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Abstract — Because of high contents of cellulose (~37 wt%) and hemicellulose (~17%), rice straw seems to be a
potential lignocellulosic biomass for production of bioethanol. In this study, Ammonia Recycled Percolation (ARP) pre-
treatment of rice straw was extensively investigated. In particular, the experimental study included the effects of tem-
perature, reaction time and concentration of ammonia on compositions and enzymatic digestibility of the resulting solid
residues; the ranges of pretreatment conditions were, in turn, 150~190 °C, 10~90 min and 0~20 wt%. Through ARP pre-
treatment, the lignin content was reduced by as high as ~84% while 20~80% of the hemicellulose was also solubilized.
The solid residue resulted from the pretreatment with 15 wt% aqueous ammonia solution at 170 °C for 90 mim showed
as high as ~90% of digestibility with 15FPU/g of glucan enzyme loading. Supplement of xylanese to cellulase led to a
notable enhancement of digestibility, indicating a discernable inhibitory role of hemicellulose. Simultaneous Sacchari-
fication and Fermentation (SSF) and Simultaneous Saccharification and Co-Fermentation (SSCF) were performed to
obtain ethanol productions of 13.8 g/L (corresponding to 81% yield) and 15 g/L (corresponding to 89% yield), respec-
tively.

Key words: Ammonia Recycled Percolation, Rice Straw, Lignocellulosic Biomass, Bioethanol, Simultaneous Saccharifica-
tion, Fermentation
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Aol ARE-3E Bl A ellA 20050l &5 HES-
B AQH3I 01 45 °ce] At 22ellA Azt Hxd H
A& AA 351! 20~80 mesh Alole] &S FHste] F70] 9l
= 87100 ol WAarel Raste] AEe ARSIl theellA A
W Al Sal S Ao 271338 vt 2 =,
glucan 37.3%, xylan 17.1%, % lignin 19.2%, galactan 1.8%, arabinan
3.4%, mannan 1.8%, ash”} 8.7%, 12|37 acetyl group®] &F 1.7%9]
Sith TFAIEE AR a-celluloset= SigmaAtZF-E U S
w A Z2}A] Q1 Spezyme CP(Lot No. 301-00348-257, H]| B4 £ =
31.2 FPU/mL)9} AHLdeh}AlQl Multifect(5-2l 3FFo] 43.7 mg/
mL)E Genencor International Corporate(Palo Alto, CA)*l1, Novo
IncollA] 7918t B-glucosidase?] Novozyme 188(Lot No. 11K1088)
] H]EMdER= 750 CBU/MLOI I, SAIGSha A glolA] e
W ETT Saccharromuces cerevisiae ATCC 20062(DsA)yE YPHIA]
(1%2] yeast extract?} 2% pepton)llA] 38 °C, 150 rpm= -4 H+=
g7 10l E3BIAA ARSI B TAE sl el
ARgEF vl 2o = Escherichia coli ATCC 55124(KO11)E, —20 °Cell
BE dEgolE dl53te] SigmarlZH-E T3 LBHIA] (1%
tryptone 0.5%%] yeast extract 1%2] NaCl, 40 ml/L2] chloramphenicol
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w55 njo] @S Relo] Ttk Tl a RS 15 FPU/
g-glucan®] Spezyme CP2} 30 CBU/g-glucan®] B-glucosidase} &+
7 7Vt YHA= pHZF 4.821 0.05 M sodium citrate buffer=
A AAFF7E 100 mL HEF gtk o]gA #hd EeknaE
50 °CZ FA1% 3L 150 rppm @2 WRES= ZHHI7] (new Brunswick
Scientific, Model Innova 4080)°14] 7}=E-alju-8-2 XA|Z O
AT AREIA SR MRS AFH ] Aminex HPX-87P7} 721l
HPLCE ©]83}9] glucose?] 3d-S 5743130 7E=all e o]
E7421 glucosee] thdt 72417 F2 vjeslo] AL glucose®] Wi

