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ABSTRACT

In this study, sequential leaching and wet torrefaction were performed to improve the fuel characteristics of empty
fruit bunch (EFB). Leaching was carried out at 25~90C for 5~30 min. The highest ash removal efficiency of
55.99% was achieved when leaching was performed at 90C for 10 min. The ash removal efficiency was dependent
more on leaching temperature than time. Wet torrefaction was carried out at 180~2007C for 5~40 min, following
the leaching. Most of the inorganic compounds were removed at removal efficiencies of 41.05~63.58% during se-
quential leaching and wet torrefaction, while silica remained in the biomass. Chloride, calcium, magnesium, and phos-
phorus showed more than 80% removal efficiencies. The calorific value of EFB increased to 7.96% (4730 kcal/kg)
in comparison to the raw material (4390 kcal’kg) when wet torrefaction was performed at 200°C for 40 min following
leaching.
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LA g)e} &4 HhEsto] 9|3t Empty Fruit Bunch®] AA82 EA 3FAF

.M B
A AAHCR 71535} tf-g-3 oy 4] defe ¢
3 iAol <] o] it Hgo] Hg=Aol) % )
ojeufi= FRoll o7t olitslea F4m ket
Sagd AR FANEAA QEwa glon, &
A2k SHoA A7 A Ades
aEA ek
=] AlRARY A R] o] 5 A (Renewable Portfolio
Standard, RPS)7} 2012 o] =QJ&HA AFH Hfo| 2
w2 ol U] a7t FEskaL ok 1% HEA 6
olonaz AE BAML Ak A g
"3 NO,, SO, ®j&FHE 1/12, CO, vj&Fe <oF
1279 7t 535 7HA]= A 22 LA 9th(Cho,
2015). Wyt opjet 7]2e] Aek sheaaLe] M)
A Ba Aukn Bgstel A8 4 Alrks %
HE 7HA AL Qo] Aol F531ar th(Sung ef dl.,
2013).
SHAIRE SR E S

sAfaEe Bt ARIsle] glojAl o2
7H BARE AWk A7eg BES 98 TR
AR 9 A BERA Sow Q) Hax)
H Fwol ARMEAL IekKim et al., 2012). A4
oA oJF A7t mYHHA W S A
ARES 2013 6.55F EofA 20149 9.67F Eo=
oF 48% Z7}E]QlT Z=0lek T3t 2013 4847 &
o4 20144 184.99F Eom ZrlEgich 2qleFe
20149 7|20 Ty QA B} oF 204 =7
YUEPGTHPark et al., 2015; Korea Association of
Pellet). whebs] AS YAkS 93] AHEH= A&
Asl7] fIet Aol atErh HEAAY]
29} B53 HAA Y gstAt thetgt 58A
Hpo] @uj 2of tieh yhilo] Frhskal ek thEA <l
Aol oy UrolA FRE iR uf s
FAHE9] Palm Kernel Shell (PKS)2} Empty Fruit
Bunch (EFB)o]t}.

ool e wefol Aok} QI uIXolE Ao
2 AET gon), F yeks A AlA T o
9] 60%S x}A|5kaL Qirh. @ UF Aull(Fresh Fruit
Bunch, FFB)ollA] 20%9] #-f7F A4tEw v

80%+= HioleujA Fej= gA EHrk(Cho, 2015;
Queiroz et al., 2012). @4 duj FAHEZ EFB,
PKS, Palm Kernel Cake (PKC), S35
(mesocarp fiber) 5-¢] It} PKS+= EFBQ} H|w5}o]
16.6~20.1 MJ/kg®] =& wredeke 7hx)1 9lo] 1
A= BE=7F =) o]of we} PKSE S des
AE 4 Slol daz I 7H7E ek glom,
742 wah Z7kske ZAolch ST EFBS| Eo
4B (60% oAhS W] A AFS k.
0] whe} EFB g ek(8.0~18.8 Ml/kg)S PKSH T}
AtjHoz Wk ueby Hz Fagol B EFB
8o tigt 47} E a5FcH(Cho, 2015; Ahn et al.,
2014).

