
Vol.:(0123456789)1 3

Waste and Biomass Valorization (2020) 11:2397–2407 
https://doi.org/10.1007/s12649-018-00567-9

ORIGINAL PAPER

Enhanced Biogas Production from Rice Husk Through Solid-State 
Chemical Pretreatments

Akinola David Olugbemide1 · Labunmi Lajide2 · Albert Adebayo2 · Bodunde Joseph Owolabi2

Received: 19 May 2018 / Accepted: 30 December 2018 / Published online: 8 January 2019 
© Springer Nature B.V. 2019

Abstract
Solid-state chemical pretreatment was carried out on rice husk (RH) for biogas production with hydrochloric acid (HCl), 
sodium hydroxide (NaOH) and ethanol  (C2H5OH), at three concentrations i.e., 1, 3 and 5% at 100 and 120 °C for 60 min. 
Ethanol (organosolv) pretreated sample with 3% concentration and pretreatment temperature of 100 °C (3E100) had the 
highest biogas production of 5545 mL followed by NaOH pretreated substrate (3N100) with 4705 mL while acid pretreated 
sample (5H100) produced 700 mL which was lower than the control (raw RH) which was 2500 mL. The biogas yields val-
ues were 67.32, 60.89, 32.26 and 9.32 mL/gVS for 3E100, 3N100, RH and 5H100 respectively. Alkaline and organosolv 
pretreatments improved biogas quality with methane contents of 50.27 and 50.68%. A confirmation that solid state chemical 
pretreatment of RH with NaOH and  C2H5OH could significantly enhance biogas production. The viability of the digestates 
as biofertilizer was evaluated with the conclusion that they could be used as low grade fertilizers based on their mineral 
contents and heavy metal concentrations.
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Statement of Novelty

The research is undertaken to evaluate the impact of solid 
state chemical pretreatments on biogas yields from rice husk 
which is an abundant agricultural waste in Nigeria. Solid 
state chemical pretreatment which addresses the problem of 
wastewater generation often associated with wet pretreat-
ment method has not gained prominence among research-
ers. The research seeks therefore to promote the use of the 
method in order to make chemical pretreatment methods 
more cost effective by reducing the amount of chemical rea-
gent that will be needed to reduce the recalcitrant nature of 
lignocellulosic biomass for anaerobic digestion. Changes in 
structural and chemical composition of the substrates con-
firmed by FTIR, SEM and XRD testify to the impact of 
solid state chemical pretreatment in making the substrates 
more amenable to bacterial attack. This is attested to by the 

121.80% and 89% increase in biogas production of both 
organosolv and alkaline pretreatments at 3% concentration 
over the untreated sample. Potentials of the digestates as 
biofertilizer was also highlighted. The information obtained 
from the research work is expected to be useful in providing 
troubleshooting tips for biogas operators.

Introduction

The quest for cleaner and sustainable renewable energy 
resources is one of the propelling forces that has encouraged 
numerous research efforts. Renewable energy production 
from biomass has been adjudged one of the ways to tackle 
challenges associated with the use of fossil fuels. These 
challenges range from their depleting nature, threat to the 
environment which is currently noticed in climate change 
and global warming [1, 2]. Though a major oil producer, 
Nigeria still struggles to meet the energy demands of her 
teeming population [3]. Nigeria is yet to take her position on 
the continent in investing massively in renewable energies 
for sustainable development [4]. This is due partly to over-
dependence on fossil fuels and lack of political will to ven-
ture into the ‘unknown’. Apart from being an oil producing 
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nation, Nigeria is also blessed with vast arable lands which 
have encouraged agricultural practices in some parts of the 
country leading to generation of several hundred million 
tonnes of agricultural wastes annually [5].

