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A= Y F1HERQD S5t (corn stover)E ©]-8-510] FAPH(DSA; dilute sulfuric acid)¥} Yo} 3]
H(SAA,; soaking in aqueous ammonia) 18] 3 R Yo} A8k FEH(ARP; ammonia recycle percolation)s H] w8k
o 7} dxe e B4 Adile A8, SAIESl e s EE B oflghE AAEE HIwSISITE ARP, DSA, SAAE
ol g3ty AA e 1HEGB% =57 FY)S 15 FPU/g-glucan, 30 CBU/g-glucan®] %8 &4 (Spezyme CPS};
Novozyme 188;)9} E. coli KO11 TF(ATCC® 55124)2 o]&-slo] TA|@a 35 ia S st dAe] Jof P
1=l = 3o Hujlol &3] olleks & 717} 87, 90 18|l 78%3ITh. o)A A E|wX] ¢k A S
T SHET + AL tiv] 27} 69, 58, W 74%0] SFshs AOE SAAS FEo] TP EA SR 5
Axg] J3fls o] g3t sAIGsly-s A A= DSAS Felolo] whg e st 7 =2 5445 YER
Q3L ARP A g3lolo] T thyo % Asfadprt & A0E YERT A3 SAAE ol&-ste] dAzlst £ glad
o] FH-5t Ftl S o] 8k ¢kal A ¥ uHEY sAEEslE 3HS o] 8E olvkE: Ato] 7 idekd
A ZBAAR] Fg o= ARSI

1O
T
3} =]
A=

Abstact — This is to study the effects of various pretreatment methods of agricultural residue, corn stover, and to com-
pare the feature and pros and cons of each method including dilute sulfuric acid (DSA), soaking in aqueous ammonia
(SAA), and ammonia recycle percolation (ARP). In order to convert corn stover to ethanol, various pretreatments fol-
lowed by simultaneous saccharification and co-fermentation (SSCF) were tested and evaluated in terms of ethanol yield.
With 3%, w/w of glucan loading using ARP-, DSA-, and SAA-treated solids, SSCFs using recombinant E. coli strain
(ATCC® 55124) with commercial enzymes (15 FPU of Spezyme CP/g-glucan and 30 CBU/g-glucan enzyme loading)
were tested. In the SSCF tests, 87, 90, and 78% of theoretical maximum ethanol yield were observed using ARP-, DSA-,
and SAA-treated solids, respectively, which were 69, 58, and 74% on the basis of total carbohydrates (glucan + xylan) in the
untreated corn stover. Ethanol yield of SAA-treated solid was higher than those of ARP- and DSA-treated solids. In addi-
tion, SSCF test using treated solids plus pretreated hydrolysate indicated that the DSA-treated hydrolysate showed the
strongest inhibition effect on the KO11 strain, whereas the ARP-treated hydrolysate was found to have the second stron-
gest inhibition effect. Bioconversion scheme using SAA pretreatment and SSCF can make the downstream process simple,
which is suggested to produce ethanol economically because utilization of hemicellulose in the hydrolysate is not necessary.
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H Ak e) et 25Re] 528k 71 AstE QIsh kA g
AA FAEE aEsk] A8l AEE AR oUAA S o83t
NAFEAT el gk #ilo] X&A o' Fkstar Qlet. vlo]
2 &, Hlo] @7k 4 T2 H]'O]i?i» %, 53] 2Pl
A FEE oA & efebgo] F5E Wi glown, ofe] 7k <

5 F 527 vlo|enjavt #ilE vha QlEd], 1 o) A
Hlo] Qul = AdelA d o] W igtel] to] 7hsskal 8
TR AER @ A (cellulose)2} 374 EEE‘A(hemlcellulose)
52 ’pglEo] T8 23 o] Qlo] ARE- oflfhEe] c At

o] 7Fsgt gzol7] whtolrt AT =M of %‘ T8 AERE
oiAg 5= Sl Adtet 2AEAAS eI 719 A4S 7
WA TL g 713t AEE o]8ste] Bl ARgo] Zhsslthe
7 witel] kAl Qlnk. 53] HAA| vlo] eu s TRe-H] S
A EE ol AAR R &, Ay} o] Aalsol
, AIA] AR oF 2,04x108 Eo|H] m|=tol A= AAto] 71
1A 54 TRt