EFB= =37 vfoleufs KAk
o]/k]—q }dl‘:'—ii/\E 3]- ]__]'7_ 9\)]\

of IPHARE &
& 7hsAol etk ST EFBE O Raw
ST ] 4 BHARE AEIo] Heh

8% gronm olajst EAHS sjdsly] S =
3 e HE DA el e} £4] viekaho] a1ef = oo}

st
ANHOoR e oy Tr|gRe] A fule}
AR S B3 ol BAAA S Ak §uie

S AMESIY, BRaE AAEA o &
As] I8 A SRao] 4He B3k
|7} ZdE] 3 QleK(Chin et al., 2015).
HiElsk= 37 A4 HEElSKdry torrefaction)@} &5
4] BFelSH(wet torrefaction)® AT 714 wieksl=
FAkA Es A oA BlaE W2 25200~
300C)& 147 oY) Halsk= Ao] ukgolt}. of
of wel nfojemjAie i W PA] AR 24
4 AEE 7, 4 1‘41 0. leFo] Z7}5}e
g—oﬂlato] fsbk]-;hq— 1 =18 }o]guﬂ/\oﬂ
o a4t maHE 7hC
OPZIUJ 2 HJE@:}% Fgasol 1 JReF
° W A
2l =2 Holemjas A
2] dielstol] 2AAscH(Song ef al., 2015). EFB:
BAu Sl gosl, 2UE BUT £ v
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2. Mz H U
2.1. A=

2 Aol A= FEolAlotollA - = & EAH
HAHE9] Empty Fruit Bunch (EFB)E (F)AAZ
E Aol FAMER ARG EFB= 10%

W2 7|43 T 5 mm o|5}2 Balsto] AR&sI3T)
2.2. 2EXZ|

EFB tfe] MEIE olBW U R4 RE AA
7] 93 EFBE 531 : 30 w/w)e} &35151¢] water
batho A 25, 60, 90T ZZAOR 5, 10, 308 Eet
150 pmo.2 wakstgct S2E Tauo] orj A

oizksle] Balgt & musot.

2.3. &4 BtErS;
22 223t EFBE S5 T3519(1: 8 wiw)
Sl A] JES-7] o 4] 180, 190, 200C ZACZE 5, 10,

ol
20, 40 52t 150 rpm & & wRFSHA &4 grekst
E S35t BRer o 3 Uk AI7kS 246}
Rom, ¥hgo] FarE F wgrl= 10T olstz
WZHAA auto] Quf 20t AATISR R &
glsto] K-Skl
24, 312 Y AAEN

vio] Quj A B EBRES 7]
Method T211-om-02)<

Z£9] WHH(TAPPI Standard
W slo] 775 + 2570 9] &
S04 6A17F Fok A2AA ZHeterh. YaRA

HAAFEA 7] CHN-S (Automatic Elemental
Analyzer, Flash 2000)2 =73}t AFA9] 3heF
2 Al sl A4retTH(Cho er al., 2014).

o

O(%) =100— (C+ H+ N+ S+ash)

Tgufo] evl o] WY Hate
ZFA|(Automatic Isoperibol Calorimeter,
Parr 6400, USA)E 2319}y AT WweERe
ARt AU A, ofUAILE=E A(2), (3), (Dl 9
3 Asstect.

Mass yield (%) = ——

where M, and M, are the mass of solid before and

after wet torrefaction.

Fhergyyield (%) = % X Massyield (%)

0

where E, and E, are the specific energy content of

solid before and after wet torrefaction.