Rice husk (RH) is a biowaste that is generated in large 
quantity annually through the activities of rice harvest-
ing and processing. Rice as an important staple food for 
the average Nigerian is cultivated in large quantity to cater 
for the need of the consumers. It has been estimated that 
Nigeria produces 2.0 million tonnes of rice yearly [6]. The 
RH wastes generated are often disposed indiscriminately; at 
times by open burning and in some cases they are dumped 
in landfills where they could be a source of methane emis-
sion [7]. All these invariably lead to environmental pollu-
tion and degradation posing a formidable threat to human 
health. Production of renewable energy from agricultural 
wastes through AD provides an environmentally friendly 
alternative that can mitigate disposal problems often associ-
ated with wastes generated from agricultural activities. RH 
which is a lignocellulosic material could be used to produce 
biogas, however, there is a major drawback in the use of 
lignocellulosic materials for anaerobic digestion (AD) which 
is their complex nature that makes them resistant to enzy-
matic or bacterial attack [8]. Pretreatment of biomass prior 
to AD is therefore imperative to improve biodegradability, 
biogas yield and overall efficiency of the process. There are 
four types of pretreatments namely physical pretreatment, 
physico-chemical pretreatment, biological pretreatment 
and chemical pretreatment. Chemical pretreatment in com-
parison to other pretreatment methods has the advantage of 
easiness, fastness, and effectiveness [9]. The physical struc-
tures and chemical compositions of lignocellulosic materials 
could be altered through various chemical pretreatments, 
making the compositions in lignocellulosic materials more 
accessible and more readily biodegradable to anaerobic 
microorganisms, thus increasing digestion efficiency and 
biogas production [10]. Chemical pretreatment methods 
used in this research were acid (HCl), alkaline (NaOH) 
and organosolv  (C2H5OH) pretreatments. Large amount of 
chemicals are usually consumed in wet chemical pretreat-
ment method which makes the process quite expensive due 
to the need for recycling and treatment of wastewater gen-
erated before discharging into the environment. Besides, 
the likelihood of explosion or fire hazard and the need for 
sophisticated reactor associated with wet chemical pretreat-
ment when a volatile solvent like ethanol is used as the pre-
treatment agent at a high temperature [11] can be avoided 
through solid-state pretreatment method. Despite these 
notable benefits, little has been done on solid-state chemi-
cal pretreatments compared to wet chemical pretreatment. 
However, some pioneering studies have been reported with 
promising results. He et al. [12] in their work on rice straw 
for biogas production used alkaline solid state chemical 

pretreatment at four concentrations of 4, 6, 8 and 10% and 
four loading rates of 35, 50, 65 and 80 g/L. They reported 
that 6% NaOH-pretreated substrate had a biogas yield of 
64.5% higher than the untreated sample. In another work 
done by Pang et al. [13] on corn stover using also solid state 
chemical pretreatment method, 6% NaOH-pretreated sample 
had an increase of 48.50% higher than the raw sample. The 
effects of various chemical pretreatment methods on biogas 
yield, production rate, morphologies, chemical composition, 
and biodegradability were the focus of this research.

Materials and Methods

Sample Collection and Preparation

The rice husk (RH) used in the study was obtained from a 
rice mill in Auchi, Etsako West Local Government Area of 
Edo State, Nigeria. The RH was pulverized and screened 
through a 250 microns sieve and stored in an airtight plastic 
bottles at room temperature prior to physico-chemical analy-
sis and AD experiments.

Solid‑State Chemical Pretreatment

Solid-state chemical pretreatment method was employed 
using three chemicals namely; hydrochloric acid, sodium 
hydroxide and ethanol. These represent acid, alkaline and 
organosolv chemical pretreatments. In this research, 500 g 
of RH was mixed thoroughly with 500 mL of each of the 
chemical reagents which was equivalent to solid-to-liquid 
ratio of 1:1 leaving no wastewater but enough water in the 
substrates to keep them in the saturated state [12]. Pretreat-
ments were performed by using 1, 3 and 5% of the chemical 
reagents at 100 and 120 °C for 60 min. Eighteen samples 
were generated as depicted in Table 1. Organosolv pretreat-
ment was catalyzed by adding 1% (w/w)  H2SO4 [14]. There-
after the samples were sun-dried for three days and then used 
directly for AD without washing [15].

Experimental Design

The raw and pretreated samples were digested in batch 
anaerobic digesters. One litre Buchner flasks with a working 
volume of 0.75 L were used as digesters. 100 g each of the 
pretreated samples were placed in the digesters and mixed 
with 800 mL of distilled water to achieve a solid-to-liquid 
ratio (SLR) of 1:8 while raw RH digested at the same dilu-
tion ratio was used as the control. The choice of the SLR 
was based on our previous study [16].The pretreated sam-
ples were labeled based on the concentration of the chemi-
cal used and the pretreatment temperature as depicted in 
Table 1. The experiment was done for a retention time of 
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21 days at mesophilic temperature of 37 ± 2 °C. Cumula-
tive biogas produced was measured by downward displace-
ment of brine solution every 24 h while the production rate 
was calculated [17]. Methane contents were determined by 
the method described by De la Rubia et al. [18]. Flamma-
bility test (Fig. 7) was conducted according to the method 
described by Mokobia et al. [19].