&2 st Akl
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T AYolM = AFEA|Z = Spezyme CP(Genencor, Lot No. 301-
00348-257)=, B-glucosidase®+= Novozyme 188(Novo Inc. Lot no.
11K1088)5 AH&-3131}. 250 mLo] AF1E2k 0] glucan®] §Hgo]
3% wivE| =5 Hlo] @ ui A RFsto] Ffskal AT 7E 100 mL
HEE G489 5 183 $F-8-9(0.05M sodium citrate buffer)
O F At} gl AFAIQ! Spezyme CPE 15FPU/g-glucan,
B-glucosidase?! Novozyme 1882 30 CBU/g-glucan’} ¥3H% =%
3t} SH)E whS7)S 38 °C, 150 rpme] WIS ER 54 5= 7k
k7 ol FAlst 3, SAIEsdE Aol YP uiAlelx] 433}
A7 Saccharomyces cerevisieae ATCC 200625, A3 3la-528
Adell= LBul Aol M &4 3AX) Escherichia Eoli ATCC 55124
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o]22Ql At ollehs F8[%)
71U A E ollehe
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3-1. M| Z=20| M2eist ¥ sAY RN 0kl I

HRS-2 537 150~190 °C, RESAIZES 10~90 min®] WL eA HA
Algel| thek ARP A 2] A e}l 71 Addelx] 7] vt
7] Yol Bk A15.9] k& ok 13,5 0] 01, 2.3 MPa® 4]
HE RET] UIZ 15 wi%s] 4R Yol E 5.0 mL/min 742
2] A% AR st T vhgo] i AlsE E= A
23t & SAlA daaste] Warel] ksl ARSIt

ofe] oA HA e AlmES] viskd 2 7l s
Table 1ol 2Iat3ict. AR <ellA 30~60%2] vho] Quf~
AlAo] BAlElg) oM B2 T 28R WAl A4S
22 B% 7k 150 °C2F 170 °C AoJoll e W7 ) 875,
T3 HEEA|7I0] DG Fu) AR 2949 )19 AlARo] =3k
on 7o) Wit G4 TR (63~90%) % SFAFH QI o] Bk
21 Wl 2l AAEL 33~83%, AU AFZSA AALS
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A= W57} 4] 92 Aol gde] wafikgo]
AN HEG- 27} zobA| W Fn| AR 227 Eoll 2]%F autohyd-
rolysisell 2] el A| 5k 2] 12 Al§FH o] TN AX &
4 B2 A EAUHIS, 19] A4el AgksiAl =loi(20], 2
HH oz AL 2l1d AA%E £o7] uliEoZ B} 3HA,
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Table 1. Effects of reaction temperature and time on composition of ARP-pretreated rice straw residues

Temp, C Reaction Time, min Solid remaining, %  Glucan, %  Xylan, %  Lignin, % Delignification, % Digestibility
Untreated 100.00 37.30 17.10 17.90 29.63
10 72.77 36.92 14.93 11.87 33.69 63.52
20 55.53 33.37 10.61 5.83 67.43 85.26
150 30 56.35 33.70 10.87 5.47 69.47 87.61
60 4821 31.48 9.02 391 78.18 88.85
90 47.92 32.84 9.78 3.07 82.86 86.94
10 48.86 27.33 8.07 797 55.47 64.66
20 45.81 28.30 7.97 5.94 66.79 68.15
170 30 44.69 28.96 7.02 4.53 74.67 81.05
60 43.09 30.73 6.64 3.75 79.05 80.29
90 40.59 28.80 6.22 3.57 80.03 90.13
10 51.16 29.91 3.27 14.82 17.16 27.08
20 41.42 25.52 1.62 11.81 34.03 33.52
190 30 46.67 31.95 1.54 10.51 41.29 36.99
60 38.70 28.45 2.55 9.97 61.07 47.30
90 41.40 32.31 2.98 6.87 61.63 47.33
Notes. 1. All sugars and lignin contents are based on the oven-dry untreated sample
2. Pretreatment conditions: 15 wt% ammonia, 5 mL/min of flow rate, 2.3 Mpa
3. Enzymatic hydrolysis: 72 h, 15 FPU/g-glucan of Spezyme CP, 30 CBU/g-glucan of Novozyme 188, pH=4.8, 150 rpm
4. Klason lignin
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Fig. 1. Effect of reaction time on solid composition, digestibility and
delignification for ARP-pretreated rice straw. All sugars and
lignin content are based on the oven-dry untreated biomass.
Pretreatment conditions are 15 wt% ammonia, 170 °C, 5 mL/min
of flowrate and 2.3 MPa. Enzymatic conditions are 72 h, 15 FPU/
g-glucan of Spezyme CP, 30 CBU/g-glucan of Novozyme 188,
pH=4.8, 50 °C, and 150 rpm.
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on AR £E7F SRS B2 SRS e
150 o9} 170 °C2] S0l = 27|k L T 15519 oL} 72 h 7}