Bnergyyield (%)
Mass yield (%)

FEhergydensification =
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Hho| e wfj 2o EASHE 71/ 2412 ICP-OES
(Inductively Coupled Plasma-Optical Emission
Spectrometer, OPTIMA 7300 DV), IC (lon
Chromatography, DX-600)% =7J3}% T}

N g7t afabEe] Z3kE FHEFEL, A
24 AYR ZP|an)i R, oA EAL S-hy-
droxymethyl furfural (HMF), 3XEAF2 HPLC
(Waters  €2695, USA)E o] &3ty EAsFAT
Aminex 87 H column (300 x 7.8 mm, BIO-RAD)¥}
Refractive index detector (Waters 2414, USA)S A}
G35t ol 5o R 5 mM HS0.E ARESFG o
flow rate= 0.6 m¢/min® & 555 =oI BAls}¢ch
BAG ARE 045 um fillerS FIAA AL 5
4w Agstol BAL ANsIGth Al
Ao e o}Ql= Total Phenolic Compounds
(TPC)9] 32 Folin-Ciocalteu’s reagent HWIH O Z
UV spectrophotometer (SHIMADZU, Japan)E A&
slo] A3} th(Jeong et al., 2013).
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3. Zut & nF

3.1. SEXE|ol| 2fgt HiO|20HA =|FetEt
rakcly

SHA L vho] oA AHIORH o B A
AwTE 9 4 gtk dAATo] 2w EFBE
AHsHs AT A ehe Ao Bghr Kjol7h
wyon], slEaere AH A 12.79%o14 A%
B 475%0.% 62.86% UASS UEPATHKim e
al., 2012). AT IA] Eare] A 90T 2417 %
4R QWS W oF 30% IR AL e
cHKim ef al., 2013). o] 2 BlEo| Z3HE 7|4
£ 3 AR} AAwA Uehd Avs sk,
B ooApold 8¢ LmEeh ARbe] W slEate
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Fig. 1. Removal efficiency of ash in a empty fruit
bunch by leaching time and temperature.

1.58~2.61%=2 Uelton, 1 Ank= Fig 13 7
th &7t S7hste| uel B4 Eo] AAEE H3F
S YR oY, 27.30~55.99%2] =o 7FARS
ERICE SEARE AJZtol| w2 GEF 37| oo,
SEAZE 90T, 10:0A4 X g Vet
S| B RS AR 92 ol JEFS Wk
< ZRIskLt ol 7129 ArATtet dA|ek3
(Cho et al, 2014). 90C, 105 o)A A 3)&
Tag(55.99%)y Hoon, §EA7t Rr4R
AAo mapA ot 7| AA a&3t HAA
=1S 13T 60C, SES 2Ho gEAY =
Ao Akt
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Table 1. Fuel characteristics of empty fruit bunch by leaching and wet torrefaction

Treatment condition Ash Degradation rate  Calorific value Energy yield  Energy
(%) (%) (kcal/kg) (%) density
Control 3.24 (0.34) - 4389 (11.99) - -
Leaching 2.73 (0.18) - 4386 (12.43) - -
180°C 5 min 1.28 (0.05) 15.32 (1.60) 4476 (18.32) 86.42 1.02
180°C 10 min 1.42 (0.11) 19.07 (1.90) 4485 (13.41) 82.76 1.02
180°C 20 min 1.18 (0.11) 23.77 (1.78) 4507 (14.98) 78.32 1.03
180°C 40 min 1.28 (0.35) 26.08 (0.97) 4538 (2.53) 76.48 1.03
190C 5 min 1.37 (0.08) 22.40 (2.07) 4485 (12.13) 79.33 1.02
I;ZC‘::;% 190°C 10 min 1.46 (0.28) 23.69 (1.10) 4500 (6.29) 78.29 1.03
torrefaction 190°C 20 min 1.19 (0.07) 28.81 (0.69) 4562 (10.17) 74.03 1.04
190°C 40 min 1.40 (0.40) 30.55 (1.72) 4617 (12.56) 73.11 1.05
200C 5 min 1.91 (0.41) 27.99 (0.46) 4518 (0.36) 74.16 1.03
200C 10 min 1.66 (0.29) 29.79 (1.84) 4546 (11.62) 72.77 1.04
200°C 20 min 1.81 (0.28) 31.54 (1.76) 4649 (5.51) 72.56 1.06
200°C 40 min 1.42 (0.06) 32.71 (1.33) 4736 (14.95) 72.64 1.08
. 180C 5 min 1.88 (0.13) 13.63 (1.24)
Wet torrefaction -
180°C 10 min 1.97 (0.35) 16.61 (0.87)

* The parentheses contains the standard deviation with the analysis repeated three times.