Methanogenic Inhibition

Methanogenic inhibition of the pretreated samples was cal-
culated based on Eq. 1

where  CH4; end pretreatment and  CH4; end untreated rep-
resent percentage of methane in the pretreated and the 
untreated substrates. Negative values indicate methanogenic 
enhancement [20].

Analytical Methods

The raw and pretreated samples were analyzed for mois-
ture content (MC), ash content, carbon, nitrogen, total 
solid, volatile solid, lignin, cellulose and hemicellulose 
according to standard methods [21, 22] and the results 
are summarized in Table 2. The pH values of the slurries 
before and after were determined using a hand-held digi-
tal pH meter (Hanna Instruments, Italy). A Fourier-transfer 

(1)

Methalogenic inhibition (%) =
100 − CH4;end pretreatment

CH4;end untreatment
× 100

infrared spectrophotometer (Shimadzu 8400s) was used to 
determine changes in the functional groups of the substrate 
after pre-treatment. Scanning electron microscopy (SEM, 
Hitachi S4800) was used to assess the morphology of raw 

Table 1  Pretreatment conditions 
for solid-state pretreated rice 
husk using hydrochloric acid, 
sodium hydroxide and ethanol

Sample Concentration (%)/
chemical

Weight of sam-
ples (g)

Volume of chemical 
used (mL)

Temperature 
(°C)

Time (min)

1H100 1% HCl 500 500 100 60
1H120 1% HCl 500 500 120 60
3H100 3% HCl 500 500 100 60
3H120 3% HCl 500 500 120 60
5H100 5% HCl 500 500 100 60
5H120 5% HCl 500 500 120 60
1N100 1% NaOH 500 500 100 60
1N120 1% NaOH 500 500 120 60
3N100 3% NaOH 500 500 100 60
3N120 3% NaOH 500 500 120 60
5N100 5% NaOH 500 500 100 60
5N120 5% NaOH 500 500 120 60
1E100 1%  C2H5OH 500 500 100 60
1E120 1%  C2H5OH 500 500 120 60
3E100 3%  C2H5OH 500 500 100 60
3E120 3%  C2H5OH 500 500 120 60
5E100 5%  C2H5OH 500 500 100 60
5E120 5%  C2H5OH 500 500 120 60

Table 2  Physico-chemical properties of raw and pretreated rice husk

RH rice husk, 5H100 5% acid-pretreated substrate, 3% alkaline-pre-
treated substrate, 3E100 3% organosolv pretreated substrate, pHi ini-
tial pH, pHf final pH

Parameters RH 5H100 3N100 3E100

Moisture 
content

7.84 ± 0.04 9.50 ± 0.17 6.67 ± 0.00 3.00 ± 0.00

Ash con-
tent

14.67 ± 0.09 15.37 ± 0.08 15.73 ± 0.02 14.62 ± 0.06

Total 
nitrogen

2.91 ± 0.02 1.12 ± 0.02 1.07 ± 0.00 1.30 ± 0.00

Crude 
protein

18.19 ± 0.09 7.00 ± 0.10 6.69 ± 0.00 8.13 ± 0.00

Carbon 
content

47.41 ± 0.02 45.51 ± 0.63 33.15 ± 0.01 39.78 ± 0.01

C/N 16.27 ± 0.08 40.63 ± 2.28 30.98 ± 0.01 30.60 ± 0.01
pHi 5.30 ± 0.10 2.10 ± 0.00 8.90 ± 0.10 5.60 ± 0.20
pHf 4.13 ± 0.06 2.60 ± 0.10 5.80 ± 0.00 4.33 ± 0.06
Total solid 92.16 ± 0.04 90.50 ± 0.17 93.33 ± 0.00 97.00 ± 0.00
Volatile 

solid
77.49 ± 0.05 75.13 ± 0.22 77.60 ± 0.22 82.38 ± 0.06

Hemicel-
lulose

23.69 ± 0.49 64.06 ± 0.14 20.07 ± 0.03 22.80 ± 0.10

Cellulose 40.52 ± 0.41 11.35 ± 0.01 31.76 ± 0.02 32.71 ± 0.09
Lignin 35.80 ± 0.09 24.59 ± 0.49 48.18 ± 0.05 44.49 ± 0.02
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and pretreated samples while X-ray diffraction (XPert PRO 
model, Netherlands) was used to determine the crystallinity 
index of the pretreated samples.

