a2 United States Patent

US009090915B2

(10) Patent No.: US 9,090,915 B2

Wang et al. 45) Date of Patent: Jul. 28, 2015

(54) SULFITE PRETREATMENT FOR 5,540,392 A * 7/1996 Broderick etal. .............. 241/28
BIOREFINING BIOMASS 5,597,714 A 1/1997 Faroneetal. ................ 435/100
5,676,795 A * 10/1997 Wizanietal. ..... .. 162/30.11

. . . 6,017,870 A * 1/2000 Boweretal. .................. 510/392

(75) Inventors: Gaoshgng Wang, TianJin (CN); Xuejun 6.027.610 A * 2/2000 Backetal. .. T 162/111
Pan, Fitchburg, W1 (US); Jun Yong 6,555,350 B2 4/2003 Ahringet al. . . 435/162

Zhu, Madison, WI (US); Roland L. 7,182,836 B2 2/2007 Pattetal. ... ... 162/90

Gleisner, Jefferson, W1 (US) 2002/0026991 A1* 3/2002 Stromberg et al. 162/19

(73)

@
(22)

(65)

(60)

(1)

(52)

(58)

(56)

Assignees:

Notice:

Appl. No.:

Filed:

Wisconsin Alumni Research
Foundation, Madison, WI (US); The
United States of America as
represented by the Secretary of
Agriculture, Washington, DC (US)

Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 729 days.

12/425,773

Apr. 17, 2009

Prior Publication Data

US 2009/0298149 A1l

Dec. 3, 2009

Related U.S. Application Data

Provisional application No. 61/047,024, filed on Apr.
22, 2008.

Int. Cl1.

Ci2P 7/10
C07G 1/00
CO8H 8/00

CO8L 97/02

CI10L 1/02
CI3K 1/02
D2IC 5/02

U.S. CL

(2006.01)
(2011.01)
(2010.01)
(2006.01)
(2006.01)
(2006.01)
(2006.01)

CPC ... C12P 7/10 (2013.01); C07G 1/00 (2013.01);
CO8H 8/00 (2013.01); CO8L 97/02 (2013.01);
CI0L 1/023 (2013.01); CI3K 1/02 (2013.01);
D21C 5/022 (2013.01); YO2F 50/16 (2013.01)
Field of Classification Search

CPC ...........

C07G 1/00; CO8H 8/00; CO8L 97/02;

C12P 7/10; C13K 1/02; D21C 5/022; C10L

1/023; YO2E 50/16

See application file for complete search history.

References Cited

U.S. PATENT DOCUMENTS

2,269,985
2,924,547
3,652,387
3,808,090
3,998,688
3,998,845
4,017,642
4,089,745
4,211,605
4,326,032
4,767,499
5,004,523
5,205,496

> e e > > 0 >

* 0 1/1942

2/1960
* 0 3/1972
4/1974
12/1976
12/1976
4/1977
5/1978
7/1980
4/1982
8/1988
4/1991
*4/1993

* % ¥ ¥ ¥

*

OlSen ....cooovvvvvieniivniins 162/79
Knapp et al. . .. 162/83
Wilder ..... .. 162/25
Logan et al. . .. 162/23
Fischer et al. .. .. 162/50
Goldstein et al. .. 549/87
Orthetal. ... .. 426/69
Antrim et al. ......c..oooeee. 435/99
Saxtonetal. .......cccoceen. 162/64
Grove ........... 435/148
Simonson et al. .. 162/25
Springer et al. ... .. 162/76
O’Donnell et al. ............. 241/34

2003/0098272 Al* 5/2003 Marshetal. ... ... 210/321.74
2005/0207971 Al* 9/2005 Cortrightetal. ............ 423/657
2009/0229771 Al* 9/2009 Warnesetal. ............... 162/28

FOREIGN PATENT DOCUMENTS

EP 105937 Al * 4/1984
OTHER PUBLICATIONS

Lindgren, B. Acta Chemica Scandinavica (1951) 5: 603-615.*
Chen et al. Biomass and Bioenergy (2005) 28: 411-417.*

Ohgren et al. Applied Biochem. Biotechnol. (2005) 121-124:
10551067 .*

Ooshima et al. Biotecnol. Bioeng. (1986) vol. XXVIII: 1727-34.*
Yean et al. Pulp and Paper Magazine of Canada (1957) 58(7): 197-
210.*

Allen et al., “A comparison of aqueous and dilute-acid single-tem-
perature pretreatment of yellow of poplar sawdust,” Ind. Eng. Chem.
Res., 40:2352-2361, 2001.

Ballesteros et al., “Effect of chip size on steam explosion pretreat-
ment of softwood,” Applied Biochem. Biotechnol., 84-86:97-110,
2000.

Cadoche and Lopez, “Assessment of size reduction as a preliminary
step in the production of ethanol from lignocellulosic wastes,” Bio-
logical Wastes, 30:153-157, 1989.

Chum et al., “Pretreatment-catalyst effects of the combined severity
parameter,” Appl. Biochem. Biotechnol., 24-25:1-14, 1990.
Chundawat et al., “Effect of particle size based separation of milled
corn stover on AFEX pretreatment and enzymatic digestibility,”
Biotechnol. Bioengineer., 85:219-231, 2007.

Cullis et al., “Effect of initial moisture content and chip size on the
bioconversion efficiency of softwood lignocellulosics,” Biotechnol.
Bioengineer., 85:413-421, 2004.

Dasari and Berson, “The effect of particle size on hydrolysis reaction
rates and rheological properties in cellulosic slurries,” Applied
Biochem. Biotech., 137:289-299, 2007.

De Bari et al., “SO,-catalyzed steam fractionation of aspen chips for
bioethanol production: optimization of the catalyst impregnation,”
Ind. Eng. Chem. Res., 46:7711-7720, 2007.

Eggeman and Elander, “Process and economic analysis of pretreat-
ment technologies,” Bioresour. Technol., 96:2019-2025, 2005.
Excoffier et al., “Saccharification of steam-exploded poplar wood,”
Biotechnol. Bioeng., 38:1308-1317, 1991.

(Continued)

Primary Examiner — Susan Hanley
(74) Attorney, Agent, or Firm — Parker Highlander PLL.C

(57) ABSTRACT

The present invention relates to a method using sulfite pre-
treatment to overcome recalcitrance of lignocellulose
(SPORL). More specifically, it relates to a sulfite-based
chemical process for pretreating biomass in solutions to
reduce access barriers of enzymes to the lignocellulose,
resulting in efficient conversion through enzymatic sacchari-
fication.

11 Claims, 39 Drawing Sheets



US 9,090,915 B2
Page 2

(56) References Cited

OTHER PUBLICATIONS
Galbe and Zacchi, “A review of the production of ethanol from
softwood,” Appl. Microbiol. Biotech., 59:618-628, 2002.
Guy et al., In: Comparison of fiber length analyzers, Proc. 2005
TAPPI Papermarkers Conf., Milwaukee, WI, 2005.
Heitz et al., “Fractionation of Populas tremuloides at the pilot scale:
optimization of steam explosion pretreatment conditions using the
STAKE II technology,” Bioresour. Technol.,35:23-32, 1991.
Himmel et al., “Biomass recalcitrance: engineering plants and
enzymes for biofuels production,” Science, 315:804-807, 2007.
Holtzapple et al., “Energy requirements for the size reduction of
poplar and aspen wood,” Biotech. Bioeng., 33:207-210, 1989.
Hoque et al., In: Review and anlysis of performance and productivity
of size equipment for fibrous materials, ASABE Annual International
Meeting, Minneappolis, MN, 2007.
Jeoh et al., “Cellulase digestibility of pretreated biomass is limited by
cellulose accessibility,” Biotechnol. Bioeng., 98:112-122, 2007.
Kenealy et al., “Vapor phase diethyl oxalate pretreatment of wood
chips: Part 1, energy saving and improved pulps,” Holzforschung,
61:223-229, 2007.
Larsson et al., “The generation of fermentation inhibitors during
dilute acid hydrolysis of softwood,” Enzyme Microbial. Tech.,
24:151-159, 1999.
Laureano-Perez et al., “Understanding factors that limit enzymatic
hydrolysis of biomass: characterization of pretreated corn stover,”
Appl. Biochem. Biotech., 121-124:1081-1099, 2005.
Lynd, “Overview and evaluation of fuel ethanol from cellulosic
biomass: technology, economics, the environment, and policy,”
Annu. Rev. Energy and the Environment, 21:403-465, 1996.
Mabee et al., “Updates on softwood-to-ethanol process develop-
ment,” Appl. Biochem. Biotech., 129-132:55-70, 2006.
Mani et al., “Grinding performance and physical properties of wheat
and barley straws, corn stover and switchgrass,” Biomass. and
Bioenergy, 27:339-352, 2004.
Mansfield et al., “Substrate and enzyme characterization that limit
cellulose hydrolysis,” Biotech. Progress, 15:804-816, 1999.
Mooney et al., “The effect of fiber characteristics on hydrolysis and
cellulase accessibility to softwood substrates,” Enzyme and Micro-
bial. Technol., 25:644-650, 1999.
Mosier et al., “Features of promising technologies for pretreatment of
lignocellulosic biomass,” Bioresour. Tech., 96:673-686, 2005.
Nguyen et al., “Two-stage dilute-acid pretreatment of softwoods,”
Appl. Biochem. Biotech., 84-86:561-576, 2000.
Pan et al., “Biorefining of softwoods using ethanol organosolv pulp-
ing: preliminary evaluation of process streams for manufacture of
fuel-grade ethanol and co-products,” Biotech. Bioengin., 90:473-
481, 2005.

