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Abstract − Leaching (60 oC, 5 min) and wet torrefaction (200 oC, 5 min) of empty fruit bunch (EFB) were carried out

to improve the fuel properties; each liquid fraction was reused for leaching and wet torrefaction, respectively. In the

leaching process, potassium was effectively removed because the leaching solution contained 707.5 ppm potassium.

Inorganic compounds were accumulated in the leaching solution by increasing the reuse cycle of leaching solution. The

major component of the leached biomass did not differ significantly from the raw material (p-value < 0.05). Inorganic

compounds in the biomass were more effectively removed by sequential leaching and wet torrefaction (61.1%) than by

only the leaching process (50.1%) at the beginning of the liquid fraction reuse. In the sequential leaching and wet

torrefaction, the main hydrolysate component was xylose (2.36~4.17 g/L). This implied that hemicellulose was degraded

during wet torrefaction. As in the leaching process, potassium was effectively removed and the concentration was

accumulated by increasing the reuse cycle of wet torrefaction hydrolysates. There was no significant change in the chemical

composition of wet torrefied biomass, which implied that fuel properties of biomass were constantly maintained by the

reuse (four times) of the liquid fraction generated from leaching and wet torrefaction. 
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1. Introduction

Global energy demand is growing rapidly and fossil fuels are still

considered as a major energy resource. However, the use of fossil

fuels is causing global warming and environmental problems; thus,

renewable energy is required as an alternative energy source.

As the Renewable Portfolio Standard (RPS) system is being implemented

in South Korea, the use of renewable energy is increasing rapidly.

Renewable energy obtained from waste biomass accounts for more

than 60% of the domestic renewable energy usage [1]. Therefore,

biomass-solid refuse fuel (BIO-SRF) produced from biomass, such

as agricultural waste, herbaceous waste, and waste paper, has attracted

attention. However, biomass has a complex structure, low energy density,

high water content, low heating value, and hydrophilic properties;

thus, it has several disadvantages for use as a fuel [2]. In particular,

waste biomass contains relatively higher moisture content and inorganic

compounds than that of other biomass. Therefore, there are problems

in slagging, fouling, equipment corrosion and harmful substances

emissions during the combustion process. The melting point of ash is

lowered when inorganic compounds, such as sodium, potassium, and

silica are present in a relatively high concentration in the biomass [3,4].

As a result, slagging and fouling increase during combustion. Therefore,

a suitable pretreatment of waste biomass is required to overcome

these disadvantages for using waste biomass as a fuel [5,6].

Leaching is a method to remove inorganic compounds from

biomass, which removes impurities from the biomass surface. In

particular, water-soluble alkali metals and chlorine are easily removed

during leaching, and it reduces the ash content. Water is used as a

solvent in the leaching process; thus, the process can be applied to

biomass containing high moisture content. Several leaching methods

have been introduced, such as using natural rain, acid catalysts, and

hot water [7-9]. The removal efficiency of inorganic compounds

during leaching processes differs depending on the biomass owing to

differences in the composition of inorganic compounds [4]. Some

inorganic compounds can be removed in a relatively short time but

are difficult to completely remove. Depending on the leaching conditions,

organic matter can be removed with inorganic compounds. Therefore, it

is important to investigate the optimal leaching conditions for the

biomass [10].

Various pretreatments have been suggested to improve fuel

properties, among which thermal pretreatment is the most widely used

[11-13]. After thermal pretreatment, fuel properties such as energy

density, calorific value, grindability, and hydrophobicity are improved

[5,14]. Torrefaction is a thermal pretreatment that can be divided into

dry and wet types. Dry torrefaction is carried out in the range of 200-

300 oC with dried biomass for less than 1 h in an inert atmosphere [15].

Therefore, biomass should be dried before dry torrefaction. Wet
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torrefaction is performed at a relatively low temperature (180~260 oC)

owing to the use of water as a solvent [14,16]. It is not necessary to

dry the biomass before pretreatment and some inorganic compounds

are removed during wet torrefaction [16]. 