Results and Discussion

Physico‑Chemical Properties

Based on our previous works, 3N100 and 3E100 were the 
best substrates from acid and organosolv solid state pretreat-
ment categories [23, 24] while 5H100 was the best of the 
acid-pretreatment category based on cumulative biogas pro-
duction (Fig. 1). These most promising substrates from each 
of the categories were compared with the raw RH. Physico-
chemical properties of the substrates are shown in Table 2. 
The various components of the samples were differently 
affected by the different pretreatment methods. The initial 
pH values ranged from 2.10 to 8.90 while the final pH values 
ranged from 2.60 to 4.80. Generally, there was a decrease 
in pH values at the end of the AD process except for 5H100 
with a slight increase. The decrease may be due partly to 
volatile fatty acid (VFA) accumulation [25] and it showed 
that the buffering capacities of the digesters were poor.

There was a decrease in moisture content after pretreat-
ment except for 5H100. Ash content increased for sam-
ples 5H100 and 3N100 but a decrease was observed in 
3E100. The increase may be attributed to the  Na+ and 
 Cl− ions in the chemicals used in the other two pretreat-
ments [12]. Crude protein ranged between 6.69 ± 0.00 and 
18.19 ± 0.09% (RH) with RH having the highest value 
while 3N100 had the least. The C/N ratios of the raw sam-
ple was within the recommended range while 3E100 and 
3N100 were slightly higher than the range. C/N ratio for 
5H100 was significantly (p < 0.05) higher than the control 
and other pretreated samples. This could be one of the 
reasons for the low biogas yields recorded for the acid 

pretreated sample. The recommended C/N ratio for AD 
ranges from 10 to 30:1 [26].

There was marked increase in both TS and VS for both 
3N100 and 3E100 compared to raw sample (Table 2). 
NaOH and  C2H5OH pretreatments therefore could 
increase the amount of biodegradable materials which 
would be readily available to anaerobic microorganisms 
for biogas production. This was confirmed by the signifi-
cant (p < 0.05) increase in biogas production in 3N100 
and 3E100 compared to RH. The VS content of 3E100 
was similar to 83.60% reported for ethanol pretreated rice 
straw by Mirmohamadsadeghi et al. [14]. 5H100 had lower 
values than the raw sample for both TS and VS which was 
evident in the lower biogas production than RH (Fig. 1). 
The lower yield could also be as a result of formation of 
inhibitors during pretreatment process. Inhibitors such as 
furfural and hydromethylfurfural have been reported to 
inhibit hydrolysis which is the rate-limiting step in anaero-
bic digestion [27, 28]. This observation was confirmed by 
the prolonged lag phase of 5H100 digesters compared to 
others.

Lignin

There was an increase in lignin content after pretreatment 
except for 5H100. This could be as a result of formation 
of pseudo-lignin during pretreatment [29]. It has also 
been reported that there could be redeposition/relocali-
zation of lignin upon cooling after pretreatment [30]. It 
has also been noticed that lignin could be moved away 
from much of the cellulose microfibril surfaces without 
being removed entirely from the biomass. This re-locali-
zation enhances accessibility and could be the reason for 
improved digestibility as observed in 3E100 and 3N100 
despite the increase in lignin content. Donohoe et  al. 
[29] have observed that the disruption and relocaliza-
tion of lignin could be as important as actual removal of 
lignin to improve biomass degradation. Thus modifica-
tion of lignin due to pretreatment could have made the 
substrates more amenable to AD. Taherzadeh and Karimi, 
[31] have pointed out that the composition (i.e., the type 
of lignin) and distribution of lignin in a biomass could 
be as important as the concentration of lignin. Invariably, 
alteration of lignin composition by chemical pretreatment 
could improve biomass digestibility though there might 
be increase in lignin content [32]. Increase in lignin con-
tent after pretreatments has been documented in the litera-
ture [33, 34]. The lignin content of raw RH was similar 
to 36.10% reported for rice straw by Bharathiraja et al. 
[35] while that of the pretreated samples were lower than 
58.30% for palm kernel shell by Marrugo et al. [36].
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Fig. 1  Cumulative biogas production of raw and pretreated RH
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Cellulose and Hemicellulose

The amount of cellulose and hemicellulose decreased after 
chemical pretreatment except for 5H100 in which hemicellu-
lose increased after pretreatment. This showed that pretreat-
ment caused degradation of these polysaccharides, however, 
the rate of degradation differed. Degradation of hemicel-
lulose was higher in 3N100 than 3E100 while degradation 
of cellulose was highest in 5H100. Contrary to the trend 
observed for hemicellulose degradation in other samples, 
hemicellulose increased in 5H100. This has been attributed 
to stripping of lignin and some soluble substances leading 
to the increase of the relative ratio of hemicellulose in the 
acid-pretreated substrate [37].