Pan et al., “Bioconversion of hybrid poplar to ethanol and co-prod-
ucts using an organosolv fractionation process: optimization of pro-
cess yields,” Biotech. Bioengin., 94:851-861, 2006.
Reinke, “A new multiple-unit constant-pressure
respirometer,” J. Appl. Physiol., 16:944-946, 1961.
Rivers and Emert, “Lignocellulose pretreatment: a comparison of
wet and dry ball attrition,” Biotechnology Letters, 9:365-8, 1987.
Sangseethong et al., “Rationale for particular size effect on rates
enzymatic saccharification of microcrystalline cellulose,” J. Food.
Biochem., 22:321-330, 1998.

Schell and Harwood, “Milling of lignocellulosic biomass: results of
pilot scale testing,” Appl. Biochem. Biotech., 45/46:159-168, 1994.
Stenberg et al., “Effect of substrate and cellulase concentration on
simultaneous saccharification and fermentation of steam-pretreated
softwood for ethanol production,” Biotechnol. Bioeng., 68:204-10,
2000.

Sun and Cheng, “Hydrolysis of lignocellulosic materials for ethanol
production: a review,” Bioresource Technol., 83:1-11, 2002.

Tillman et al., “Effect of transient variation of temperature on acid
hydrolysis of aspen hemicellulose,” Applied Biochem. Biotechnol.,
20-21:107-117, 1989.

Tillman et al., “Effect of transient acid diffusion on pretreatment/
hydrolysis of hardwood hemicellulose,” Applied Biochem.
Biotechnol., 24-25:103-113, 1990.

Wingren et al., “Techno-economic evaluation of producing ethanol
from softwood: comparison of SSF and SHF and identification of
bottlenecks,” Biotechnol. Prog., 19:1109-1117, 2003.

Yang and Wyman, “Effect of xylan and lignin removal by batch and
flowthrough pretreatment on the enzymatic digestibility of corn sto-
ver cellulose,” Biotech. Bioengin., 86:88-95, 2004.

Zhao et al., “Enhanced enzymatic hydrolysis of spruce by alkaline
pretreatment at low temperature,” Biotechnol. Bioengin., 99:1320-
1328, 2008.

Zhu et al., “Effects of plantation density on wood density anatomical
properties of red pine (Pinus resinosa ait),” Wood and Fiber Sci.,
39:502-512, 2007.

Zhu et al., “Optimization of dilute-acid pretreatment of corn stover
using a high-solids percolation reactor,” Biochem. Biotech., 121-
124:1045-1054, 2005.

Zhu et al., “Specific surface to evaluate the efficiencies of milling and
pretreatment of wood enzymatic saccharification,” Chem. Eng. Sci.,
64:474-485, 2009.

Zhu et al., “Sulfite pretreatment (SPORL) for robust enzymatic sac-
charification of spruce and red pine,” Bioresource Technology,
100:2411-2418, 2009.

micro-

* cited by examiner



US 9,090,915 B2

Sheet 1 of 39

Jul. 28, 2015

U.S. Patent

l "Old

e

~
i uonesjig4
N

uonanpay
ez1S
jesjueyd8y

v uojejusauLd4
pue uofjesedag

4SS
ajesysqng
4HS
juswijealyasd sdoys 4o

ajiIng | sdiyo ssewolg




US 9,090,915 B2

Sheet 2 of 39

Jul. 28, 2015

U.S. Patent

¢ 'Old

sjenjid

’

uonejidy
v

jusuijeasnalid

ayins

v uonejusWII
pue uopesedag

i8S
ajensqng
:o_ww__% 8 sdoyp Jo
[eolueyoe sdiyy ssewolg




US 9,090,915 B2

Sheet 3 of 39

Jul. 28, 2015

U.S. Patent

€ 'Old

ajen|ij

juswyeasjald

slyins

v uonejuaWLIdY
pue uopeledag

488

ajensqng

3HS

019 ‘JSNpMeS 10
sleql4 21s0|n|[ad
10 Jaded a)sepp




US 9,090,915 B2

Sheet 4 of 39

Jul. 28, 2015

U.S. Patent

¥ "Old

ojedid

uones|id
J

uonoNpay 9zIg
[eslueyoay

J.v uoneIUdULID]
pue uoneiedag

4SS

ajensqng
2 dHS

/]

jusuneasaid sdoyn 10
ayng AH sdiy) sseuwoig

(Hepeed doyo/diys



US 9,090,915 B2

Sheet 5 of 39

Jul. 28, 2015

U.S. Patent

S "Old

uonejusWIAS
ajeq||
1enid v pue uogesedas

i8S

ajensqng

JHS
uoisojdx3g
weals + sdoys Jo
juawjeasnaid sdiy) ssewoig

yins




US 9,090,915 B2

Sheet 6 of 39

Jul. 28, 2015

U.S. Patent

a-v9 'SOld




US 9,090,915 B2

Sheet 7 of 39

Jul. 28, 2015

U.S. Patent

L "Old

uope|id 10
uojesedas sjuajpalbuy
juswyealiaid

)0 ‘Il ‘iajem
-JOH ‘weays
‘SjusInNN

4= mm

uonesedog |
auwieasyaud

BULIBY] JO

1918 _._mu_s.w;o m

‘leajbojolg

ejesysqng [H
=

-

%90)Spaa



US 9,090,915 B2

Sheet 8 of 39

Jul. 28, 2015

U.S. Patent

ajensqng

: 1

8 'Old

J9Jep\

huvmmm.
diyg poop



US 9,090,915 B2

Sheet 9 of 39

Jul. 28, 2015

U.S. Patent

sed/njing _

yEESSsSsssss==s:¢::= = fensanata L —z_ (e0 ‘BIN)
m anpisay uiubi s lojetauads | aseg
w S i
m it i)
m Joyem ¥ 3 dil
" oHjwealg V¢ — .
; 1oH/WEAIS Te uopjetedaid
___ sjonpoid-09 AL Jonbi
m  sjeuojnsoubi] “Buis 2 sAodey0s T T T aw\
’ . —— AN
m i uonejusiLIeg ol \
" =sssssssssssssSEssEsssR_ \\\\a:V.
m & \“Waloo
m :
] - g K N
" uojpeljuasuon
" jronby Juad: o
n [10NDI7 Jusds - T
L] w o
i =g
n m m DU
uopesypeysdeg 3
- opewdzug - B _ &

ssoid uononmmy || uouea

azig



U.S. Patent Jul. 28, 2015 Sheet 10 of 39 US 9,090,915 B2

(poom po m %) AOH3

8

f 5
Sulfuric acid charge on od wood (%)

¢'|. .

Glucose
yield
.
FIG. 10

2

Cellulose
conversion
9

6 .

QO
<o i~ o w <

(%) 4y 8¥ @ SDO3



US 9,090,915 B2

Sheet 11 of 39

Jul. 28, 2015

U.S. Patent

ol

0S

Ll "Old

(%) poom po uo ab.ieyd ajyinsiq wnipos
N__‘ . c__‘ | 8 9 L4 [A 0

ﬁ..\ovw._‘ - poom n.o uo mmg.mco n_ow oce_:.w |
ulw g = awy uoijeubaidw] .f
uiw og 104 0,08} = L THOdS
SR ..................... ..................... .. .................. ° .......
3 3
T S S— S e e
¥ ¥
¥ ©
© o
® pIoIA  uoIsIaAu0)D
: : asoon|s  asojn|@n
P TR S R R

0¢

M4

o
©

o
%

00L

(%) sinoy gy ©® $9O3



US 9,090,915 B2

Sheet 12 of 39

Jul. 28, 2015

U.S. Patent

08

¢l "Old

(1noH) aw sisAjoipAy snewAzuy

c_o o_v 0¢ 0

| (%) 6 0 —e— 08} —o—
| ayyinsig  (uiw) awyy uoneubaidu)

0 0 —=— 0€ —eo—
€ 0 —— 09 —v—
9 0 —&— 0 —=—

%v8

| I W S S N AT

"} abieyod _.u_om ouUNYINg

001



US 9,090,915 B2

Sheet 13 of 39

Jul. 28, 2015

U.S. Patent

€l 'Old

(4noH) awn} sisAjoapAy s13ewAzuzy

0S oy 113 0c o_v

PR WY WY I SR TN VO S NS YUY S WU W N
- 0¢c —e— ¢9G--0--
: Gl —»— 89¢--v--
, 0 —=— ¥81L--8-- | |
S— (%) IOH (%) OS°H ... .