S22 A %141 Hiol e a1

(Biomass-Solid Refuse Fuel, BIO-SRF) Z327|

(= 3000 kcal/kg)S &=3}gch Wl ozt &
A F2 15F(> 4300 keal/kg)ol 4+3]st=
etttk H2 7S st 1¥dR
S FAA7I= A7 ol FojA L
A3l Az Al AR FEE 10%E
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2 I FHAhn and Lee, 2014). H7HA4E E3819
S o WrdeF Z71ef Hlawsto] 454] wheksl A] A
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al., 2012; Bach et al., 2015). 3}A|qt &u]A
ool w2 FEtas 987 7HE o
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YA S vt dat Az oa w54 vigt
3t 2710l A] 80% o] &S ety on, 200T,
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Aoz Az EtHPala ef al., 2014). ARFEQ] ofu]
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Table 2. Elemental analysis of empty fruit bunch by leaching and wet torrefaction

Elemental composition (wt%)

Condition
C H 0 N S
Control 4335 6.09 46.75 0.45 0.12
Leaching 45.61 6.07 45.09 035 0.16
180°C 5 min 46.52 5.74 45.44 0.36 0.41
180°C 20 min 47.47 5.71 44.96 0.48 0.19
180°C 40 min 48.00 6.10 44.13 0.38 0.11
_ 190°C 5 min 47.00 5.78 45.40 031 0.14
and Wifaf:r‘rrﬁacﬂon 190 20 min 47.12 5.87 4526 0.41 0.15
190°C 40 min 4825 5.73 44.08 0.39 0.15
200 5 min 46.82 6.01 44.73 0.40 0.13
200C 20 min 48.74 5.85 43.10 0.39 0.12
200C 40 min 49.91 5.88 4223 0.46 0.11

Table 3. Elemental composition of empty fruit bunch depending on countries and regions

Source of empty fruit bunch

Elemental composition (wt%)

C H N S o)

North east Kelantan Uemura et al., 2011 45.53 5.46 0.45 0.04 43.40

Perak Sabil et al., 2013 44.60 5.48 0.37 0.18 49.37

Malaysia South west Chan et al., 2015 43.62 4.03 1.96 0.17 50.22

Selangor Idris et al., 2015 44.03 6.40 1.65 0.17 47.75

This study 43.35 6.09 0.45 0.12 46.75

Indonesia This study 43.51 6.01 0.74 0.16 45.30
3.3. HIO|QO{AL| HAEAM 2 Pa Eo uguloloua ¢lmo] EA) P
of 7|e9e FEstes FeledE ARE vk
54 Whesl Ao EFBo] it A4 Avks o5 A4 %Oﬂ RS §I~'E_‘L]' 5“@*5«] ?ﬂEHE

Table 29} e} 54] wieksl A EFBO| ghaghge
AR, A vlo|eujiolA  Zzh 43.35%,
45.61%% Ueion, SExg)g2 o Hy|AJEo)
AAE ] eaigo] thah Z71519tHKim e al.,
2013). 54 wieksto] ofsf ehaghare 7.31~15.13%
z7lstgon, A7t 2w el 9gke wghth
APABEFES 2.80~9.67% FASIGon, AT
HlSEAY 2 gasiglnh 44 whetslel A s
Yo ZHe BT AR FugEYe] AA
o] AtfA o2 Z71sk Aito|ti(Bach ef al., 2016).