vlo] @miAE vlo] 2% E‘/]‘ sleAlE o= d3kshr] 2l
zj g].zsl—x% = A§€6L14 ziﬂg] 35_6&_7}3’\_‘?_3]] ]/Kg‘:’ o]
g o] Aash2]. vl em|xe] Az F7gel tisl
A 57k TRkt o] AgrE e, ol & 59 Aoy 55 o]
B8 Z7135, A e, S, 718, ARk, 2907
Aol A Fol Urh3-14]. o] WHES F2 FAPH(DSA;
dilute sulfuric acid)°]t} FE U} FAH(SAA; soaking in aqueous
ammonia) Y Ho} A|5=$F 3EH (ARP; ammonia recycle percolation)
5 tekstAl MBE ALY S8 0] $rH7-9,15,16].

7 3ol dEUolE o] &8t MA e F RS 74
Al vl 2w AAe A ofe] 5/3-& VERATE WA Table 5ol Wt
ERdt 217} o] AxzHel| o] &&= gl Ak dEUolrE
AR 5 A 2l (lignin) Boks duAEE @ A0 T}
Ftaflol] mapAlo| ANk ALgE Ste] )} 357} o k. vk
FEUol= AR 0 Htk= glde] 7lisle] 274
o|ARE 7FA o] kel nlste] HIRE R kR o} 355 915 X
7} F7F=ofof gitt.

DSA §2 glo] At 3k o] g3fe] =2 =ollA F2 Akt
F vlo| M AE At} R AER AT FEANFICEN &
ok FIATAL FH12,16] HPE ARP B2 ol S
S0 FRS ARRE FRE vlo] @uiAE AHelato] Bl dE
HAIZIC ZH] EAseS AIAIXITHT. ARP WS AHESR=E &
Qe uAER el TRl HE 5 glvks Hs A
Aab7] 218l 2002 SAA W] ZiEE 3l om, o) WHelM = 2 eE
= djalel] WhSAI7RS DSAU ARP el B3l A A 3ITHS,9].
ojxlel] sr]dEz e s} b ole] Whg-& Haslslo] 2] 1dA|
7ol gt e es =lon gidles S Haskealtt.

olgA ofe] AA el we} thE A/dEo] BAkE T AEE =
o] EAJo] ty=27] wlitel| st&F ¥ (downstream process)?] &
shabg 3ol B S A ek HA Q] ks fEiE A
2] 372 5ol wet 7] 9] akaki o] o] A nle]
QLA AlE 7R 9] F7go] AEE ojof itk A Pt
by 3792 Fa|dsiha (SHF; separate hydrolysis and fermentation),
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4 (SSF; simultaneous saccharification and fermentation),
A3}~ 4 (SSCF; simultaneous saccharification and co-fermentation),
EYE274 (CBP; consolidated bioprocessing) 2! 2177 A=-718H
(DMC; direct microbial conversion) 5°] #|2+=]o] oL} o]FoA
FAGsEE a3 o] &%t WA 7o) a4 gESH
A 23k (1) A73% Jo] SA] n|8Eo] AnlEo], Fofl ost wa
wAE A EE HAaslehal (2) e (C5) S8 (Cos B4
of| AlF O 2 HEAT7 = A 22 FH o2 gl ot dasge
2 QU AL Qlek17,18]. th-i-e] AAe] 3782 v BEZ oA G
2 98Fhe] £a7t Er1fslt). wAlE euh ﬁéﬁb glrde] &
g2} Al dofuAl k= Floan, falle v RS 2= g
e wE Hasrdel Aslavrt AcH19]. lai olgdA &
gl eRFES gld o = RE e Aol waayelr AELe.
£ Agstolol w2 AA &S 85 F vk T8y E gld e
o)L Badelkal =2 vl-go] A Q.Ew, XE|¥ Wl SHF, SSF,
9l SSCF 37 231 Al u]AEol| digh A3l dde] TE=| ).
 AFrelM= kA Al Al 7] A S-S A sk
7} o] eulj 2 AJEe] T i el whEkA sHkR 3 A
kol WS 323 A vlo] o 2 3ka7g o] A9 el
tiste] =eligitt. oA AlEE Al 7] Ao R S5UE
HAAEsle] 137 Ae] g ad AsE Ak, AdE
AS 7REe 2 FAGsl s a 378 Saste] e 3
7 Aol digt g1 siict. ok, 7} dAxe e Jehda sy
712 FHZATE AR 2 AFellA] HAshs AASEA] $3k

m ol i ]