%6 = abJeyd ayjnsiq Es_uo.w

L I I L T

oooooo
------




US 9,090,915 B2

Sheet 14 of 39

Jul. 28, 2015

U.S. Patent

¥l "Old

L4 A

1 2 2 L J S ]

rveJjvyrvyvvyrprvye e T vy

LA AR M M R

_wc__mv__m JoennaN v

%60} 8y|ns WNIpog
pioe JLOJY20IPAH  x
ploe ounyNS e

%6-3)4Insiq Wnipog




US 9,090,915 B2

Sheet 15 of 39

Jul. 28, 2015

U.S. Patent

%) ADH3

(poom po m

YA

0z |

oV |

001 |

Gl 'Old

(u) sawy sisAjoipAy o13ewifzug

H -
: -
. -

- -
H
P

piaik
asoon|o)

- o -
uoisiaAuod (9,) abieyd
9soInRD  8linsig




US 9,090,915 B2

Sheet 16 of 39

Jul. 28, 2015

U.S. Patent

91 "OId

(%) |leAoway

00L 06 08 0. 09 0S

1 1 ! L 13

oy 0€ 0Z Ol

) ] ] 1

[

I

T

R s

7///// ////////////////////V///////////

Gy = Hd Jo)em-joH m
Gy =Hd 140dS B
L'¢=Hd pioe ainjig §
1’2 =Hd THOdS B

paAowal
uejno

paAowal
uejAy

paAowal
uiubn



U.S. Patent Jul. 28, 2015 Sheet 17 of 39 US 9,090,915 B2

g by 5 =
— N < o3
oo o 2
n L ou T ¥ 3
Q. ©
I-UIQ' @O
0 = 0O > 2
O (O] (O]
_Jm_l*‘-u‘ — % E;
zoZiiEm %2
! = »
A =0 G| Ceeeeeeeees ~
nwownwzx
BRI i ~
-
e S
------- soon o
(- e v\v“«,;o
a2
= ®
Z Aw
lll-l ! o o
y U uC : -I‘l.:8
O N O WO WO WOolimowo
SO o ®wON~KOOW®BITI



US 9,090,915 B2

Sheet 18 of 39

Jul. 28, 2015

U.S. Patent

% IM) ADHT

(poom po

8L "OId

(4noy) sw sisAjoipAy snewAizug

0S ov 0¢ 0¢ 0l 0
° FAUUE WS VN YORUH Y YR YN YUY SN NUNN N SN SN T R SR S S _ " PO |
H 900z ued Ajosouebl)  —s— —y— . 0
¥8°L 00¢ -8- --m--
. 260 2ZET -o- --e-- w
QN O Py -v - R ........ ON
[ (%) POy Hd A9H3I $003 :
°.v . ....lllllll ............................................... Q.V ﬁ
O
[ w
08 Y
oop Lt P T B 00l




US 9,090,915 B2

Sheet 19 of 39

Jul. 28, 2015

U.S. Patent

0

M) ADH3

%
o
<

S

61 'Ol

(1noy) swy sisAjoipAy snewAzug

oy

o€

0¢

]
~N

— ]2

eie ® o n s 2
--------

86}

12

—_——

Hd 9% aunsig ASH3 SOD3




US 9,090,915 B2

Sheet 20 of 39

Jul. 28, 2015

U.S. Patent

0¢ "Oid

(1noy) awn sisAjoipAy snewAzug
mN. 5 .o_N. m_v c_v S 0
L | 261 Q B —— :

3

€8’} p  me- -e-
08l 0 e ——

Hd 9% awinsig ADH3 SOD3

PV

%89°€ = 9BIEYD PIoE oUNJINg JUNdSMAN PIO | |
Al A i 1 2 2 2 2 ] 2 A . 2 1 2 N x 2 ocv




U.S. Patent Jul. 28, 2015 Sheet 21 of 39 US 9,090,915 B2

14

1.84 %

3.86 %
——r—r

2

10

.,ﬁ,
]
B

—

H
;

MHF Furfural Acid charge
E
n

FIG. 21

Bisulfite charge (%)

®

i

L) L) ; L L] ; L L] l ' ' L L) i
(Lo (=] < 0 N < o
™M ™ N - -

(poom po 6/6w) jeanung pue JINH




U.S. Patent Jul. 28, 2015 Sheet 22 of 39 US 9,090,915 B2

| mﬂm{[ﬂﬂwg



U.S. Patent Jul. 28, 2015 Sheet 23 of 39 US 9,090,915 B2

¥_<

BT
F 1S 5
T E g
- [
L | | "

16 20 24 28 32 3.6 40 44 48
pH

FIG. 23

.

B
v

0
0
0
0
0
0
0

(poom po 6/6w) jeinying pue JINH



US 9,090,915 B2

Sheet 24 of 39

Jul. 28, 2015

U.S. Patent

ve-

old

asoon|b b g9
asolAx B gy  asojoejeb b6z
asouuew 6z}, esouigeie b g
:saebns Jawouow B L9z
pioe o3ase 6 g
(eyeuojnsoubij) uuby b g5

1

sisKjospAH - uoyonpay. onennd
opewhzuy || ems || NN
asoon|b 6
BheLe uejfx b ¢ Juouneasald
ueon|b b o8¢ : @
%E6  ©soon|B wuby 6¢gz  ueonib b zey

%9L  9sO/Ax %9 esoeled
%88 OSOUUBW 9%gG osouigese
£13A0331 J1€3NS JLIdWOUOW [[BIIAQ)

ue|Ax b 26 uejoeeb b 2z
ueuuew BgL} ueuigese b i
:poom aonids po 6 0001




U.S. Patent Jul. 28, 2015 Sheet 25 of 39 US 9,090,915 B2

CCD Camera

Fiber Flow

FIG. 25




U.S. Patent Jul. 28, 2015 Sheet 26 of 39 US 9,090,915 B2

I

LR U S LR LT RRPLT

10 12 14 16 18 20

S X LT TR TR TR PT R PRESYSTPLELL T

d/w

FIG. 26

L) LS LB L LA LANE Su I T 1 71 l T vV 1 ¥
o o (=] o o
= b ™ N b ud

(%) 410449 dAnR|DY



US 9,090,915 B2

Sheet 27 of 39

Jul. 28, 2015

U.S. Patent

L¢ 'Old

(ww) azis yso

1
w0
it
o

* ¥
| ............................. L$0°0
w ........................... o n*" ............................. 800

* 3 S%
-
T O ulu .............................
. XXH-V-IIFNG ©
. xxX(d)Y-1FNg = .............................
I XX(d)d-WH v
sajelisqns pajeuoijoel = [

0c'o

4

wirl; wir) aoepins oly1oads o3dWINIOA

[ d

(



US 9,090,915 B2

Sheet 28 of 39

Jul. 28, 2015

U.S. Patent

8¢ 'Olid

(4noy) swiy

08 0L 09 05 O O
.2 bk L PO N S B S U U AU ]
IR
[ I | &
|.|.|.|..||.|.|.H'$ ........... w|. !
- W U ORISR X - IS _r.l.l.lml....
i : m
-.I.I |l$ e 2 n..ll.nlwex.l.ﬂ .HI.H...!II.I “w@x !w
—_— T .. WW%
H— —
RO SO T S NI

mmmmm me—"

001 -V-1IFNQ ---%-- 00LY-IFNQ —— 08d-WH --#- $9
BYM-V-IIFNG --¢--  8PH-I-INd —o— O08H-WH -&--
82Y-V-IIFINQ ---»--  8ZY-FNQ—a— OPY-WH --&--
PLY-V-IFNG - PLY--NG —e— OZH-WH --e--

