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a b s t r a c t

This study examined the effect of sequential dilute acid hydrolysis and enzyme sacchar-

ification conditions of rice husk on hydrogen (H2) fermentation. The rice husk was hy-

drolyzed using dilute H2SO4 and then further enzymatically hydrolyzed with various

concentrations (0.1, 0.25, 0.5, 0.75, and 1.0 mg protein mL�1) of Celluclast 1.5 L®. The

sequential pretreatment significantly enhanced sugar recovery, up to 174% for 1.0 mg mL�1

concentration of the enzyme. Increasing the concentration of enzyme slightly increases

sugar recovery. While the production of furfural and 5-hydroxymethylfurfural occurred

during dilute acid hydrolysis, it was not observed during enzymatic saccharification. At the

following H2 fermentation of the hydrolyzates, H2 yield was improved up to 150% by using

the dilute acid and enzymatic hydrolyzate as substrate, as compared when only dilute acid

hydrolyzate was used. The highest H2 yield of 473.1 mL H2 g
�1 rice husk was achieved with

enzyme concentration of 0.75 mg protein mL�1.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Biorefinery is the series of various conversion processeswhich

harness renewable energy from carbohydrate-rich materials

by thermochemical conversion of biomass [1,2]. A wide range

of technologies is used to break down biomass resources to

their building blocks, which can be converted to fuels and

chemicals. Biomass, a renewable energy source, is a prom-

ising source for generation of biofuels, like biogas, bio-

methane, syngas, charcoal, bioethanol, and biodiesel. There is

currently a great interest to biomass due to the increasing

demand for energy and the adverse environmental effects

caused by limited energy sources, such as fossil fuels.

One of the most important biorefinery products is

hydrogen (H2). H2 is a promising alternative energy carrier due

to its high energy efficiency, recyclability, and environment-

friendliness [3,4]. The energy yield of H2, 122 kJ g�1, is found

to be 2.75 times higher than that of fossil fuel [5]. Interest in

biohydrogen production is currently high because conven-

tional physico-chemical H2 production methods require non-

* Corresponding author. Department of Environmental Engineering, Daegu University, Jillyang, Gyeongsan, Gyeongbuk 38453, South
Korea.

E-mail address: sanghkim1@daegu.ac.kr (S.-H. Kim).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e7

http://dx.doi.org/10.1016/j.ijhydene.2017.08.185
0360-3199/© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Please cite this article in press as: Gonzales RR, Kim S-H, Dark fermentative hydrogen production following the sequential dilute acid
pretreatment and enzymatic saccharification of rice husk, International Journal of Hydrogen Energy (2017), http://dx.doi.org/10.1016/
j.ijhydene.2017.08.185

mailto:sanghkim1@daegu.ac.kr
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2017.08.185
http://dx.doi.org/10.1016/j.ijhydene.2017.08.185
http://dx.doi.org/10.1016/j.ijhydene.2017.08.185


renewable sources, such as coal, oil, and natural gas, high

energy consumption and high costs. In recent, a highly sig-

nificant portion of biohydrogen is produced by dark fermen-

tative H2 production [6e8]. Dark fermentation of H2 occurs

when fermentative microorganisms break carbohydrate-rich

biomass down to H2 [9,10]. Among these H2-fermentative

microorganisms are bacterial populations belonging to the

orders Enterobacteriales and Clostridiales [11].While this process

is done at less energy-intensive and eco-friendly mild oper-

ating conditions, anaerobic biohydrogen production from

lignocellulosic biomass has yet to be fully explored [12].

Lignocellulosic biomass, which include all terrestrial

plants and energy crops, is a promising feedstock for bio-

hydrogen production, due to its abundance and low cost. This

type of biomass has a complex surface structure of cellulose,

hemicellulose, lignin, and other components, making it

recalcitrant in nature [10,13]. Pretreatment processes are

therefore required to break the polysaccharide-lignin complex

interactions, making the carbohydrates in the biomass more

utilizable for biorefinery processes [12,14,15]. Pretreatment is

highly essential for the use of lignocellulosic biomass to

mitigate the recalcitrance by alteration of the composition

and structure of the biomass and improve enzymatic acces-

sibility. Various pretreatment methods have been tried for

lignocellulosic biomass in previous studies involving genera-

tion of H2. Among the aforementioned pretreatmentmethods,

most previous studies dealt with mechanical, physical,

chemical, and biological processes, or a combination of any of

these processes, to overcome the recalcitrance of lignocellu-

losic biomass at a sustainable and economical manner

[16e19]. The hydrolysis of lignocellulosic biomass is often

regarded as the rate-determining step in fermentative H2

production [12]. Once soluble monomeric sugars have been

released and recovered from the lignocellulosic biomass,

fermentation can be performed.