2.4

]

2-1. M=

Al ARG vlol @A S ws Al A] A
-2>(NREL; National Renewable Energy Laboratory. Golden, CO,
USA)eIA a-aigkom AlA, 12 5 248k 10~35 mesh 717]€]
Az e =719 Sl 9 ols St A3)E A
£3199h. 7] &5 7134 Q) A E-S NREL/TP-510-42618%3
A we AR E ATk (Table 1)[20]. w419 wlo] @ujxe] -
AL 36.1%] =FZH(glucan), 21.4%2] A F(xylan), 3.5%%] °}F
2} (arabinan), 1.8%2] THck(mannan), 2.5%2] Z-2F%k(galactan),
17.2%2] 271 (acid insoluble lignin + acid soluble lignin), 7.1%2]
A (ash), 3.2%2] oPAE 15 (acetyl group), 4.0%2] T (protein),
3.6%2] -4k uronic acid)*] St}

Table 1. Chemical compositions of untreated corn stover

Component Composition [%,w/w]
Glucan 36.1
Xylan 21.4
Arabinan 35
Mannan 1.8
Galactan 2.5
Lignin 17.2
Protein 4.0
Acetyl group 32
Uronic acid 3.6
Ash 7.1

All numbers are based on the oven dry weight.
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493 W dg Ao ¥FV|AR o MERZ 2 AE Sigma-
Aldrich(Cat# C-8200, Lot# 11K0246)Z3E 7-¢Jale] AA] &2
tie} v wsiglet. EAdsle] ARES AET oA Fal a4 AEe}
oA (cellulase)= "=+ DuPont A}(©]%: Genencor International)=-
B Alek2 44 5421 Spezyme CP(Genencor, Lot no. 301-
00348-257)y5 AMEBI L B3 S RS Y8l 7 AR-E

= FA| PO A (B-glucosidase)y= Novozyme 188(Novozymes, NC,
USA)Z Sigma-Aldrich(Cat. no. C-6105, Lot no. 11K1088)°14] -+
9} AR89tk NREL/TP-510-4262991 w2} A Aol =744 7}
48] F G5 Spezyme CPY] Filter Paper Unit(FPU)7} 31.2
FPU/ml, B-ZFFAt}oAl= 750 CBU(Cellobiase Unit)/mlo] 1. &
WA SO 152 mg/mlE =75 TH20].

2-2. MAEIYR] Y

DSA 9 ARP Aol ALE-H =, FAF Y kot
TE Taol] Y3 7, Ex, 2uxH GC 28, RES7] (packed-
bed flow through reactor), MZAHY, AL Z /=] Qi
FAEREE7] £170] 9/1031%], Ao)7} 10:1] & o]l SS304L AA
2 AFEP o, 9] F3)= 101.9 em’o|th vES- A 43S
Q3= 1,000 ml WAE 711 AEA-E 7 o] 85 G1o0H, FA ]
WS- o] Al J12olx dix)|e] F7]stE W8] Hl8)] A
e ddslo] ARH sk g ollA o] T ol
(250~300 psig) .2 2lo] F4-2]= I}t HPLC(high pressure liquid
chromatography)Y& 83 (AccuFlow Series 1I, Lab Alliance)E ©]&
sto] grbal ofRUolE WEE7|E o]FaGitt. AMe Y S
Aoy AT =iell 23] QlTH 7]

APR, DSA%} 9] SAAE A& 15gS 1110 HIEZE A2 I5
ol gl Z2o] 250 ml Witjepdel ¥ dgste] A&(~25°C)

oA wRkskA] oFar 10 F<F HESAIZATE  AellA AR A
g Az Table 200 ZRAIEHAl VrERISATE. A E] $efli= vE
S 91 IFNRSES of Aol of et & SRR AlF st
%‘35]:5}931 W-g== Bol 795 SA3IqItE. 18-E
& 5, Axsto] A ke aadsl 9o
A8I3AC}, AP dRkS-E-2 NREL/TP-510-42623 /J3#-1-4]