Vv juswjeanaid Bulin ¥sig  Buiiy ;ewwen




US 9,090,915 B2

Sheet 29 of 39

Jul. 28, 2015

U.S. Patent

6¢ 'Old

pEE«E& aoeuns 21}199ds JL}OWIN|OA

€0 ¢i0 _‘_‘_.c cm.c 60°0 wo.c 00

g Wi g¢'0 = 92!1s Ysop i
N (V9 'OId) 084WNH |t ¥

H wiw mm.o = 8zIS s.mws_

(@9 '©14) 8r¥-I-Na

9
-8
-0L

-Cl

-9l

xXxy-1-NQ e
XX(d)Y-WH v
XXY--NG =

sajeJisqng pojeuoln}oel |

-8l

-02

(A4

(%) 29903



US 9,090,915 B2

Sheet 30 of 39

Jul. 28, 2015

U.S. Patent

0¢'0 w_‘_.c w—“.c v_‘_.c Nr_.o c_“.o 8

0€ "Old

( MEEN:EV 90BlNS 21}109dS J1IJWN|OA

0

) O-lFNG ®
% ........... . m .'. ...... mlx_——IED o ...”u
| | xx¥-v-IFNG o |}

N I I B R B

l- .................... - .................... ...... T . 0S

0
oy



US 9,090,915 B2

Sheet 31 of 39

Jul. 28, 2015

U.S. Patent

1€ "Old

( nE&NEe 9oeuNns 21j19ads ILJDWN|OA

Lo mo_.o om.c no.Tc 00°0

= “ |
I XXH-1-NQa o ]
i XX(d)d-WH v v
5 o] sajelysqns pajeuonoeid Jy-yz |

0

(%) 0903

-91

0¢c



US 9,090,915 B2

Sheet 32 of 39

Jul. 28, 2015

U.S. Patent

A v_._.o o—“.o mo_.c

¢¢ 'Old

( mEEN_E: 9JeLINs 21j109ds JLIJDWNJOA
80°0

Al

XX4-1-NQ e
XXy--NQ =
sajeljsqns pajeuoijoel

X(DUNH v n

4

(.wyB) pio1IA asoon|b aoseuns yun



US 9,090,915 B2

Sheet 33 of 39

Jul. 28, 2015

U.S. Patent

€€ "Old

(poom po By/ym) ABisus Buijjiw ysig

00S on_v.v on_um 00c on_v 2 0

geli-na ¢ Vv-I-ng o

[| O-I-Ng = g-LiiFNa © FNgQ =

........................

a-zll-Ng ¢ H-NQ o .«v.

T T
w0 N
A -
o o

T
(oo
it
o

4

(_wr; wr) aoeuns oiyioads o1I3JOWN|OA

€

TA



US 9,090,915 B2

Sheet 34 of 39

Jul. 28, 2015

U.S. Patent

v€ "Old

(poom po Byym) ABiaua Buijjiw ysig

00S 00

c@m c@N oﬂ_: 0

-_-_ ........ .......... —

>l-NG #
g-cli-Na ©
a-zI-Ng o
| a-Li-ng e
f| o vEHha o
: I-Na e

- NG

(ymyB) ABadua 1un uo A9H3I



U.S. Patent Jul. 28, 2015 Sheet 35 of 39 US 9,090,915 B2

T

1.0

0.8

Milling batch size (kg)

0.6

FIG. 35

04

0.2

(poom pajeasun po B3/ym)
ABidua Buijiw ysiqg



US 9,090,915 B2

Sheet 36 of 39

Jul. 28, 2015

U.S. Patent

9¢ 'Old

(%) Aauaysisuod spijos Buljjin
oy 0¢ 0z 0} 0

6l
[44

0S

THOdS —o— |
THOods -
'L poeang —e—|
Jojem oy —v—|:
pateanun —— |

m

(0=)Hd jBWIEasRId

001

(%) 414y 8Y @ 0903



US 9,090,915 B2

Sheet 37 of 39

Jul. 28, 2015

U.S. Patent

L€ "'Old

(%) Aouaysisuod pijos Bulin

0S 1) 4 0¢ 0c ol 0
TP K I S -
[| 6} THOdS —o— i —
A4 TOdS —o—| i lwv M
(L'l proesinig —e— L N
| 06 JeleMIoH —v— g = O
.! POJBBIUN) — [t .lNﬂ nw “
” .Suc_._a meymwa.a - e 3
[ -lqw m W
=
o o @
8zl D o
e 23
o Q.
-95¢ < aQ
o <
“ -CLS rnmu
A Tzl




US 9,090,915 B2

Sheet 38 of 39

Jul. 28, 2015

U.S. Patent

8¢ 'Old

(ww) deb ajejd ysiq

w“o €0

£e o“n h“N v._N _.“N w._v m“v N._v 6

: 61 THO0dS —eo—
| zp  MOdS -e-
L'l pesnigq —e—
0S JOJeM]OH —w—
[ (0=DHd uswieanald

91

T
-]
™N
-—

©
&

(poom pajeanun po B3/UM)
ABasua Burjjiw ys1qg

cls



US 9,090,915 B2

Sheet 39 of 39

Jul. 28, 2015

U.S. Patent

6¢ 'Old

(ww) deb ayeid ysig

€e 0¢ ¢ ¢“N. Ve &

b S} N“F 60 90 €0

F0c

- 61 THOdS —e—
[44 TOdS --e-
'L poeamnig —s—
0S I81eMIOH —v—
[ 1 (0=)Hd juswieansid

-0¢

o o
wn b o
(%) 4y 8y ® S003

Y
L= (=]
» 0

L)



US 9,090,915 B2

1
SULFITE PRETREATMENT FOR
BIOREFINING BIOMASS

PRIORITY CLAIM

The present application claims benefit of priority to U.S.
Provisional Application Ser. No. 61/047,024, filed Apr. 22,
2008, the entire contents of which are hereby incorporated by
reference.

FEDERAL FUNDING

This invention was made with government support under
USDA/FS 07-JV-11111122-012 awarded by United States
Department of Agriculture. The government has certain
rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to the field of bio-
mass biorefining. More particularly, it concerns sulfite pre-
treatment processes to overcome recalcitrance of lignocellu-
lose for robust conversion of biomass (SPORL) and processes
to reduce energy consumption by optimizing solids-loading
and size reduction.

II. Description of Related Art

Biofuel and biochemicals, such as cellulosic ethanol, have
a wide use, including as an alternative liquid fuel and com-
modity products. If the ethanol and chemical production pro-
cess only uses energy and materials from renewable sources,
no net carbon dioxide is added to the atmosphere, and there-
fore environmental friendly. Biological conversion, such as
fermentation, of biomass to ethanol is an attractive route to
energy feedstocks that supplements the depleting stores of
fossil fuels. Biomass is a carbon-neutral source of energy,
since it comes from dead plants, which means that the com-
bustion of ethanol produced from lignocelluloses will pro-
duce no net carbon dioxide in the earth’s atmosphere. Also,
biomass is readily available, and the fermentation of ligno-
celluloses provides an attractive way to dispose of many
industrial and agricultural waste products. Finally, lignocel-
Iulosic biomass is a very renewable resource. Many of the
dedicated energy crops can provide high energy biomass,
which may be harvested multiple times each year.

One barrier to the production of fuel such as ethanol and
chemicals from biomass is that the sugars necessary for
chemical and biological conversion, such as fermentation are
trapped inside the lignocellulose, a combination of lignin,
hemicellulose and cellulose that strengthens biomass plant
cells. Lignocellulose has evolved to resist degradation and to
confer hydrolytic stability and structural robustness to the cell
walls of the plants. In addition to the physical barrier of lignin,
this robustness or “recalcitrance” is partially attributable to
the crosslinking between the polysaccharides (cellulose and
hemicellulose) and the lignin via ester and ether linkages.
Ester linkages arise between oxidized sugars, the uronic
acids, and the phenols and phenylpropanols functionalities of
the lignin. To extract the fermentable sugars, one may need to
first disconnect the celluloses from the lignin, and then acid-
or enzyme-hydrolyze the newly freed celluloses to break
them down into simple monosaccharides. Another challenge
to biomass fermentation is the high percentage of pentoses in
the hemicellulose, such as xylose, or wood sugar. Unlike
hexoses, such as glucose, pentoses are difficult to ferment.
The problems presented by the lignin and hemicellulose frac-
tions are the foci of much contemporary research.
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Thus, the key impediment in cellulose bioconversion is the
physical and chemical barriers posed by plant cell walls that
limit hydrolytic enzymes access to the biomass macrostruc-
ture (cellulose) (Eggeman and Elander, 2005; Sun and Cheng,
2002; Jeoh et al., 2007). Extensive research efforts have been
devoted to various chemical pretreatments of biomass to
overcome the barriers and to enhance enzyme accessibility to
cellulose, by removing chemical components of biomass (lig-
nin and/or hemicellulose). Alkaline, dilute acid, hot water,
ammonia, organosolv pretreatment technologies have been
developed (Mosier et al., 2005; Pan et al., 2005) with some
level of success.

However, there are four major pitfalls of almost all existing
chemical pretreatment processes. First, significant reduction
in biomass feedstock size from chip or chop to particle of one
millimeter or less (fiber or powder), is required (except for
organosolv process) before chemical pretreatment can effec-
tively remove barriers of enzyme access to cellulose to get
satisfactory cellulose bioconversion efficiencies over 90%.
The size reduction of biomass feedstock consumes a signifi-
cant amount of electrical-mechanical or thermal energy. The
size reduction is particularly critical to woody biomass
because of the large native physical size and the strong integ-
rity of wood that requires significant energy inputs to disin-
tegrate logs into small particles. About 200-400 Watt hours
(Wh) electric-mechanical energy in disk or hammer milling
of one kilogram (kg) oven-dry woody biomass (Schell and
Harwood, 1994; Reineke, 1961) is required, which is equiva-
lent to 30-65% of the wood ethanol energy assuming thermal
to electrical energy conversion efficiency of 30%.