Effect of Chemical Pretreatment Methods 
on Morphological Properties

Scanning Electron Microscopy (SEM)

Figure 4 shows the SEM images of raw and pretreated sam-
ples. Structural deformation after chemical pretreatments 
was established. The smooth and compact surface of the 
raw sample was changed in the different pretreated samples 
to various degrees. Pretreated samples surfaces became une-
ven, loosened and roughed. Crack development and sponge-
like structure of the pretreated samples indicated increase 
in porosity (surface area) which would make them prone to 
enzymatic attack. Overall, the structures of the pretreated 
samples were disrupted significantly compared to the raw 
sample. This shows that solid state chemical pretreatment 
at these concentrations could effect structural changes in 
the biomass.

Fourier Transform Infrared (FTIR)

FTIR spectra of raw and pretreated samples are presented 
in Fig. 4. The band at 3431 cm−1 was assigned to the OH 
stretching and the intensity of absorption was decreased for 
all the samples, an indication that intramolecular hydro-
gen bonds were disrupted [38]. The bands at position 2926 
and 2855 cm−1 attributed to C–H stretching decreased in 
intensity after pretreatments showing that methylene por-
tions of cellulose were ruptured [39]. The absorption band 
at 1710 cm−1 attributed to hemicellulose, was found only 
in raw RH and 5H100 but disappeared after alkaline and 
organosolv pretreatments indicating that these pretreatment 
methods were efficient in degrading hemicellulose. This 
band increased in intensity after acid pretreatment confirm-
ing the result of hemicellulose content reported in Table 2 
for 5H100. The peak at 1159 cm−1 assigned to hemicellulose 
increased in sample 5H100 but decreased in other samples. 
This is corroborated by the physico-chemical analysis data 

that revealed that hemicellulose content increased in 5H100. 
The peaks at 1465 and 1649 cm−1 assigned to skeletal aro-
matics generally found in lignin increased in all the pre-
treated samples except for 5H100 which was supported by 
the increase in lignin content after alkaline and organosolv 
pretreatments (Table 2). Conclusively, the FTIR spectra con-
firmed changes in chemical composition of the samples after 
solid-state chemical pretreatments.

X‑Ray Diffraction Pattern (XRD)

The X-ray diffraction patterns of raw and pretreated samples 
are depicted in (Fig. 5). The effectiveness of the pretreat-
ments on cellulose crystallinity was confirmed by calcu-
lating the crystallinity index (CrI) and the results revealed 
that CrI decreased after pretreatments. This shows that the 
pretreatment methods were able to reduce the crystallinity 
of the sample making more amorphous cellulose available 
for enzymatic attack which could improve AD process. It 
has been reported that the amorphous cellulose were more 
susceptible to microbial attack than the crystalline cellulose 
[39]. Similar results were previously reported for pine, pop-
lar and berry woods pretreated with concentrated phosphoric 
acid [40]. Farahani et al. [41] also reported a decrease in 
CrI after pretreatment but contrary to that obtained by Li 
et al. [25] for solid state alkaline pretreated corn stover in 
which there was no significant difference in CrI of the raw 
and pretreated sample. The results were 41.80, 27.45, 19.59 
and 39.68% for RH, 5H100, 3N100 and 3E100 respectively. 
There was no direct relationship though between biogas pro-
duction and CrI. This observation is in agreement with the 
findings of Kim et al. [42] in their work on aqueous ammo-
nia pretreatment of corn stover.

The sample with the lowest CrI did not produce the high-
est biogas which is an indication that other factors might 
have contributed to the overall effect of pretreatment on AD 
process. It has been observed that the impact of increased 
surface area accompanying pretreatment could be more 
important than changes in CrI [43]. However, in compari-
son with the raw sample decrease in CrI improved biogas 
yields except for 5H100 which lower pH and/or formation of 
inhibitors could have overshadowed the impact of decrease 
in CrI as earlier mentioned.

