 + 4.85 392022 0(?31 60?01
TASBP-2 3695+ 4.43 11.82+1.35 0.77+0.11 7;;; 6('33:

+ standard deviation. HSBP —enzymatically hydrolyzed sugar beet pulp. TSBP —thermally pretreated sugar beet pulp.
TASBP —thermochemically pretreated sugar beet pulp.
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Table 3. Parameters of the batch digestion tests with pH adjustment and thermal pretreatment.

Specific Gas Specific Methane Specific Hydrogen
Substrate  Production (SGP) Production (SMP) Production (SHP) pHinitial pHiinal
dm?®/kg VS dm?® CHs/kg VS dm? H2/kg VS

HSBP 197.39 +31.21 7.23+1.79 109.89 + 13.58 5(']5(;15 5.32+0.01
561+

TSBP-1 22.60 £3.23 1.95+0.28 13.01 +1.86 0.02 5.36 +0.01
549

TSBP-2 82.29 £3.76 4.46+0.17 15.67 +0.62 0.01 5.18 +0.02
548 +

TSBP-3 200.87 £32.28 32.43 £3.80 85.44 + 36.08 0.04 5.37 +0.05
554 +

TASBP-1 447.22 £5.17 0.00 £ 0.00 219.67 £2.54 0.05 5.40+0.04
561+

TASBP-2 214.67 £4.92 0.00 +0.00 67.08 +1.54 0.02 5.22+0.01

+ standard deviation. HSBP —enzymatically hydrolyzed sugar beet pulp. TSBP —thermally pretreated sugar beet pulp.

TASBP —thermochemically pretreated sugar beet pulp.
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Figure 2. Cumulative hydrogen and methane productions for TSBP-1without pretreatment (A) and

with pH adjustment followed by thermal pretreatment (B).
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Figure 3. Cumulative hydrogen and methane production for TASBP-1 without pretreatment (A) and
with pH adjustment followed by thermal pretreatment (B).

Table 4 shows changes in ammonium-nitrogen and phosphates contents for all tested
hydrolysates during anaerobic digestion and dark fermentation. Generally, greater ammonia
concentrations in the digestates corresponded with higher biogas yields (hydrogen, methane or both
gases). In our previous research [45] carbon (62.3%), nitrogen (5.8%) and phosphorus (4.9%) content
in SBP has been determined. In addition, carbon/nitrogen ratio amounted 10.74, which is relatively
low. However, several papers have been published regarding adequate nitrogen concentrations for
improving hydrogen production, but it is not possible to define an optimal C/N ratio due to the
differences between the configuration and operation of the fermentative process. The highest
ammonia concentration was detected for enzymatically hydrolyzed SBP, which produced as much
as 913 dm?/kg VS of biogas (with 402 dm? CHs/kg VS plus 113 dm? Hz/kg VS) (Table 4). In contrast,
the methane experiments with thermochemically treated SBP (TASPB-1 and TASBP-2) gave very low
biogas yields (Table 2), and the digestates from these processes contained only 431-489 mg/L of
ammonium nitrogen (Table 4). Hence, it is clearly seen that higher ammonia release was due to
greater digestion rate measured by biogas yield (methane, hydrogen or both). Regarding the behavior
of phosphates, the highest concentrations of this nutrient were also determined in digestates from
anaerobic treatment of enzymatically hydrolyzed SBP. Conversely, the lowest phosphate
concentrations were detected in the digestates after anaerobic digestion of thermochemically treated
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SBP (especially TASBP-2). This could suggest partial fixation of phosphates during rapid thermal and
especially thermochemical pretreatment.

Table 4. Concentrations of ammonia and phosphates in the digestates.

Substrate N-NH: (mg/L) P-PO4 (mg/L) N-NH: (mg/L) P-PO4 (mg/L)
Without Pretreatment With pH Adjustment and Thermal Pretreatment

HSBP 825 +0.02 1665 + 0.05 797 £0.02 1580 + 0.02
TSBP-1 751 +0.02 1552 +0.05 662 +0.02 1220 +0.02
TSBP-2 623 +0.05 1020 + 0.02 524 +0.02 1560 + 0.05
TSBP-3 543 +0.02 1032 +0.01 790 +0.01 1460 = 0.05

TASBP-1 489 + 0.01 964 + 0.02 800 + 0.05 1030 +0.01

TASBP-2 431 +0.01 904 +0.02 725 +0.05 980 + 0.05

+ standard deviation. HSBP —enzymatically hydrolyzed sugar beet pulp. TSBP —thermally pretreated sugar beet pulp.
TASBP —thermochemically pretreated sugar beet pulp.