The second pitfall of the existing pretreatment processes is
that the enzymatic hydrolysis cellulose conversion efficiency
of softwood is less than 70% (Galbe and Zacchi 2002). How-
ever, forestry is a significant source of renewable biomass
feedstock for biorefining and softwood is the major woody
biomass in several parts of the U.S., such as inner Pacific
Northwest and Southeast, and in Canada as well as Scandi-
navian countries. Most forest biomass from the U.S. National
Forest is mixed softwood. Efficient technologies for pretreat-
ment of softwood for biorefining are highly desired.

The third pitfall is the limited digestibility of the substrates
pretreated using the existing pretreatment processes. The
slow rate of saccharification limits the productivity and yield
of'the bioconversion. It also requires increased enzyme load-
ing to achieve a satisfactory cellulose-to-glucose yield. The
low yield and increased enzyme dosage are two major factors
that affect the economics of cellulosic ethanol and other bio-
based products (Hinman et al. 1992).

The fourth is the barrier to commercialization. There is no
mature equipment and technologies available for most of the
existing pretreatment methods, such as reactors or extractors
for steam explosion or organosolv pretreatments, and there-
fore capital-intensive research and development is required.

Inview ofthese pitfalls, a practical and viable pretreatment
process for conversion, such as biomass bioconversion,
remains to be developed. This is especially true for woody
biomass, in particular softwood, despite much research
progress having been made in biomass pretreatment for bio-
conversion in the last several decades.

SUMMARY OF THE INVENTION

Thus, in accordance with certain aspects of the present
invention, there is provided a method for treating a cellulose-
containing material comprising the steps of (a) providing a
material comprising cellulose; and (b) treating the material in
an aqueous solution comprising sulfite or bisulfate, wherein
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said treating is at a pH ranging from about 0 to about 10,
particularly about 1.5 to about 5.0, more particularly in a
range of about 1.5-4.5 or about 1.5 to 4.0, even more particu-
larly at 1.8 to about 3.5 or 1.8 to about 2.5, at a temperature
between about 130-250° C., more particularly between about
150-220° C., 160-190° C., or 170-180° C., and specifically at
about 180° C. In an embodiment, the step (b) may comprise a
period 0of 0.1 to about 120 min, more particularly in a range of
0.5 to about 30 min, depending on the size reduction process
used. Generally, higher temperatures permit shorter times of
treating. Step (b) can also be carried by steaming the materials
preimpregnated with the aqueous treatment solution
described below with or without steam explosion.

In certain aspects, this method may further comprise
adjusting pH with a reagent. The regent in this regard may be
sulfur dioxide, sulfurous acid, sulfuric acid, hydrochloric
acid, oxalate acid, or acetic acid or any reagent known to be
capable of adjusting pH and compatible with the efficacy of
the sulfite or bisulfite in the above method. Particularly, sul-
furic acid may be used for convenience.

In some aspects, the sulfite or bisulfite may further com-
prise sulfur dioxide. For example, the mass ratio between the
sulfite or bisulfite and the material is in the range of 1:500 to
1:5 depending on the feedstock used, more particularly at
about 1:400 to 1:5, about 1:100to 1:10, or about 1:40to 1:10,
and most particularly atabout 1:40to about 1:10orabout 1:15
to about 1:10 for softwood, at about 1:100 to about 1:20 or
about 1:40 to about 1:15 for hardwood, agriculture residues,
waste paper, etc. Exemplary bisulfite include, but are not
limited to, sodium bisulfite, magnesium bisulfite, ammonia
bisulfite, calcium bisulfite, or potassium bisulfite or any
bisulfite salt not interfering with the treating method or pro-
cess.

In certain embodiments, the material can be in the order of
millimeters in its smallest dimension (e.g., 100 nm, 500 nm,
1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6 mm, 7 mm, 8 mm, 9 mm,
1 cm). The material may comprise softwood, hardwood, her-
baceous plants or other biomass feedstock. Specific examples
of'softwood include fir (e.g., Douglas fir, Grand fir, White fir),
spruce and pine (e.g., red pine, Southern pine, Lodgepole pine
or Jack Pine). Hardwood may comprise Maple, Birch, Oak,
Ash, Eucalyptus, Aspen or Poplar in particular. The herba-
ceous plants may comprise agriculture residue (e.g., wheat
straw, rice straw, herbage, corn stover) and energy crops (e.g.,
switchgrass). And the other biomass feedstocks may com-
prise saw dust or waste paper.

Optionally, but not necessarily, the method may further
comprise impregnating the material with the aqueous pre-
treatment solution before step (b) at a temperature range of
about 0-130° C., more particularly about 20-90° C. or 25-90°
C. for 0.001-500 hours depending on the temperature of
impregnation. Combining impregnation with steam pretreat-
ment (without explosion) of the preimpregnated wood chips
may save thermal energy consumption in pretreatment. In a
further embodiment, the method may further comprise a
mechanical size reduction step, such as disk milling or ham-
mer milling, before or after step (b). In a still further embodi-
ment, step (b) could take place in a feeder coupled to a device
used for the mechanical size reduction step. Moreover, the
method may further comprise a steam explosion step at the
same time as step (b) for effective pretreatment for later
cellulose conversion. The method may further comprise
enzymatic hydrolysis and fermentation, or simultaneous sac-
charification and fermentation (SSF), of the material after
step (b) to convert cellulose into ethanol, and the enzymatic
hydrolysis may further comprise adding a surfactant, e.g.,
PEG (polyethylene glycol), to increase conversion efficiency.
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The method may further comprise chemical conversions of
cellulose and hemicellulose sugars to valuable other form of
biofuels and biochemicals.

The invention is also directed in certain aspects to a product
comprising ethanol, biofuel, biochemicals, or bioproducts
produced by the method in accordance with above embodi-
ments.

“SPORL” as used herein, refers to a process using Sulfite
Pretreatment to Overcome Recalcitrance of Lignocellulose
for robust conversion of biomass through enzymatic saccha-
rification, it not only includes sulfite pretreatment for altering
the biomass chemical structure, but also including the ther-
mal/mechanical treatment for biomass size reduction.

The terms sulfite and bisulfite are used interchangeably in
the present invention because the active reagents in the pre-
treatment liquor can be sulfite (SO,~2), bisulfite (HSO, ™), or
the combination of sulfite (SO52) or bisulfite (HSO, ") with
sulfur dioxide (SO,)/sulfurous acid (H,SO;) or any other
acids depending on the pH of the pretreatment liquor at pre-
treatment temperatures (Ingruber, 1985).

In accordance with certain aspects of the present invention,
there also is provided a method to significantly reduce energy
consumption (by a factor of 10 or more) for size-reduction of
biomass feedstock to produce enzyme digestible substrates in
the form of particles, fibers, fiber bundles. The method is
particularly suitable for feedstock with strong physical integ-
rity, such as wood, forest biomass, bamboo, giant reed, wood
crops, etc. The method may comprise (1) conducting size-
reduction of feedstock after chemical or biological pretreat-
ments; (2) using low solids-loading in milling, such as disk
milling solids-loading between 0.1% to 50%, even more par-
ticularly between 1% to 35%. Solids-loading is defined as the
percentage of oven dry mass of biomass feedstock of the total
wet mass feed into the size-reduction; (3) reducing milling
intensity, such as through increasing milling disk plate gap,
greater than 0.005 mm. The maximum disk plate gap depends
on the physical dimension of the feedstock and the desired
enzymatic cellulose conversion efficiency. When wood chips
are used, the maximum disk plate gap can be as large as the
maximum size of the wood chips, for example for pulp mill
wood chips of maximum dimension of about 50 mm, the
maximum disk plate gap is about 50 mm, but preferably
between 0.2 mm to 20 mm. Enzymatic cellulose conversion
are not affected by using low solids-loadings with proper
chemical pretreatment, such as SPORL as discussed in the
preceding paragraphs.

In certain aspects of the present invention, there is provided
a method to characterize the size of the biomass substrate
using wet imaging. The wet imaging is comprised of a flow
channel in which biomass substrate suspension can flow
through, a camera to capture the image of each particle of the
substrate. The present invention may also provide various
models for the particle/fiber/fiber bundle to calculate the sub-
strate mean specific surface and specific surface distribution
from the imaging data. The cylindrical model is preferred for
simplification.

In certain aspect of the present invention, there is provided
a method to realize in-situ control of size-reduction process
by using the measured substrate specific surface, size, and
energy consumption in size-reduction. Maximum enzymatic
cellulose conversion of the feedstock with minimal energy
consumption in size-reduction can be achieved through this
type of process control.

Other embodiments of the invention are discussed through-
out this application. Any embodiment discussed with respect
to one aspect of the invention applies to other aspects of the
invention as well and vice versa. The embodiments in the
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Example section are understood to be embodiments of the
invention that are applicable to all aspects of the invention.