Comparison of Anaerobic Digestion of Raw 
and Selected Pretreated Rice Husk

Figures 1 and 2 show cumulative and daily biogas pro-
duction of the samples. Cumulative biogas production of 
the samples are: RH = 2500 ± 40, 3E100 = 5545 ± 125, 
3N100 = 4705 ± 135 and 5H100 = 700 ± 30  mL respec-
tively. It can been seen that 3E100 and 3N100 produced 
significantly (p < 0.05) higher cumulative biogas than RH. 
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An opposite trend was observed for 5H100 which produced 
700 mL which was significantly lower than the raw sam-
ple. All the digesters had zero lag phase except 5H100 with 
a lag phase of 6 days. Lower lag phase indicates a quick 
start-up which is beneficial for AD process. It is worthy of 
note that no inoculum addition was made in order to esti-
mate indigenous methanogenic activities or behaviours of 
the substrates. This is in line with the work of Vrieze et al. 
[44] in which indigenous methanogenic activities of some 
agro-industrial substrates were determined by non-inclusion 
of inoculum. Inocula are mainly used to startup anaerobic 
digestion in order prevent process failure [45]. Several works 
on biogas production from different organic wastes with or 
without inoculum additives have been reported with various 
results obtained for startup time. In the study conducted by 
Alkanok et al. [46] on anaerobic digestion of supermarket 
wastes inoculated with industrial anaerobic water treatment 
plant, the lag phase was zero. In the same vein, Pandey et al. 
[47] reported zero lag phase for dairy waste inoculated with 
effluent from digester treating potato starch waste. On the 
other hand, lag phases of 4 and 9 days were reported by Li 
et al. [25] and Cheng and Zhong [48] for cotton stalk and 
kitchen waste with inoculum additives. For anaerobic diges-
tion without inoculum, Aiwonegbe et al. [49] reported a lag 
phase of 1 day for plantain leaves while Ofoefule et al. [50] 
reported zero lag phase for anaerobically digested unpow-
dered rice husk. The lag phase recorded for the LMs in this 
research was relatively low (except 5H100) which was an 
indication of a good startup in the digesters despite the fact 
that no inoculum was added.

The low pH of acid-pretreated sample could be one of 
the reasons for the extended lag phase. Rapid degradation 
of hemicellulose has been reported to take place at low pH 
leading to formation of inhibitors which could have impaired 
biogas production [11]. This was contrary to the finding of 

Liang et al. [51] in which they observed improvement in 
biogas production rate but not in biogas production. Figure 3 
shows the biogas yields of the samples. The values ranged 
from 9.32 to 67.31 mL/gVS with the highest recorded for 
3E100 while 5H100 had the least value. The 67.31 mL/gVS 
biogas yield reported for 3E100 was higher than 55 mL/gVS 
reported for NaOH pretreated yard waste by Zhang et al. 
[52]. It is worth emphazing that the optimum pretreatment 
temperature was 100 °C rather than 120 °C in all the chemi-
cal pretreatments which would mean less consumption of 
energy [53]. Daily biogas production of raw and pretreated 
samples of RH is shown Fig. 2. The substrates attained 
their peak values at different times. Samples RH and 3E100 
reached their peaks on day 1 while 3N100 was on day 3. 
Though both RH and 3E100 attained their peak values (885 
and 870 mL) earlier than 3N100, the amount produced by 
3N100 was significantly higher i.e. 1670 mL. This increase 
would have offset the delay in reaching the peak day earlier. 
The results revealed that organosolv pretreatment improved 
cumulative biogas production in 3E100 while alkaline pre-
treatment improved biogas production rate in 3N100. Attain-
ing peak value in a short time with high amount of biogas 
would be of immense benefit when AD process is run on a 
continuous basis. The finding in 3E100 was contrary to that 
of Liang et al. [51] in which they observed improvement in 
biogas production rate but not in biogas production (Figs. 4, 
5, 6, 7).

Biogas Quality

Methane and Carbon Dioxide Contents

The quality of biogas, which is the percentage of methane, 
was determined according to the method described by De la 
Rubia et al. [18]. Table 3 shows methane and carbon dioxide 
contents of raw RH and pretreated substrates. The methane 
contents were 46, 1.43, 50.27 and 50.68% for RH, 5H100, 
3N100 and 3E100. The methane contents of 3E100 and 
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3N100 were higher than that of the raw sample and 5H100 
but no significant difference in methane content of 3E100 
and 3N100. The carbon dioxide content of 5H100 was far 
higher than other substrates. The methane contents with the 
exception of 5H100 were higher than 25.27% recorded for 
organic fraction of municipal waste (OFMSW) by Fdez-
Guelfo et al. [54] but close to 57.3% dairy product waste 
reported by Alkanok et al. [46]. The volume of methane 
was also highest for 3E100 followed by 3N100. In com-
paring biogas quantity and quality of the substrates it was 
observed that both 3E100 and 3N100 improved these two 
parameters. This observation was similar to that of Zhou 
et al. [55] in their work on biogas production from pretreated 
corn stover and cow dung. However, 3E100 performed better 
than 3N100 in terms of biogas quantity.