3.3. Volatile Fatty Acid Productions

Fermentative hydrogen production is accompanied by the production of liquid metabolites such
as volatile organic acids (VFAs). Table 5 summarizes the concentrations of individual acids measured
in the digestates from H: experiments when the dark fermentation process reached maximum
hydrogen yield. The concentrations of liquid metabolite components obviously increased with
increasing total sugar concentrations in the feedstock (Table 1). Generally, there was no clear
relationship between type of pretreatment applied, hydrogen yield, and VFA concentration in the
digestate. However, the reactors operated with thermally pretreated beet pulp (TSBP) produced
digestates containing more acids, which corresponded with the lower hydrogen yields in these runs.
Conversely, the digestates obtained from DF of enzymatic or thermochemical pretreatment of beet
pulp (HSBP, TASBP) contained fewer fatty acids, which may suggest that these metabolic products
were utilized during hydrogen production. Another possible explanation is utilization of fatty acids
for synthesis of organic chemicals like levulinic acid under highly acidic conditions, however, this
statement should be confirmed in further research. The main carboxylic acid found in the digestates
was acetic acid while propionic and butyric acids were found in lower concentrations. The above
VEFAs, particularly acetate and butyrate, are normally generated not only during dark fermentation
but also during anaerobic organic acid production from carbohydrate rich substrates [25]. The
exception is valeric acid, the concentration of which was 126 mg/L in the TASBP-1 run in which the
highest hydrogen yield was achieved (Table 5). Several studies reported the inhibitory effects of
propionate on fermentative methane and hydrogen production [60,61]. Fang et al. [62] found that
methane production from propionic acid is slower than from acetic acid and butyric acids. Moreover,
propionate could inhibit the growth of methanogens and Hz-producing bacteria during AD and DF
processes. Hence, from this reason, propionic acid is an undesirable intermediate product in AD.

Table 5. Concentrations of individual organic acids in the digestates.

Substrate/Experimental . opn 1oppi  TSBP.2  TSBP-3  TASBP-1  TASBP-2

Run
Acetic acid (g/L) 0.8855 1.0775 0.9355 0.9930 0.7685 0.6235
Propionic acid (g/L) 0.1280 0.0780 0.1445 0.2335 0.0890 0.0535
i-Butyric acid (g/L) 0.0255 0.1205 0.1005 0.2330 0.0210 0.0335
n-Butyric acid (g/L) 0.0315 0.0905 0.0480 0.0780 0.0440 0.0485
i-Valeric acid (g/L) 0.0000 0.0790 0.1025 0.0570 0.0795 0.0600
n-Valeric acid (g/L) 0.0000 0.0000 0.0000 0.0125 0.1265 0.0780
i-Caproic acid (g/L) 0.0000 0.0425 0.0145 0.0165 0.0000 0.0000
n-Caproic acid (g/L) 0.0180 0.0060 0.0055 0.0055 0.0065 0.0075
i-Heptanoic acid (g/L) 0.0080 0.0000 0.0000 0.0000 0.0000 0.0000
Total VFA 1.0965 1.4940 1.3510 1.6285 1.1350 0.9045

HSBP—enzymatically hydrolyzed sugar beet pulp. TSBP—thermally pretreated sugar beet pulp. TASBP—
thermochemically pretreated sugar beet pulp.
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3.4. Mass and Energy Balance

Figure 4 and Table 6 present the complete energy and mass balance for the integrated system,
for all the experimental variants.

E
g CHipr
o
-]
°
]
5?: Hoap
i

CHy ap

HSBP TSBP-1 TSBP-2 TSBP-3 TASBP-1 TASBP-2
Experimental run

Figure 4. Heat map produced using data from mass balance. The columns of the heat map represent
hydrolysates and the rows represent H2 and CHs production (CHsap, H2ap—without pretreatment;
CHoupr, Hope—with pretreatment). Each cell is colorized based on the level of gas volume from 1 t of
fresh sugar beet pulp. (HSBP—enzymatically hydrolyzed sugar beet pulp; TSBP—thermally
pretreated sugar beet pulp; TASBP —thermochemically pretreated sugar beet pulp).