The use of the word “a” or “an” when used in conjunction
with the term “comprising” in the claims and/or the specifi-
cation may mean “one,” but it is also consistent with the
meaning of “one or more,” “at least one,” and “one or more
than one.”

Throughout this application, the term “about” is used to
indicate that a value includes the standard deviation of error
for the device or method being employed to determine the
value.

The use of the term “or” in the claims is used to mean
“and/or” unless explicitly indicated to refer to alternatives
only or the alternatives are mutually exclusive, although the
disclosure supports a definition that refers to only alternatives
and “and/or”

Asused in this specification and claim(s), the words “com-
prising” (and any form of comprising, such as “comprise” and
“comprises”), “having” (and any form of having, such as
“have” and “has”), “including” (and any form of including,
such as “includes” and “include”) or “containing” (and any
form of containing, such as “contains™ and “contain”) are
inclusive or open-ended and do not exclude additional, unre-
cited elements or method steps.

Other objects, features and advantages of the present
invention will become apparent from the following detailed
description. It should be understood, however, that the
detailed description and the specific examples, while indicat-
ing specific embodiments of the invention, are given by way
of illustration only, since various changes and modifications
within the spirit and scope of the invention will become
apparent to those skilled in the art from this detailed descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specifica-
tion and are included to further demonstrate certain aspects of
the present invention. The invention may be better understood
by reference to one or more of these drawings in combination
with the detailed description of specific embodiments pre-
sented herein.

FIG. 1. An exemplary embodiment of SPORL process
flow.

FIG. 2. Another exemplary embodiment of SPORL pro-
cess flow.

FIG. 3. Another exemplary embodiment of SPORL pro-
cess flow.

FIG. 4. Another exemplary embodiment of SPORL pro-
cess flow.

FIG. 5. Another exemplary embodiment of SPORL pro-
cess flow.

FIGS. 6 A-D. Scanning electron microscope (SEM) images
of different fractions of hammer-milled (FIG. 6 A) HM-R80
and (FIG. 6B) HM-P80 and disk-milled (FIG. 6C) DM-I-R28
and (FIG. 6D) DM-I-R48 substrates.

FIG. 7. Schematic process flow diagram used for reducing
energy consumption in size-reduction through disk milling.

FIG. 8 Schematic process flow diagram for process control
of size-reduction using disk milling based on in-situ data of
energy consumption and substrate specific surface and size
measured by the wet imaging technique describe din the
present invention.

FIG. 9. Schematic process flow diagram of an exemplary
embodiment of the SPORL

FIG. 10. Effect of sulfuric acid charge on cellulose conver-
sion and glucose yield through 48 h enzymatic hydrolysis of
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spruce. Pretreatment conditions: 180° C. for 30 min with
sodium bisulfite charge of 9% on od (oven-dry) wood.

FIG. 11. Effects of sodium bisulfite charge on od (oven-
dry) wood on cellulose conversion of spruce.

FIG. 12. Effects of wood chip impregnation time on cellu-
lose conversion of spruce.

FIG. 13. Comparisons of enzymatic hydrolysis glucose
yield (EHGY) wt % untreated wood between using sulfuric
acid and hydrochloric acid.

FIG. 14. Effects of pH on enzymatic hydrolysis glucose
yield (EHGY) wt % of untreated wood after 48 hours
hydrolysis using sulfuric and hydrochloric acid.

FIG. 15. Effect of magnesium bisulfite charge on time-
dependent cellulose conversion and enzymatic hydrolysis
glucose yield (EHGY) of red pine. Pretreatment conditions:
180° C. for 30 min with at sulfuric acid charge 0f 3.68% on od
(oven-dry) wood.

FIG. 16. Comparisons of glucan retention, xylan removal
and lignin removal between bisulfite, acid and water pretreat-
ment on hardwood.

FIG. 17. Comparisons of cellulose conversion and glucose
yields between bisulfite, acid and water pretreatments on
hardwood.

FIG. 18. Comparisons of time-dependent enzymatic cellu-
lose conversion of substrate (ECCS) and enzymatic hydroly-
sis glucose yield (EHGY) between SPORL and organosolv
pretreatments of Aspen.

FIG. 19. Time-dependent enzymatic cellulose conversion
of substrate (ECCS) and enzymatic hydrolysis glucose yield
(EHGY) from Maple with SPORL.

FIG. 20. Time-dependent enzymatic cellulose conversion
of substrate (ECCS) and enzymatic hydrolysis glucose yield
(EHGY) from Old Newsprint Papers (ONP) with SPORL..

FIG. 21. Effect of bisulfite dosage on the production of
HMF and Furfural during pretreatment of spruce at a tem-
perature of 180° C.

FIG. 22. Comparisons of the production of HMF and fur-
fural among SPORL, dilute acid and hot-water pretreatment
of short rotation Aspen at 180° C.

FIG. 23. Effect of pH on the production of HMF and
furfural from SPORL pretreatment of Eucalyptus at 180° C.

FIG. 24. Preliminary mass balance of the SPORL process
at 180° C. for 30 min with sodium bisulfite and sulfuric acid
charge of 9% and 3.68%, respectively, on od (oven-dry)
spruce.

FIG. 25. Schematic diagram of a wet imaging system.

FIG. 26. Predicted measurement errors of ribbon-shaped
fibers using the wet imaging technique described in the
present invention.

FIG. 27. Correlations of mesh size with substrate specific
surface for disk- and hammer-milled substrates.

FIG. 28. Time-dependent cellulose conversion efficiencies
of disk- and hammer-milled substrates.

FIG. 29. Comparisons of the effect of volumetric specific
surface on cellulose conversion efficiency after 48 h enzy-
matic hydrolysis among substrates derived from various size-
reduction processes.

FIG. 30. Comparisons of the effect of volumetric specific
surface on cellulose conversion efficiency after 48 h enzy-
matic hydrolysis among substrates derived from various pre-
treatment processes.

FIG. 31. Comparisons of cellulose conversion efficiency
between a set of fractionated disk-milled and a set of frac-
tionated hammer-milled substrates after 1 and 24 h enzymatic
hydrolysis.
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FIG. 32. Comparisons of the effect of substrate volumetric
surface on unit surface enzymatic hydrolysis glucose yield
(EHGY) among various size-reduction processes.

FIG. 33. Effect of chemical pretreatment on disk milling
energy consumption and the resultant substrate volumetric
specific surface.

FIG. 34. Comparisons of enzymatic hydrolysis glucose
yield (EHGY) per unit energy consumption among various
disk milling and pretreatment processes.

FIG. 35. Effect of the amount of wood chips used in batch
disk-milling on measured size-reduction energy consump-
tion. Wood chips were pretreated by SPORL at acid charge of
2.21% (initial pH=1.9). Disk-milling solids-loading was 10%
and disk-plate gap was 0.76 mm.

FIG. 36. Effects of solids-loading during disk-milling on
enzymatic hydrolysis cellulose conversion of substrates
(ECCS) produced by four different pretreatment processes.
Disk plate gap in milling was 0.76 mm.

FIG. 37. Effects of solids-loading during disk-milling on
size-reduction energy consumption. Disk-plate gap in milling
was 0.76 mm.

FIG. 38. Effects of disk-plate gap during disk milling on
size-reduction energy consumption. Solids-loading in mill-
ing was 10%.

FIG. 39. Effects of disk-plate gap on enzymatic hydrolysis
cellulose conversion of substrates (ECCS) produced by four
different pretreatment processes. Solids-loading in milling
was 10%.

DETAILED DESCRIPTION OF THE INVENTION
1. The Present Invention

It is believed that a commercially viable biomass conver-
sion process needs to simultaneously meet the requirements
of the high cellulose conversion within a short time (such as
within two days) of enzymatic hydrolysis and low size reduc-
tion energy consumption. In a particular embodiment, the
process would meet 90% cellulose bioconversion efficiency
with 90 Wh/kg (oven-dry biomass) size reduction energy
consumption, ie., a target of 90/90. For most biomass
resources, good cellulose bioconversion efficiency has been
achieved when pretreatment was applied to significantly size
reduced biomass feedstock at the expense of consuming sig-
nificant electric-mechanical energy (Allen et al. 2001; Zhu et
al. 2005; Nguyen et al. 2000). As a result of the approach of
size reduction prior to pretreatment, the 90 Wh/kg energy
consumption target in size reduction was not achieved for any
woody even some nonwoody biomass. Most literature work
did not report the energy consumption in size reduction and
simply focused on achieving 90% cellulose bioconversion
efficiency by using biomass substrates with very small
unknown sizes or energy consumptions. Therefore, data on
cellulose bioconversion have limited practical value. To
achieve the 90 Wh/kg energy consumption target for size
reduction, there is a need to develop a pretreatment process
that can effectively treat chip or chop form of biomass prior to
further size reduction without sacrificing cellulose bioconver-
sion efficiency. The new pretreatment is expected to alter the
biomass structure, helping to reduce the energy consumption
for size reduction in subsequent milling of pretreated chips or
chops.