‘ﬁﬁlwﬁ‘m]iP*E‘HﬂO% IR S AASICH2I],

A=

i

7R S-S NREL/TP-510-42629 W el whel 21849
TH22). AF-L 250 ml 412} Zeksstel] 2 7148 SR 1%(whE
Qlalar e-8%(0.05 M citrate buffer)?} &45 E33610] F 100
ml@IFES HEE 1,002 7PHE T $of] AAseiek 4
A2 ok 1%(wiv)ell ddeh= 1,00 SF7roR, AlEe] AR
A Aol 7]1x310] ZFE 1.0 goll sk AR ks ARkt
of FJalrhelE 5ol ofH AATE Al5e] 2573t Fo] 50%

Table 2. Pretreatment conditions of ARP, DSA, and SAA methods

ARP DSA SAA
Temp. 170 °C 170 °C Ambient temp.
Pressure 1.9 MPa 1.9 MPa Ambient press.
Reaction Time 10 min 4.4 min 10 days
Reagent 15 wt% NH;4 1.0 wt% H,SO, 30 wt% NH;4
Remarks Preheating Preheating No agitation

(wt) 2, F 20 AAYR AETT F9)). SRk L%%E
50 °CollAl 96 h 5 WHHSE 150 rpm O = gk ﬂair:} 3
IR AlSolA| 15 FPU of Spezyme CP/g-glucan} B-=
AltiolA] 30 CBU of Novozyme 188/g-glucan©]S1th. G313 84 =
A7 A7He, 12, 24, 48, 72, 96 hyP e} 1.0 mi) AlEvE— AFAs o] =

m

T3 2 (glucose)2F AFLZ 2~ (xylose) A %S HPLCE ©|-4-3F
of A

2-4. SAElESUs 38

A GseEuE 2188 NREL/TP-510-426300] weha] AA]E]
ATH23]. Fa 372 250 ml AZFEEE~ A A 100 mle] A3
3] (working volume)E F]5}0] A5t FolE A5 oF2

3%(wiv)ell slldeh= 3.0 g0 SO =, HAE AIEJ A A
ol 7)1z F57F 3.0 goll slFshs AlE2] oS Alksle] F4)
SHATE FAGEEE AR 37°CNAM 150 pm®] WHES
120 h &2F A7) oA K== Qlet, 2 AR elA ARS-SE daat
T ST} AT 0 T Suhda) euhd-g nF g st
Tz 842 x22o] ¥ E coli KOI(ATCC® 55124)3117, LB
(Luria-Bertani) WA & ©]4-3}5lt). &4 FU5-2 AZE oM 15
FPU of Spezyme CP/g-glucan¥} B-=FF At} 1A 30 CBU of Novozyme
188/g-glucan® | ltt. ¥H-g-o| X8 =]= 52t 6, 12, 24, 48, 72, 96, 120,
144 hell A5 FslA 7= G 5% 9 A E ok F55 HPLC
2 S73ISITh 2 Aol ollekEe] o] 24 ] &5k ot
N ] o]_Q_ M 7;”/\].01_031;},

HES7] Ui oflghe ke (g)
HHS7) Ul 27] Do(g)x0.511
%100 D
71, WS 7 U 27 e 251k Ak 7o) gholot.

ollhe 58(2%, Al o] E2 =

[20]. %‘—1@} A4 AE 03 g2 1OHH(3 0 ml) TJM IEE 72%(w/
w) 3kl Y3 30°CelA 1h B2t 12} A 7RIS A1 Hell
84 mlQ] =TT 4.0% FAF Ao 7 B F udHATE o]
sto 121 °CollA] 1h &RF 22} 778l siQlet. 7k #ajdle-
Bio-Rad Aminex HPX-87P column®] “¢-2Hl HPLC(Varian 356-LC,
Varian, Inc., Palo Alto, CA, USA)E ©]&-5}0] Z} A% ojst gk
A8 YSISITE HPLC ¥4 2702 344 1 755 %
Ao Z 455 0.6 m/min®E 7313131, A (column)?] 25
85 °Colqit}. #1d7} Al (ash)2] “JE B8 NREL/TP-510-42618¢]
A AATEE F5= 0w EASISITH20]. A AE 1.0 g2 9.0 ml
F3]9] EE 72%(wiw) Bkl @31 25 °CollA] 2 h 53 HESAIT]
T SRTE 3.0% A Ao R B4 T 4h -5t ZTE I Fofl &
=] gk oS S7dste] glad RS Ao, 28 %t
ol 565°C A7|2E o83l 24h &3t AVEE AaA7|aL
2] Ad-g AT