Dilute acid pretreatment is one of the most widely per-

formed pretreatment methods for lignocellulosic biomass.

Hydrolysis with dilute acid is normally preferred over

concentrated acid because the former is more cost-effective

and environmentally-friendly compared to the latter [19].

Gonzales et al. [20,21] have previously studied the production

of H2 via dark fermentation using dilute acid-pretreated

lignocellulosic biomass. The dilute acid pretreatment con-

ditions were optimized for the biomass under study and the

efficiency of pretreatment in harnessing the simple sugars

were primarily assessed, followed by the use of the hydro-

lyzate solutions as substrate for fermentative H2 production.

During dilute acid pretreatment, the biomass is hydrolyzed

in harsh physicochemical conditions resulting to a solution

rich with monomeric sugars. The lignin-carbohydrate com-

plexes are disrupted, effectively releasing the carbohydrates,

making these molecules easily accessible to enzymes and

microorganisms [19e21]. The cellulose and hemicellulose

backbones of the polysaccharide components of lignocellu-

losic biomass are stable only up until a particular acidity

and thermal condition. Beyond this acidity and thermal

condition, the polysaccharides break down and become

highly soluble in the acid, converting the cellulose and

hemicellulose to monomeric sugars, which are easier to

extract [22].

While dilute acid pretreatment is effective in breaking

down the complex structure of the lignocellulosic biomass,

the sequential acid and enzyme hydrolysis method is

considered to be more efficient in further breaking the

biomass down and recovering monomeric sugars [12]. Most

studies involving the sequential acid hydrolysis and enzyme

saccharification of various lignocellulosic biomass are on

bioethanol production, and not primarily for H2 fermentation

by dark fermentation [23]. The conditions of enzyme

saccharification must also be optimized, since it is highly

important to recover as much sugar as possible from the

biomass, especially those which cannot be recovered by

simply doing dilute acid hydrolysis. Enzyme saccharification

parameters such as enzyme concentration must be optimized

to result to an efficient saccharification [12].

Rice husk, an agricultural byproduct of the rice industry,

was used as the substrate for this study. This particular

biomasswas chosen since South Korea is amajor consumer of

rice and this biomass is just disposed as waste, left unutilized

or incinerated. Hydrolysis of lignocellulosic biomass, such as

rice husk, leads to production of various useful biofuels, which

include biohydrogen, as compared to combustion, which re-

sults to only heat as a product [24].

The objective of this study was to investigate the effect of

sequential dilute acid hydrolysis and enzymatic saccharifi-

cation on soluble sugar recovery from rice husk, a lignocel-

lulosic biomass material, and the following fermentative H2

production. Optimization of enzyme loading during the

saccharification was also performed and H2 fermentation

performance was evaluated by both sugar yield and H2

production.

Materials and methods

Biomass

Untreated rice husk acquired from a local rice milling com-

pany was used as the lignocellulosic biomass in this study.

The glucan, xylan, arabinan, lignin, ash, and extractives

composition of the biomass were measured by following the

NREL laboratory analytical procedure [25]. The biomass

composition is presented, on dry basis, in Table 1. The rice

husk was air-dried and initially milled to reduce the particle

size to 1e2 mm prior to use.

Sludge

Anaerobic granular sludge obtained from an upflow sludge

blanket reactor treating brewery wastewater in South Korea

was used as the inoculum in this study. The anaerobic gran-

ular sludge is known to contain more strains of H2-producing

bacteria [4]. The anaerobic granular sludge obtained from the

brewery wastewater treatment facility was found to contain

the following mesophilic genera: Clostridium and Enterobacter,

which are both known H2-producing bacteria [4]. The pH,

volatile suspended solids (VSS), and total suspended solids

(TSS) concentration of the sludge were 6.8, 12.6 g L�1, and

22.6 g L�1, respectively. To harvest only anaerobic spore-

forming H2-producing bacteria, the sludge was heat-treated
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