Thus, in accordance with certain embodiments of this
invention, there is provided a process using Sulfite Pretreat-
ment to Overcome Recalcitrance of Lignocellulose (SPORL)
for robust conversion of biomass through enzymatic saccha-
rification. SPORL can be effective in directly pretreating chip
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or chop size biomass without further size reduction and chip
impregnation. Embodiments of the invention establish
SPORL operating conditions that can significantly alter the
chemical and physical structure of biomass, allowing it to be
easily digested in enzymatic saccharification with cellulose
conversion efficiency of above 90% in a very short period of
time and low enzyme application dosage. The pretreatment
may also help to reduce mechanical energy consumption
during size reduction of chip or chop biomass in the subse-
quent process. Certain aspects of the present invention was
demonstrated over a range of operating conditions, such as
chemical dosage, acid (pH), etc., using softwood, hardwood,
agriculture residuals and waste paper. The present invention
may be able to achieve over 90% cellulose conversion effi-
ciency for softwood, which has never been reported by using
of other existing processes except the organosolv process.

Certain aspects of this invention also establish processes
using chemical/biological/thermal  pretreatment and
mechanical size-reduction techniques to significantly reduce
energy consumption in biomass size-reduction. Specifically,
this invention establishes a post-chemical/biological/thermal
pretreatment size-reduction approach and several key process
conditions to low size-reduction energy consumption. The
invention also establishes a procedure to characterize sub-
strate size for conversion to monitor size reduction and
achieve optimal size for biofuel production.

II. Sulfite Chemistry in Wood Pulping

Sulfite pulping has been used as a pulping process to pro-
duce chemical pulps for more than a century. It was the
dominant pulping process in early part of the last century due
to its high yield, low cost of cooking chemicals, and high
brightness of the unbleached pulps. However, sulfite pulping
has been gradually replaced by Kraft pulping since 1940’s
mainly because the performance of sulfite process is wood
species-dependent and the pulp strength was distinctively
weaker than that of Kraft pulp. Only a few sulfite pulp mills
are in production today.

Sulfite pulping operates in a wide range of pH and tem-
perature, which is well described in textbooks (Bryce, 1980).
Acid sulfite pulping has a high excess of free sulfur dioxide
with typical pulping liquor pH around 1.5. Bisulfite pulping
operates in the pH range of 3-5. Alkaline sulfite pulping uses
a combination of sulfite and hydroxide as pulping chemicals
operating in a pH in range of 10-13.

The goal of pulping is to remove as much lignin as possible
without the concurrent loss and degradation of hemicellulose
and cellulose, leading to a pulp with high yield and strength.
To achieve this goal, proper temperature control is very
important in sulfite pulping. In order to avoid lignin conden-
sation, acid sulfite pulping (pH ~1.5) often uses slowly
increasing temperatures to a final pulping temperature of
around 130° C., which is held for several hours or more.
Maximum pulping temperature never exceeds 150° C.
Bisulfite pulping (with pH 3-5) is not limited by heating rate
but maximum pulping temperature is controlled in a range of
160-166° C. It is understood that a decrease in maximum
pulping temperature can produce pulp with high hemicellu-
lose content, less cellulose degradation, and high yield for
both the acid sulfite and the bisulfite pulping processes (Hall
and Stockman 1958; Yorston 1942). Over the years, alkaline
sulfite pulping gradually dominated and displaced acid sulfite
and bisulfite pulping for its rapid pulping rate and versatility
in pulping various wood species.

Sulfite has also been used for pretreating wood chips for the
production of chemi-thermo-mechanical pulps (CTMP),



US 9,090,915 B2

9

semi-chemical pulps (SCP), or neutral sulfite semichemical
(NSSC) pulps prior to or during mechanical refining as
described in numerous textbooks (Kurdin, 1980; Marteny,
1980). The sulfite pretreatment sulfonates lignin, which
increases fiber swelling and water absorption, resulting in
increased hydrogen bonding for papermaking. The main
reaction of lignin in all sulfite pretreatment for CTMP or
NSSC pulp is sulfonation.

Despite sulfite having long been used to produce chemical,
chemi-thermo-mechanical, and NSSC pulps, no literature
work has been reported on the application of sulfite to pretreat
biomass for enzymatic saccharification. Direct application of
existing sulfite processes to pretreat biomass may not yield
satisfactory cellulose conversion efficiency because the per-
formance measure of biomass pretreatment process for sac-
charification in biorefining is very different from that for
pulping. For this reason, such application was never
attempted and reported. To achieve high cellulose conversion
efficiencies, an ideal pretreatment process should be capable
of partially degrading cellulose and removing as much hemi-
cellulose and/or lignin as possible, removing key barriers to
cellulose access by enzymes. This is opposite to pulping
where preserving cellulose strength and retaining hemicellu-
lose are the keys to improve pulp strength and yield.

The present invention may be based on five fundamental
understandings of sulfite pulping: (1) considerable degrada-
tion and removal of hemicellulose takes place as evidenced by
the predominant xylose content in pulping spent liquor (Jan-
son and Sjostrom, 1964), (2) the degree of polymerization of
xylan (Pfister and Sjostrom, 1977; Meier, 1962; Sundman,
1950) and cellulose (Heuser, 1950; Thompson, 1966) are
significantly reduced, (3) decreasing pulping temperature can
reduce cellulose degradation and retain more hemicellulose
in acid and bisulfite pulping (Hall and Stockman, 1958; Yor-
ston, 1942; Bryce, 1980), (4) sulfonation of lignin increases
the hydrophilicity of lignin, which will reduce the hydropho-
bic interference with enzymes, and (5) the degree of hemi-
cellulose removal, cellulose degradation, and lignin sulfona-
tionalion/condensation can be controlled through adjusting
pulping conditions, such as temperature, pH, etc.

Because fundamental understanding on how the barriers
posed by cell wall’s physical and chemical (such as lignin and
hemicellulose) structure affect cellulose bioconversion has
been lacking (Mansfield et al., 1999; Laureano-Perez et al.,
2005; Yang and Wyman, 2004), the following questions
remained unanswered: (1) how lignin condensation, such as
that occurs in sulfite and bisulfite pulping processes at low pH
values and high temperatures, affects lignocellulose conver-
sion; (2) how important is hemicellulose removal such as by
sulfite and bisulfite processes to lignocellulose bioconver-
sion; (3) whether or not preventing lignin condensation is
more critical than hemicellulose removal and cellulose deg-
radation to lignocellulose bioconversion. There is no scien-
tific evidence in the literature indicating that sulfite can be
effective in pretreating biomass to increase lignocellulose
conversion through enzymatic saccharification.

There are several patents related to sulfite chemistry for
biomass pulping, all of which are herein incorporated by
reference in their entirety. U.S. Pat. No. 2,924,547 disclosed
a neutral sulfite process for pulping bagasse and nonwoody
biomass for fiber production. The pulping temperature was
controlled at 175° C. and final pH of 6.2. U.S. Pat. No.
3,998,688 disclosed a two-step pretreatment process to pro-
duce chemical pulps. The first step can be a sulfite process
with temperature of 10-60° C. U.S. Pat. No. 4,767,499 dis-
closed a sulfite pretreatment method for thermomechanical
pulp production from spruce containing materials (spruce
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content at least 70%). The pretreatment temperature range is
110-130° C. Recently, U.S. Pat. No. 7,182,836 disclosed an
alkaline sulfite process for delignification. The process tem-
perature was controlled at 165-180° C. and pH varied from
7.5 to 13. All patents are for delignification to produce wood
pulp. There is no disclosure about hemicellulose removal and
cellulose conversion for biorefining in all these patents.

In accordance with certain aspects of the present invention,
SPORL is focused on achieving (1) significant cellulose deg-
radation, (2) complete hemicellulose removal/separation, (3)
no significant delignification which avoids high chemical
dosage and long reaction time, and (4) prevention of exces-
sive lignin condensation while enhancing sufficient sulfona-
tion of lignin through proper control to pretreatment pH,
temperature, and sulfite dosage, which remove or reduce the
negative impact of lignin on enzymes. The aforementioned
aspects of SPORL differentiate itself from the sulfite pulping
processes used to produce chemical, chemithermomechani-
cal, semichemical, or NSSC pulps, where delignification and
preserving cellulose and hemicellulose are the goals of all
existing sulfite pulping processes in order to obtain strong
pulp and high yield. Not only are the goals of SPORL differ-
ent from the goals of all existing sulfite pulping processes, but
also the process operating conditions, such as, pH, tempera-
ture, chemical dosage, etc., are different from those sulfite
pulping processes.

II1. SPORL Process

A. SPORL Process

One of the key features of SPORL is that it is very effective
in directly pretreating chip or chop size biomass without
further size reduction, as opposed to most existing methods
which require significant size reduction prior to chemical
pretreatment. As a result, SPORL takes advantage of the
biomass structure alteration via the pretreatment, reducing
subsequent biomass size reduction energy consumption. The
inventors contemplate that increase of temperature higher
than 180° C. in the SPORL process can reduce acid dosage
without reducing cellulose conversion efficiency. Low acid
dosage is favorable to reduce equipment corrosion.