3-1. 08 BEME 8 2 Fo GHME M
2 AN AR F 1% Qe AHgE AAe] 27 (Table 2)52
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Table 3. Compositions of untreated and treated solids upon various pretreatments using corn stover

Samples S.R.T(Wt%) Glucan (wt%) Xylan (wt%) K-Lignin? (wt%) Xylan removal (Wwt%)  Lignin removal (wt%)
Untreated 100 36.1 214 17.2 - -
SAA-treated 75.9 38.7 18.2 7.5 14.9 56.3
ARP-treated 57.5 35.6 9.2 5.1 57.0 70.2
DSA-treated 50.2 31.7 1.3 13.9 94.1 19.2
'All numbers are based on the oven dry weight of untreated biomass.
2Solid Remaining after pretreatment.
3Klason lignin.
Table 4. Total sugar (glucan + xylan) loading in SSCF reactor
Solid Hydrolysate Total sugar Loading
Glucan (g/100 ml) Xylan (g/100 ml) Glucan (g/100 ml) Xylan (g/100 ml) (/100 ml)

SAA-treated 30g 138¢ - None - 438¢g
ARP-treated 30g 0.78 g 00¢g 10g 478 ¢
DSA-treated 30g 0.12¢ 037¢g 22¢g 569¢g
Table 5. Features of various pretreatment methods
Pretreatment DSA ARP SAA
Typical reaction - 170-220 °C -160-210°C -20-80°C
conditions - 5-30 min -5-30 min +4-24 h

->150 psig - >200 psig - 0-50 psig

Features and effects - Effective for hemicellulose hydrolysis

- High selectivity for hemicellulose removal

- Effective for delignification
- Ammonia can be reused

- Effective for delignification
- Ammonia can be reused
- High retention of hemicellulose

Advantages and fates - Effective for hemicellulose solubilization

- Effective for delignification (90-100% of - Effective for delignification (50-70% of

of components (90-100% of cellulose and 60-80% of lignin  cellulose and 50% of hemicellulose lignin removal)
retention in solid; 80-100% of hemicellulose retention in solid; 70-95% of lignin - Low reaction temperature (low energy
solubilization) removal) input; no inhibitory product formations)
- Inexpensive chemical (sulfuric acid) - Ammonia can be recovered and recycled - Ammonia can be recovered and recycled
- Short reaction time - Short reaction time
Weakness - High reaction temperature (more energy - High reaction temperature (more energy - More expensive than sulfuric acid

required; degradation of hemicellulose into
inhibitory products)
- Low lignin removal

required before saccharification &
fermentation

- C5 sugar (hemicellulose) recovery is
necessary (sulfuric acid removal/recovery
system is required)

required)

- Low selectivity for hemicellulose

- C5 sugar (hemicellulose) recovery is

- pH Conditioning and detoxification units are necessary.

- More expensive than sulfuric acid
(ammonia recovery system is required)

(ammonia recovery system is required)
- Long reaction time

]x% lr.,—a,] 5]7@ 3:___ om]_xti _8_;}7]. ]JZQ 17-]0 /‘leﬂﬂo].
o] AA&F3AH6,7,10,12]. Table 32 DSA, SAA, ARPE o]-g-3j zl
Aglst & 1Y HAHE2] S (solid remaining %)%} HH-8-113E2]
AR AYE HojErh

Table 394 &RIgE 4= Qlxo] AA ] ¥R 92 714 (untreated)
71E(100%) 0.2 217}2] A2 vbg 32 P FAEe] s
Z}2} 75.9%(SAA), 57.5%(ARP), 50.2%(DSA) =22 LFERGTH A
A Aol QJahA AlAR (GO §38)) A, AAEEA ¢
& STTUE 7SR DSAHORE AT 318, 94.1%2] 3l
AEE @ 7F WMo s e El ot oF 19.2%2] 2l 1dTo] A
7]=]o] Sk Table Soll Fel¥ 31 o] u|AEE e ~of thgh SAt
o] AEITT) 558 o &= Utk v E SAAS] 9 15% AE2] &

| AEE QA RRo] AAE L 56% o2 glzrde] A= gd

of gt ekrofe] M} =55 & 7 Stk ARPS] A9+ 7F

A o] et EeE Ak HERoH 70.2%9) 2lod AlA
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£8 eha 579%2) P BEE 0 7} g0 = AR, o5}
ol & el wlat A 71 el e 2 72 S
o AAe] 3 Foll Y} PO thyspl RESE 2 5AF
& 7P 3lek. ofele SAEE vash] S 2% 19 gl &
A G Seha ke BEE ABS Ba B A
wel A AESHY T4 WAL gebd 5 gdeke S nds