el ol M= 150 °C]] B97F 7HE =2 gk B3tk :LEM
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reaction temperatures for 30 min with 15 wt% ammonia with
5 mL/min of flowrate under 2.3 Mpa. Enzymatic hydrolysis
conditions are 15 FPU/g-glucan of Spezyme CP, 30 CBU/g-
glucan of Novozyme 188 enzyme loading, pH=4.8, 50 °C and
150 rpm.
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Fig. 3. Enzymatic digestibility of untreated and ARP-treated rice straw
samples. Pretreament conditions are 15 wt% ammonia with
5 mL/min of flowrate at 150 °C and 2.3 Mpa. Reaction times
are indicated in legend. Enzymatic hydrolysis conditions are
15 FPU/g-glucan of Spezyme CP, 30 CBU/g-glucan of Novozyme
188 enzyme and Mulifect xylanase with a protein content of
43.7 mg/mL loading, pH=4.8, 50 °C and 150 rpm. In the experi-
ment for the effect of xylanase addition, rice straw ARP-treated
at150 °C for 20 min was used.
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sk Axgld AR AL Table 200 5813 o1 7=
WH3-2] AF= Fig. 40l =K HRYoe] 57t 55
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Fig. 4. Effect of ammonia concentration on enzymatic digestibility of
ARP-treated rice straw. Pretreatment conditions are 170 °C,
5 mL/min of flow rate and 2.3 Mpa. Ammonia concentrations
are indicated in legend. Enzymatic hydrolysis conditions are
15 FPU/g-glucan of Spezyme CP, 30 CBU/g-glucan of Novozyme
188 enzyme loading, pH=4.8 and 150 rpm.
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3-2. SAFELE ZSH(SSF)
a4 7Rl L A ER] cellobiose?} glucose] 3l
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3PkE 57 (SSF, Simultaneous Saccharification and fermentation)©]
t}. SSF Felxl= gk hg7| UlelA F3lkel war) A 1= o]
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Table 2. Effect of ammonia concentration on solid composition of ARP-pretreated Rice straw

Ammonia Conc, wt% Glucan, % Xylan, % Lignin, % Acetic acid, % Digestibility
0 47.8 20.3 25.29 2.4 55.73
5 57.3 19.5 12.47 1.8 63.76
10 58.8 19.1 13.38 2.7 72.12
15 60.6 18.1 10.95 2.5 79.15
20 61.8 15.9 10.81 2.3 77.33

Notes 1. All sugars and lignin contents are based on the resulting dry solid.

2. Pretreatment conditions: 170 °C, 5 mL/min of flow rate, 2.3 Mpa

3. Enzymatic hydrolysis: 72 h, 15 FPU/g-glucan of Spezyme CP, 30 CBU/g-glucan of Novozyme 188, pH=4.8, 150 rpm

4. Klason lignin
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Fig. 5. Simultaneous saccharification and fermentation (SSF) of ARP-
pretreated rice straw by DsA yeast. The sample was pre-
treated at 150 °C for 30min with 5.0 mL/min flowrate of 15 wt%
ammonia. SSF test conditions are 15 FPU/g-glucan Spezyme
CP, 30 CBU/g-glucan Novozyme 188 enzyme loading, D;A
yeast in YP medium (1% of yeast extract, 2% of peptone),
anaerobic condition, pH=5, 38 °C, and 150 rpm.
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Fig. 6. Simultaneous saccharification and co-fermentation(SSCF) of
ARP-pretreated rice straw by recombinant E. coli(KO11). The
sample was pretreated at 150 °C for 30 min with 5.0 mL/min
flowrate of 15 wt% ammonia. Substrate : 3% w/v glucan load-
ing/100 mL working volume. SSF test conditions are 15 FPU/
g-glucan of Spezyme CP, 30 CBU/g-glucan of Novozyme 188
enzyme loading, Escherichia coli ATCC 55124 in LB medium
(0.5% of yeast extract, 1% of peptone), anaerobic condition,
pH=5, 38 °C, and 150 rpm.
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