All the substrates produced flammable biogas except 
5H100. It has been reported that biogas with less than 45% 

Fig. 4  Scanning electron micro-
scope images of a raw RH, b 
3E100, c 5H100, d 3N100
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methane would not produce flame which is an indication that 
the carbon dioxide content was higher than methane content 
[50]. Methanogenic inhibition of the pretreated samples was 
calculated by using Eq. 3.1. The results were 96.89, − 9.28 
and − 10.00% for 5H100, 3N100 and 3E100 respectively. 
The negative values indicate that there was methanogenic 
enhancement in digesters 3N100 and 3E100 as evidenced 

in biogas production whereas 5H100 had a positive value an 
indication that there was methanogenic inhibition [20] which 
could be one of the reasons for the low yield.

Biofertilizer Potentials of Digestates

The digestates from the AD process were evaluated to deter-
mine their suitability as biofertilizer. In comparison to raw 
RH, there was loss in mineral contents (N, P and K) after 
AD in all the digestates as shown in Table 4. The decrease 
in nitrogen content has been attributed to release of ammo-
nia during AD process [56, 57]. Among the digestates, rice 
husk digestate (RHD) had the best value for nitrogen while 
5H100 had the best values for potassium and phosphorus. 
Reduction in phosphorus level in digestate has been reported 
in literature [58]. Generally, the nitrogen, phosphorus and 
potassium (NPK) contents of all the digestates were lower 
than the German Standard for biofertilizers namely: greater 
than 0.5% (N), 0.3% (P) and 0.5% (K) [59]. The results of 
this work were contrary to the increase in contents of diges-
tates reported by Bouallagui et al. [60] for the digestates 
of fruit and vegetable waste and Ali et al. [61] for Jatroph 
curcas defatted waste. There was also decrease in sodium, 
calcium and magnesium contents in all the samples in com-
parison to RH but for 3E100D there was increase in these 
minerals after anaerobic digestion. The increase or decrease 
in mineral composition of digestates produced after AD has 
been attributed to complexation reactions that take place in 
the digester. Precipitation has also been identified as a pos-
sible reason for this phenomenon. However, further research 
has been recommended to fully understand the effect of AD 
process on the mineral composition of digestates [62, 63].

The heavy metal contents lead (Pb), cadmium (Cd), chro-
mium (Cr) and nickel (Ni) for RHD, 5H100, 3N100 and 
3E100 were determined and compared with Turkish standard 
on soil pollution control [64] for plants (Table 5). The con-
centrations of Pb, Cd and Cr in the digestates varied between 
0.05–0.11, 0.03–0.05, and 0.02–0.04 and 0.01 ppm respec-
tively while the concentration for Ni was the same in all the 
digestates. The concentrations of the heavy metals studied 
were all below the limit values by Turkish standard for soil 
pollution control. These concentrations were also below the 
range reported by Demirel et al. [64] in their work on heavy 
metal contents of digestates from batch anaerobic codiges-
tion of sunflower hulls and poultry manure. The range for 
cadmium was lower than 0.9 ppm reported for digestate of 
municipal solid waste (MSW) by Alibardi and Cossu [65] 
and 0.17 ppm reported for Acacia modesta leaves by Nazir 
et al. [66].

The effectiveness of a pretreatment is not only determined 
by the efficiency of AD process but also in terms of eco-
nomic performance. The financial success of a biogas plant 
depends among other things on the quality and biogas yield 
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Fig. 6  X-ray diffraction patterns of raw and pretreated samples

Fig. 7  Flammability test on biogas produced from the experiments

Table 3  Methane and carbon dioxide contents of raw rice husk and 
pretreated substrates

Sample Methane 
content 
(%)

Volume of 
methane 
(mL)

Carbon diox-
ide content 
(%)

Volume of 
carbon dioxide 
(mL)