However, a large amount of water is used for leaching and wet

torrefaction processes; thus for economic reasons, post treatment for

used water should be considered. In this study, sequential leaching

and wet torrefaction of empty fruit bunch (EFB) were carried out to

improve the fuel properties. The possibility of reusing the liquid

fraction (leaching solution and hydrolysate of wet torrefaction)

generated from each process was investigated.

2. Materials and Methods

2-1. Biomass

Empty fruit bunch (EFB) was used in this study, which was kindly

provided by the Drying Engineering Inc. (Gwang-ju, Korea). The

biomass was milled to a particle size of < 5 mm and air dried to < 10%

of moisture content before leaching and wet torrefaction. 

2-2. Leaching and wet torrefaction 

The biomass and distilled water were mixed with a 1:10 ratio (w/w),

and leaching was performed in a 500 mL flask at 25 oC for 5 min

with stirring (150 rpm). After leaching, the solution was filtered and

reused for a new leaching process. To reuse the leaching solution, the

biomass was soaked in leaching solution with a 1:10 ratio (w/w), and

leaching was performed under the same conditions as above. The

process was repeated eight times.

The leached biomass was subsequently subjected to wet torrefaction.

The process was carried out in an EMS reactor (EMV-HT/HP 600,

EMS TECH, Korea) at 200 oC for 5 min with stirring (150 rpm). The

operating pressure of wet torrefaction was 16.8 psi at 200 oC. The

ratio of biomass over distilled water was 1:8 (w/w) (25g biomass (dry

weight):200 mL distilled water). After wet torrefaction, the reactor

was submerged in an ice bath for cooling. The hydrolysate was separated

by filtration, and the collected hydrolysate was reused for new wet

torrefaction. The process was repeated four times. A schematic of the

overall experimental process is shown in Fig. 1.

2-3. Analysis of liquid fraction generated from leaching and

wet torrefaction

The monosaccharide (glucose and xylose) and other degradation

products (acetic acid and furfural) were determined by HPLC (Waters

e2695 system, Alliance, USA) equipped with an Aminex 87H column

(300 × 7.8 mm, BIO-RAD) and refractive index detector (Waters

2414, USA). An amount of 5 mM H2SO4 was used as the mobile

phase and the analysis was carried out for 55 min with a 0.6 mL/min

flow rate. Inorganic compounds were measured by ICP-OES (Inductively

Coupled Plasma-Optical Emission Spectrometer, OPTIMA 7300 DV,

PerkinElmer, USA). 

2-4. Analysis of solid fraction generated from leaching and

wet torrefaction

The chemical compositions of biomass were determined according

to the NREL standard analytical method (Laboratory Analytical

Procedure-Determination of structural carbohydrates and lignin in

biomass) [17]. 

The ash content in the biomass was measured using a modified

TAPPI Standard Method (T211-om-02). The inorganic compounds

of the ash were determined under the same conditions as above. The

biomass heating value was determined using an automatic isoperibol

calorimeter (6400, Parr, USA). 

2-5. Statistical analysis

Significant differences were confirmed between the samples using

a two-way analysis of variance (ANOVA) at a significance level of

p-value < 0.05. The data were analyzed using SPSS software (Version

23, SPSS Inc., USA). A further analysis was carried out by Duncan’s

multiple range test, where a significant difference was observed between

the treatments.

Fig. 1. Schematic diagram of this study.
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3. Results and Discussion

3-1. Properties of biomass fraction obtained by EFB leaching

Alkali metals and chlorine bound in water-soluble salts are easily

removed by leaching processes, which reduce the ash in biomass and

alter the ash chemistry [10]. Therefore, an improvement of biomass

fuel properties could be expected through leaching. The change of

ash content in the leached biomass depending on the reuse cycle of

the leaching solution is shown in Fig. 2. The ash content of the raw

material was 5.4%, which decreased by 2.66% after leaching, which

corresponded a reduction of 49%. During the leaching solution

reuse, the ash content was similar until the fourth time, whereas the

content was slightly increased until the eighth time. Finally, the ash

content in the leached biomass was 4.5%. This was owing to the

adsorption inorganic compounds on the biomass surface. Therefore,

the leaching solution reuse is considered to be possible up to four

times based on the ash content in the biomass. The ash content

should be kept below a certain level owing to the negative effect on

the combustion process, because alkali metals in biomass affect

slagging and fouling [18].