A} g,

J

rin

=

3-2. EA°| 7Rl

Table 3014 A 1 1ke} o] DSARE: St Al 7h4] 5
g_}\éE Z CAZZ QA 4 g]j_p]”/] lﬁé%q_ oﬂ)\}gl a] ]AI%&Q
J,]_;Qj ) /\ o) o@ oﬂ/\]—o] iE}-E]—O p:]—)\]—%
o0 ZHE Ei}x*i 3|58 7 Qlob e HEE Fato] A
Al olehE 85 =Y 5 vk TR SAA A RS A Esto] 9
a5 LS Aol i) AR e 8 FnAER 0 T}
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Fig. 1. Enzymatic digestibility test of various pretreated solids.

50% ©]4+9] B 1S AALY Nl
ogfﬂl dol Al "t Axjee vy e
Ji_sa} AdZ A 59 \:PDPQE 371 =
a1, ThA] U]*ﬁi"ﬂ 2J3) oflgk&= Hglo] A fr} =2 582 o
s Ak AAE fleikde 18 L&ﬂ ot 7l e
(F3e)yE SAsh=s Zlo] Ha e S7el oA Fasith

Fig. 1= SAA, DSA, ARP A 2]¥ 13 E2] GAREAT ] mHE
FAgsee] A4S vehlal 9tk DSA Ho R HElE 75 967
7holl A19) eHAEE etk Z18]3 ARP, SAA AxgRow
Al B 22 AlROlA ZH2) 91.8%$} 87.3%E K.t
DSA & Hejd 13 =2 AAe] a7} =2 3 vEha
O} 3 71x] FESjok g HE-E Table 30 LFERERC] DSA g
VPE A AT HA g2 S5l vlsiA oF 44%S] =

7k &£24o] A Foll AF oM o)A F 277 12%°] AT
Jo|t}. REH ARP, SAA 2] Folli= 25712 £=4lo] #2] ¢l

I Sk AAY A o= 712 9= 96 h Bt IIkE
3% HERACE AAEE 18ES] aAadelEy vwsitt
Hol aHQl g o deke 4= gl ot ok Argieis
| ol§hE A7 ol F]lEE nlol ol o) niste] A
of|xe] Pl aATSHE S5 Esto] MAROE &
FebafoF gt Fig. 10114 Hzo] Al 7F4] Az B o A
EE29A 7|AR] - AEE QAL FEEH UL ¥ AL 4] e
wor 27 71Ee) WS ARG WA BRE QT

o,
oﬂ?r
o2

(¢

jul
o M

E
S

(]

5
g g
>

o
l\)m'r‘

I

o

I

)
R

Il
[

o2

i odle T

. SN SSLE SHAE

DSA ARP, 18|11 SAA HE o]g3to] MA st Sl 1
FET} K011 775 0|83 FAGeLa S st og
< S S 11 A¥E Fig. 200 YERATE K011 7=
E 0|83t o]z SAASH ARP A H TF Bl S| AEZS
2 AJo] Wol xglo] Eof Qli=d), “‘%ﬂ_ﬂ Fujasz e
T 7] B GePtaaA oebgze] A 4
Act. AFE ollers A A 2 L3} *a‘aébéﬁ}fﬂ &gl £
B & nfol uj] ofe nlwaia AakElE 2E AlE) ik
o] zag Zloju}, 1R WA W dele A 54 vt
o] Qufj o] F3E o] Q= RE BrslE F AvpiES Jo R v

intsl _j!=_7<4o]

w0 % A
o VS ——
w

50 f,

w

30 /

20 §
10 /

—O—a-Cellulose
—&— SAA-treated

—A— DSA-treated

—&— ARP-treated

Ethanol yield [% of theoretical max]

1 1 1

24 48 72 96
Time [h]

OL‘—\

Fig. 2. SSCF tests of DSA-, ARP-, and SAA-treated solids.
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