RH 46.00 1150.00 54.00 1350.00
5H100 1.43 10.00 98.57 689.99
3N100 50.27 2365.20 49.73 2339.80
3E100 50.68 2810.21 49.32 2734.79
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of the feedstock used [67]. A simplistic economic assess-
ment of the pretreatment method vis-à-vis biogas yield was 
carried out according to the method described by Song 
et al. [67]. The economic assessment was done based on 
the exchange rate as at the time of the research which was 
281 naira to a dollar. The unit prices of HCl and  C2H5OH 
were per 500 mL while NaOH was per 500 g. Table 6 com-
pares the economic performance at optimum conditions and 
biogas yields.  C2H5OH showed the lowest cost and the high-
est biogas yield compared to other pretreatment methods 
followed by alkaline pretreatment method with 270 naira 
to produce 60.63 mL/gVS. Though the cost of alkaline pre-
treatment was higher than acid pretreatment but the biogas 
yield was significantly higher than 9.32 mL/gVS produced 
from acid pretreated substrate. It is noteworthy that the cost 
of material for construction of pretreatment reactor will be 
cheapest for  C2H5OH since it is the mildest of the chemi-
cals used and may not require sophisticated reactor that is 
resistant to corrosion, which makes the pretreatment process 
relatively inexpensive. Going by all the afore-mentioned, 

 C2H5OH can be considered the most preferred of all the 
reagents used from economic point of view.

Conclusion

Biogas production and methane contents of RH was 
enhanced through solid-state chemical pretreatments. Pre-
treatments also had remarkable effects on the chemical com-
positions and morphologies of the substrates as evident by 
the results of physico-chemical analysis, FTIR, SEM and 
XRD. Solid-state chemical pretreatment at the concentra-
tions considered modified the structure of lignocellulosic 
biomass thus making them more amenable to attack by 
anaerobic microorganisms for biogas production. The results 
from this research revealed that 3% concentration of NaOH 
and EtOH solid-state pretreatments at 100 °C for 60 min 
were the optimum conditions for maximum biogas produc-
tion from RH for alkali and organosolv pretreatments. Acid 
pretreatment on the other hand, had a negative effect on 

Table 4  Mineral contents of 
RH, RHD and digestates of 
pretreated samples

RHD rice husk digestate, 5H100D 5% acid-pretreated digestate, 3% alkaline-pretreated digestate, 3E100 
3% organosolv pretreated digestate

Sample N (%) P (%) K (%) Na (%) Ca (%) Mg (%)

RH 2.91 ± 0.02 0.08 ± 0.00 0.42 ± 0.00 0.02 ± 0.00 0.35 ± 0.00 0.18 ± 0.00
RHD 1.61 ± 0.01 0.02 ± 0.00 0.11 ± 0.00 0.01 ± 0.00 0.15 ± 0.00 0.06 ± 0.00
5H100D 1.12 ± 0.02 0.04 ± 0.00 0.19 ± 0.00 0.01 ± 0.00 0.30 ± 0.00 0.11 ± 0.00
3N100D 1.07 ± 0.00 0.03 ± 0.00 0.15 ± 0.00 0.01 ± 0.00 0.22 ± 0.00 0.09 ± 0.00
3E100D 1.30 ± 0.00 0.01 ± 0.00 0.04 ± 0.00 0.03 ± 0.00 0.61 ± 0.00 0.23 ± 0.00

Table 5  Concentration of heavy 
metals in digestates

RHD rice husk digestate, 5H100D 5% acid-pretreated digestate, 3% alkaline-pretreated digestate, 3E100 
3% organosolv pretreated digestate

Heavy metals RHD (ppm) 5H100D (ppm) 3N100D (ppm) 3E100D (ppm) Turkish 
standard 
(ppm)

Pb 0.11 ± 0.00 0.08 ± 0.00 0.05 ± 0.00 0.11 ± 0.00 1200.00
Cd 0.05 ± 0.00 0.05 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 40.00
Cr 0.04 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 1200.00
Ni 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 400.00

Table 6  Economic assessment 
of pretreatment methods

a The prices as at the time of the research
b The cost prices of HCl and  C2H5OH were per 500 mL while NaOH was per 500 g. Naira is the Nigerian 
currency and a dollar was equivalent to 281 naira at the time of the research

Chemicals Concentration 
(%)

aPrice (Naira) bCost (Naira) Biogas 
yield (mL/
gVS)

Acid HCl 5 2000 200 9.32
Alkaline NaOH 3 4500 270 60.63
Organosolv C2H5OH 3 1700 102 67.31
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biogas production despite the fact that there was reduction 
in lignin content, crystallinity and increase in surface poros-
ity as confirmed by FTIR, XRD and SEM. It is therefore 
imperative to establish appropriate concentration that is suf-
ficient to cause structural changes in the substrate without 
inhibiting AD process when solid state chemical pretreat-
ment method is adopted.
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