The calculated energy yield for heating SBP to 140 °C was 18.67 kWh/t, whereas the energy yield
to maintain this temperature for 6 hours was 22.50 kWh/t. In the last experiment, heating at 140 °C was
continued for only 1 hour, which gave the energy yield of only 3.75 kWh/t. It was clearly seen that the
highest energy yield could be achieved using thermal pretreatment of SBP at 140 °C for 6 hours and at
higher SBP biomass content (Table 6). The energy in this case was almost exclusively derived from
methane since only traces of hydrogen were released. On the other hand, the energy yield from SBP
subjected to thermochemical pretreatment was twice lower (74.45 kWh/t) for TASBP-1 (Table 6). Greater
addition of sulfuric acid (5%) for pretreatment resulted in the highest furfural production but had a
lethal impact on both methane and hydrogen production (Figure 4).

Table 6. Simplified energy balance for experimental variants.

Fuel Volume Specific Energy Yield per Theoretical Energy Yield
(m3/tssp) Volume (kWh/m?3) (kWh/tssp)
TSBP-1
Methane 17.74 10.21 +181.07
Hydrogen 0.61 3.58 +2.19
Hleat - - 4117
treatment
Total'energy _ B 714209
yield
TSBP-2
Methane 3.92 10.21 +40.00
Hydrogen 0.27 3.58 +0.95
Heat - - -18.67
treatment
Totalienergy _ B 72228
yield
TSBP-3
Methane 13.09 10.21 +133.69

Hydrogen 2.07 3.58 +7.42
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Heat - - 4117
treatment
Totalienergy _ _ $99.94
yield
TASBP-1
Methane 6.59 10.21 +67.30
Hydrogen 7.21 3.58 +25.82
Heat - - -18.67
treatment
Totalienergy _ B Y7445
yield
TASBP-2
Methane 2.37 10.21 +24.17
Hydrogen 1.59 3.58 +5.70
Heat - - 2242
treatment
Totalienergy _ B $7.45
yield

TSBP —thermally pretreated sugar beet pulp. TASBP —thermochemically pretreated sugar beet pulp.

4. Conclusions

This study demonstrated that hydrolysates after furfural production from sugar waste biomass
can potentially be used as fermentation media for methane and hydrogen production. The
hydrolysates at the end of furfural production still contain high enough concentrations of sugars,
which make them attractive for dark fermentation and anaerobic digestion. The experiments showed
that the most promising option was the application of thermochemical pretreatment of sugar beet
pulp using 140 °C and 2% sulfuric acid solution followed by dark fermentation. In this variant,
around 4 g/L of furfural and 220 dm? Hz/kg VS could be achieved. At higher sulfuric acid
concentration of 5%, the concentration of furfural admittedly increased to 12 g/L but the hydrogen
yield dropped significantly to 67 dm3 Ho/kg VS. Thus, in order to fully utilize the biotechnological
potential of sugar beet pulp, furfural should be removed from hydrolysates before anaerobic
digestion to maximize yields of both products.

Author Contributions: Conceptualization: W.C.-W., M.B. and J.T.; methodology: M.B.,, W.C.-W,, ].T. and ].D,;
writing—original draft preparation: W.C.-W., M.B., S.B. and ].D.; writing—review and editing: S.B., P.D. and
LW.; visualization: W.C.-W., M.B.; supervision: S.B., P.D. and . W.; project administration: P.D.

Funding: Research were supported by National Centre for Research and Development Grant No. BIOSTRATEG
2/296369/5/NCBR/2016.

Conflicts of Interest: The authors declare that they have no competing interests.

Abbreviations
5-HMF 5-hydroxymethylfurfural
AD anaerobic digestion
COD chemical oxygen demand
DF dark fermentation
FID flame ionization detector
HSBP sugar beet pulp enzymatic hydrolysate
LA levulinic acid
OLR organic loading rate
PEG nitroterephthalic-acid-modified polyethylene glycol
SBP sugar beet pulp
SGP specific gas production
SHP specific hydrogen production
SMP specific methane production

SRT solids retention time
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TSBP sugar beet pulp after thermal treatment
TASBP sugar beet pulp after thermal and acidic treatment
TAN total ammonium nitrogen
TS total solids
VFA volatile fatty acids
VS volatile solids
Appendix
A. TSBP-2—without pretreatment B. TSBP-2—with pH adjustment, thermal correction
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Figure Al. Cumulative hydrogen and methane production without pretreatment (A—TSBP-2, C—

TSBP-3, E—TASBP-2) and with pH adjustment, thermal correction (B—TSBP-2, D—TSBP-3, F—
TASBP-2).
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