=4 H}E@} A% EFBQ] A ke 031~
0.48%, 3 T2 0.11~0.41%=2 el A, 3

A7)0 A %L ?:‘%ki 0.6% oJ5}= Xﬂ?}Eh— At
weba 2 Aol A vebd S Aol 54 Wi
3} A&l ol fof Hpo| el Ae] g g
vhole IPARAIE FE7IEC S5HArH(Korea
Ministry of Environment, 2014). 3}X|9F 249} 3
61—?—1]:0 ExH}ﬂa] EzLﬁLﬁ‘L]_ H].u_ﬁﬂ—o— 7;10 ;r_o %}1_
< 73 @ltk(Korea forest service, 2015).

oleiat A Aol thit YA BHelsty] 9
S7hd, Aod EBFB Y94BAS vag Ans
Table 3¢ YeRlch AAge2 0.37~1.96%2] 4
o W9lE epon, Soh, Aol Rolg wg
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Table 4. Changes of inorganic contents in empty fruit bunch by leaching and wet torrefaction

(Unit: ppm)
Condition K Mg Fe Cu Zn P Na Ca Si Cl
Control 12830.00 890.70 1683.00  9.00 15.60 3329.00 9450 536.80 141.00 2818.03
Leaching 4569.00 616.50 819.20  5.10 11.40 1459.00 47.00 485.60 150.50 418.35

180°C 5 min 39050 14643 31797 357 460 28117 2817 54977 23347 899
180°C 20 min 233.17 56.80 408.17 567  7.77 279.07 29.67 31505 283.13 1129

180°C 40 min 232.80 3820 34440 460 350 39020 1870 128.10 139.90 631

Leaching _ 190C 5 min 27100 7150 47640 477 977 29357 3197 45860 32727  9.87

and wet  190°C 20 min 22970 36.10 32640 520  3.70 42200 1920 178.00 198.80  7.19

torrefaction 19010 40 min 21257 31.10 34493 727 347 28217 3317 33435 43737 1134
2000C 5 min  213.10 3550 356.80 400  4.00 41130 1980 11820 176.00  6.86

200°C 20 min  202.63 2920 34083 7.07 540 28237 3187 31337 39503 13.86

200C 40 min  197.03 2840 32280 723  3.83 31047 33.03 31603 42130 11.46

Table 5. Changes of inorganic contents in liquid fraction by leaching and wet torrefaction

(Unit: ppm)
Condition K Mg Fe Cu Zn P Na Ca Si Cl
Leaching 167.13  0.55 0.60 N.D N.D 17830  6.20 0.20 1.45 70.62

180°C 5 min 51200 5210 820 ND  ND 13720 13.15 7290 3585  36.09
180°C 20 min 549.00 62.80 1375 ND  ND 14030 1380 9935 4380  44.87
180°C 40 min 592.00 69.10 2160 ND  ND 260.10 845 5180 2690 4590
Leaching 190 5 min 54600 6180 1230 ND ND 13730 1325 9775 4010 4376
and wet  190T 20 min 569.00 6720 1990 ND  ND 26045 9.05 4930 2550  46.00
torrefaction 190 40 min  557.50 66.65 2720 N.D ND  139.00 1320 110.60 5395 5147
200C 5 min  579.50 6640 1465 ND  ND 25350 9.60 6520 27.10  45.66
200°C 20 min  559.50 6695 2540 ND  ND 13775 1430 11630 53.15 5162
200°C 40 min  563.00 6670 2695 ND  ND 13465 1395 127.05 59.10  43.19

* ND means not detectable.

o} 3 ke BEERA S At ‘a“ﬂ—'?'*]oﬂﬂ] 3.4. HIO|QOHA S| BRI |ME

A 0.17~0.18% ©19j0] ARt e wart o

YlAlo} E3F 0.16%S YERy =7 iPOIEE}h x] 2] Hleksl AS EFB U9 T AE SheRe 2
oy ZpolE YEeRH om, o] EqFolu; =4of| 9 Abslgleh R7IAR F 5o el A4 A 29A
gk Zolet At ETh Wt ofue} A4 9 3 3ekY (clinker)t} S I(slag)S WA 7]= 20 Yoloz
ol HE & 2 AA ﬂrﬂoﬂ HAHA FgS