Based on the ash content depending on the reuse cycle of leaching

solution, the chemical composition of biomass was analyzed and the

results are shown in Fig. 3. After the leaching process, the major

chemical components of biomass (glucan, xylan, and lignin) did not

differ from the raw material. Statistical analysis (at p-value < 0.05)

confirmed that the leaching solution reuse did not affect the change

of major chemical components of biomass. In addition, there was no

difference on the degradation rate of biomass between before and

after leaching. Therefore, the leaching solution could be reused four

times based on ash content and chemical composition of biomass.

3-2. Properties of liquid fraction generated by EFB leaching 

The chemical composition and pH of the liquid fraction generated

from EFB leaching depending on the reuse cycle of leaching solution

are shown in Table 1. Water soluble monosaccharide concentrations

(glucose and xylose) steadily increased with increasing reuse cycles

of the leaching solution. This is owing to monosaccharide accumulation

during the leaching solution reuse. The monosaccharide concentration

was relatively higher that of other biomass, such as wood. In particular,

the xylose concentration was high as 6.06 g/L after the leaching

Fig. 2. Change of ash content in biomass on reusing leaching solution.

Fig. 3. Chemical compositions of leached biomass on reusing leaching

solution.

Table 1. Chemical compositions and pH of liquid fraction generated from biomass leaching

Reuse cycle

Original 1 2 3 4 5 6 7 8

Glucose 0.04 (0.00) 0.04 (0.00) 0.07 (0.01) 0.14 (0.02) 0.21 (0.01) 0.26 (0.04) 0.38 (0.09) 0.45 (0.10) 0.57 (0.08)

Xylose ND ND 0.65 (0.08) 1.30 (0.08) 2.32 (0.05) 3.14 (0.08) 4.29 (0.05) 5.41 (0.07) 6.06 (0.10)

pH 6.01 (0.01) 6.01 (0.01) 4.60 (0.01) 4.54 (0.04) 4.50 (0.3) 4.44 (0.00) 4.43 (0.11) 4.44 (0.12) 4.45 (0.04)

The parentheses contain the standard deviation with the analysis repeated three times. 

ND is not detectable.
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solution was reused eight times. This was not owing to hemicellulose

degradation because leaching was carried out at 25 oC for 5 min.

Therefore, the leaching process did not affect the biomass weight

degradation during the leaching solution reuse. The pH value decreased

slightly with increasing reuse cycles of the leaching solution, and the

value was similar after the leaching solution was reused five times.

This was owing to the accumulation of organic acid generated from

the biomass surface. 

Inorganic compounds in the leaching solution are shown in Fig. 4.

Few heavy metals were detected in all leaching solutions. Potassium

was effectively removed by the leaching process, and was accumulated

with the increasing reuse cycle of the leaching solution. The ash

fusion temperature is changed by the potassium concentration during

combustion [3,19]. The temperature decreased when the potassium

concentration was low in biomass. Other elements (phosphate, calcium,

and magnesium etc.) were slightly removed by the leaching process.

However, the removal of silicon was ineffective by the leaching process

owing to its insolubility. Therefore, limited silicon was detected in all

leaching solution. This was in agreement with the results of other

studies [19-21]. 