A gste vk gEEom, o]z Eah U
o] QHjA HAMEC] % AW oRol Aoz wrhy ZtHAhn et al, 2013). @i &

o} webd S @ AT vpo| QujA BAMFES 1 Euf AA719] 71A1A A §=3tch(Lee ef al., 2010).
oledds Agon Bealy] faAt A Wy %4 wieksh A% BFBO) R7]E £4)ATH= Table
oA AlEel sl A FAveier gt 4 4, 5o th nFnpo|ujio Fo YRS ZE,
A7l ek A7} BasithAhn ef al, 2014). o, A, A, vk o ok 245 S-S
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Table 6. Sugar and inhibitors in hydrolysate during wet torrefaction of empty fruit bunch

(Unit: g/0)

Glucose Xylose Furfural Xylo- Acetic acid Formic acid HMF TPC pH

oligomer

180C Smin N.D 0.40 (0.02) 0.58 (0.02) 5.70 (0.68) 0.46 (0.04) N.D N.D 1.30 (0.03) 4.45

180C 10min N.D 0.54 (0.01) 0.63 (0.01) 621 (0.67) 0.60 (0.02)  N.D N.D 1.40 (0.01) 4.42

180C 20min N.D 1.03 (0.03) 0.85 (0.01) 7.72 (0.15) 0.82 (0.01) N.D N.D 1.82 (0.04) 4.09

1807C 40min N.D 3.10 (0.07) 1.83 (0.03) 5.48 (0.48) 1.24 (0.03) 0.25 (0.03) 0.07 (0.03) 3.01 (0.07) 3.84

190C Smin N.D 0.75 (0.04) 0.72 (0.02) 8.50 (0.29) 0.71 (0.02) N.D N.D 2.26 (0.06) 4.27

I;EZC*:Z% 190C 10min N.D 1.50 (0.06) 1.03 (0.03) 9.07 (0.82) 0.93 (0.02) 0.06 (0.02) N.D 2.81 (0.06) 4.08
torrefaction  190°C 20min N.D 3.32 (0.09) 1.90 (0.01) 6.48 (0.21) 1.18 (0.03) 0.24 (0.02) N.D 4.16 (0.11) 3.80
190C 40min N.D 2.44 (0.12) 4.01 (0.08) N.D 1.71 (0.03) 0.55 (0.02) 0.10 (0.00) 4.74 (0.23) 3.58

200C Smin N.D 2.34 (0.04) 1.30 (0.04) 8.54 (0.38) 1.06 (0.02) 0.16 (0.03) N.D 4.60 (0.14) 3.86

200C 10min N.D 3.99 (0.03) 239 (0.10) 2.66 (0.40) 1.36 (0.01) 0.31 (0.03) N.D 4.82 (0.08) 3.65

200C 20min N.D 2.08 (0.08) 3.97 (0.13) N.D 1.79 (0.05) 0.55 (0.02) 0.17 (0.05) 5.56 (0.07) 3.51

200C 40min 0.13 (0.01) 0.63 (0.02) 4.05 (0.13) N.D 2.15 (0.05) 0.61 (0.02) 0.41 (0.03) 6.11 (0.24) 3.51

Wet 180C Smin N.D 0.24 (0.01) 0.54 (0.01) 4.05 (0.04) 0.59 (0.01) N.D N.D 1.31 (0.08) 5.21
torrefaction  180°c 10min N.D 0.31 (0.02) 0.59 (0.01) 5.64 (0.06) 0.74 (0.02) N.D N.D 1.50 (0.06) 4.60

* The parentheses contains the standard deviation with the analysis repeated three times.

* ND means not detectable.
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