3-3. Properties of biomass fraction obtained by EFB wet torre-

faction

The change of degradation rate and ash content in biomass during

wet torrefaction are shown in Fig. 5. The degradation rate was 30%

by wet torrefaction, which decreased slightly to 25% by hydrolysate

reuse. This is owing to inorganic compound accumulation in hydrolysate,

which lowers the hyrolysate acidity during wet torrefaction. The ash

content was 2.2% in wet torrefied biomass, which was lower than

that of leached biomass. This was owing to the high reaction temperature

of wet torrefaction. The removal efficiency of inorganic compounds

was affected by the reaction temperature, and the efficiency increased

with increasing the reaction temperature. In addition, the ash content

decreased slightly by increasing the hydrolysate reuse cycles. The

biomass heating value increased with sequential leaching and wet

torrefaction (Table 2), and increased slightly with increasing hydrolysate

reuse cycles. However, there was no significant change between

treated biomass. 

The chemical compositions of biomass are shown in Fig. 6. Most

hemicellulose (xylan) was removed by wet torrefaction than that of

the raw material. This is a typical characteristic of wet torrefaction,

where hemicellulose is easily hydrolyzed compared to cellulose and

lignin [22]. However, cellulose and lignin content increased relatively

by removal of hemicellulose. After hydrolysate reuse, the differences

of major chemical constituents in biomass were not significant. Therefore,

it was confirmed that hydrolysate generated from wet torrefaction

could be reused up to four times maintaining uniform biomass

Fig. 4. Inorganic compounds in leaching solution on reusing leaching

solution.
Fig. 5. Change of ash content in biomass on reusing hydrolysate of

wet torrefaction.

Table 2. Mass yield and heating value of biomass in reuse cycle of hydrolysate

generated from wet torrefaction

Reuse cycle Mass yield (%) Heating value (kcal/kg)*

Raw material 100

Original 69.76 4618 (12.07)

1 73.23 4661 (14.02)

2 73.45 4698 (3.73)

3 73.89 4752 (12.19)

4 75.22 4711 (1.99)

The parentheses contain the standard deviation with the analysis repeated

three times. 

*High heating value

Fig. 6. Chemical compositions of wet torrefied biomass on reusing

hydrolysate of wet torrefaction.
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chemical component. Regarding fuel properties, there was no significant

difference between treated biomass (Table 2).

3-4. Properties of hydrolysate fraction obtained by EFB wet

torrefaction

The leached biomass was used for wet torrefaction, and hydrolysate

was reused for wet torrefaction. The chemical compositions of

hydrolysate are shown in Table 3. Monosaccharide and degradation

products were detected in hydrolysate during hydrolysate reuse, and

the concentrations increased with increasing reuse cycles. However,

the xylose concentration decreased after the fourth hydrolysate reuse

owing to its further degradation. Therefore, the formic acid concentration

increased slightly. The pH value decreased with increasing hydrolysate

reuse cycle owing to organic acid accumulation in the hydrolysate.

Therefore, the hydrolysis efficiency of wet torrefaction increased

slightly during hydrolysate reuse. However, this did not affect the

change of biomass chemical composition (Fig. 6). The changes of

inorganic compound concentrations in the hydrolysate are shown

in Fig. 7. Potassium, magnesium, and calcium were effectively

removed, whereas silicon and iron were less easily extracted by wet

torrefaction. The inorganic compound concentrations increased

with increasing hydrolysate reuse cycles. Limited extraction of

silicon, titanium, iron, and aluminum has been reported under wet

torrefaction [23,24]. The results were similar to that of the leaching

solution reuse (Fig. 4). In summary, the reuse of wet torrefaction

hydrolysate is considered to be possible up to four times to provide

constant fuel properties.

4. Conclusions

The fuel properties of treated biomass (sequential leaching and

wet torrefaction) and the possible reuse of the liquid fraction generated

in each process were investigated. The heating value was significantly

enhanced and the ash content decreased. In particular, potassium

removal for the inorganic compounds was effective with leaching and

wet torrefaction. Organic and inorganic compounds in liquid

fractions were slightly increased with increasing reuse cycles of the

liquid fraction (leaching solution and hydrolysate of wet torrefaction);

however, did not dramatically affect the biomass chemical composition.

Considering the biomass chemical composition and fuel characteristics,

the possibility of reusing the liquid fraction generated from leaching

and wet torrefaction was confirmed. 
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