Referring to FIG. 1, there is shown a specific example of an
SPORL process designed in accordance with embodiments of
the present invention, which can be carried out prior to sig-
nificant size reduction. The pretreatment can be carried out by
mixing wood chips with aqueous pretreatment liquor. It also
can be carried out by steaming the wood chips preimpreg-
nated with the pretreatment liquor described in the Summary
of Invention. Biomass chips or chops may be directly subject
sulfite pretreatment according to various embodiments of the
present invention, followed by a mechanical size reduction
step (e.g., milling, abrading, grinding, crushing, chopping,
chipping or the like) and a filtration step to separate the solid
substrate (mainly cellulose and lignin) fraction from the dis-
solved ingredients (mainly hemicellulose and a small amount
of lignin as lignosulfonate). Then the substrate could be used
in alternative embodiments of hydrolysis and fermentation
steps to produce biofuel or biochemicals, such as separate
hydrolysis and fermentation (SHF) or simultaneous saccha-
rification and fermentation (SSF). The dissolved fraction of
hemicellulose sugars can be collected with or without con-
centration for fermentation. The substrate and the dissolved
fraction of hemicellulose sugars could also be used in alter-
native embodiments of chemical conversions to produce bio-
fuels other than ethanol and biochemicals and formation of
fermentation inhibitors.
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Sometimes, it can be beneficial and economical when pre-
treatment is carried out using feedstock with higher levels of
size reduction. The feedstock can be obtained from efficient
size reduction technologies, such as during agriculture bio-
mass harvesting, timber sawing, or other special processes, or
from existing waste product, such as waste paper. SPORL can
be applied to biomass that has received size reduction past the
chip size level as shown in FIGS. 2-3. In modern chemither-
momechanical pulping (CTMP), chemical pretreatment is
carried out in a plug screw feeder during wood chip transport
to disk refining. This approach can be adapted to carry out
SPORL during feeding to a size reduction process (FIG. 4).
Steam explosion has been used in several studies together
with SO, and other chemicals as an effective pretreatment
process for cellulose conversion (Mabee et al. 2006; Wingren
et al., 2003; Excoffier et al. 1991; Heitz et al. 1991). This
approach can also be adapted to conduct SPORL simply by
mixing certain amount of sulfite or bisulfite with SO, or
sulfuric acid or other chemicals to conduct steam explosion
(FIG. 5).

B. Hydrolysis

The cellulose molecules are composed of long chains of
glucan. In the hydrolysis process, these chains are broken
down to free the sugar, before it is converted to chemicals or
biofuel biologically (fermentation) or chemically. There are
two major cellulose hydrolysis (saccharification) processes: a
chemical reaction using acids, or an enzymatic reaction.

In the traditional methods of chemical hydrolysis devel-
oped in the 19th century and at the beginning of the 20th
century, hydrolysis is performed by attacking the cellulose
with an acid. Dilute acid may be used under high temperature
and high pressure, or more concentrated acid can be used at
lower temperatures and pressure. Decrystallized cellulose
may react with acid in the presence of water to release indi-
vidual sugar molecules (hydrolysis). The product (sugar)
from this hydrolysis may be then neutralized and yeast fer-
mentation is used to produce ethanol. As mentioned, a sig-
nificant obstacle to the dilute acid process is that the hydroly-
sis is so harsh that toxic degradation products are produced
that can interfere with fermentation.

Enzymatic hydrolysis used herein can break cellulose
chains into glucose molecules by cellulase enzymes. This
reaction naturally occurs at body temperature in the stomach
of ruminants such as cows and sheep, where the enzymes are
produced by bacteria. This process uses several enzymes at
various stages of this conversion. Using a similar enzymatic
system, cellulosic materials can be enzymatically hydrolyzed
at a relatively mild condition (for example, 50° C. and pH 5),
thus enabling effective cellulose breakdown without the for-
mation of byproducts that would otherwise inhibit enzyme
activity. By far, nearly all major pretreatment methods,
including dilute acid pretreatment, require enzymatic
hydrolysis step to achieve high sugar yield for ethanol fer-
mentation.

C. Fermentation

There are essentially two different types of processes that
can be used to convert cellulose (and hemicellulose) to etha-
nol. These are the separate hydrolysis and fermentation
(SHF) and the simultaneous saccharification and fermenta-
tion (SSF). The latter process has been also extended to con-
tain simultaneous saccharification and hemicellulose fermen-
tation (SSHF), and is also referred as simultaneous
saccharification and cofermentation (SSCF). Among various
cellulose bioconversion schemes, the SSF seems to be the
most promising approach to biochemically convert cellulose
to ethanol. Industrial ethanol production is traditionally car-
ried out by yeast, which is a well known robust organism.
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New strains (either yeasts or bacteria) have been engineered
to efficiently utilize all the sugars derived from the lignocel-
Iulosic raw material. Utilization of all sugars, including the
hemicellulose derived pentoses and all hexoses, is essential
for economical production of ethanol.

The hydrolysis conditions used in a separate hydrolysis
process (SHF) are determined by the optimum conditions of
the enzymes (mostly fungal cellulases having a maximum
activity at 50° C. and at a pH in the range from 4 to 5). The
main advantage of a separate hydrolysis stage is that the
hydrolysis is carried out at the optimum temperature of the
enzymes, and the separate fermentation at the optimum of the
yeast, about 30° C. The major disadvantage is that the sugars
released in the hydrolysis severely inhibit the cellulase activ-
ity during hydrolysis. This can be at least partially overcome
by increasing the p-glucosidase activity in the preparation
used (by adding separate enzyme or by using an overproduc-
ing strain). The cellulase loadings usually range from 5 to 20
FPU/g of substrate (or cellulose), and p-glucosidase is
supplemented. Usually the sugar concentrations produced are
quite low due to the low amount of dry matter in the hydroly-
sis. Yields (from the sugars) are usually higher in more dilute
systems, where end product inhibition is minimized. Long
reaction times also make higher ethanol yield and concentra-
tion possible.

In the simultaneous saccharification and fermentation pro-
cess (SSF), the saccharification of cellulose to glucose with
cellulases and the subsequent fermentation of glucose (and
pentoses) to ethanol takes place in the same reactors. Accord-
ing to present process schemes, all reactants (cellulose,
enzymes and fermenting organism) have been added at the
same time. One of the most important requirements of the
SSF process is the compatibility of the saccharification and
fermentation systems with respect to temperature (below 37°
C.), pH and substrate concentration. The main advantages
offered by SSF include enhanced rate of cellulose hydrolysis
due to uptake (by yeast) of sugars inhibiting cellulase activity
and decreased requirement of aseptic conditions. The disad-
vantages are the differences in optimal conditions for
hydrolysis and fermentation. Using the whole material; both
the solid cellulose and hemicellulose filtrate simultaneously
for fermentation instead of only the filtrate has shown advan-
tages, for example lactic acid formation is reduced (Stenberg
et al., 2000).

D. Biological and Chemical Conversions

New biological technologies are being developed to con-
vert hexsoses and pentoses to other biofuels, biochemicals
and bioproducts. These technologies offer ditferent biologi-
cal pathways for biomass refining. Catalytic chemical con-
versions, such as aqueous phase reforming, provide poten-
tially efficient pathways to convert aqueous sugar streams,
such as hexose or pentose solutions into various biofuels and
bio chemicals. With development of nanocatalysis, this path-
way can offer unlimited opportunities for biomass refining
using the present invention.

E. Steam Explosion

Steam explosion is a thermochemical pretreatment of
lignocellulosic biomass for bioconversion. In a reactor, steam
under high pressure penetrates the lignocellulosic structures
by diffusion. The steam condenses under the high pressure
thereby “wetting” the material. The moisture in the biomass
hydrolyzes the acetyl groups of the hemicellulose fractions,
forming organic acids such as acetic and uronic acids. Some-
time, external acids (e.g., sulfur dioxide and sulfuric acid) are
supplemented, in particular when woody biomass is pre-
treated. The acids, in turn catalyze the depolymerization of
hemicellulose, releasing xylan and limited amounts of glu-
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can. Under extreme conditions, the amorphous regions of
cellulose may be hydrolyzed to some degree. Excessive con-
ditions, i.e., high temperatures and pressures, however, can
also promote the degradation of xylose to furfural and glucose
to 5-hydroxymethyl furfural (HMF). Furfural inhibits micro-
bial growth, therefore is undesirable in a fermentation feed-
stock. The “wet” biomass is “exploded” when the pressure
within the reactor is released. Typically, the material is driven
out of the reactor through a narrow opening by the induced
force. Several phenomena occur at this point. First, the con-
densed moisture within the structure evaporates instanta-
neously due to the sudden decrease in pressure. The expan-
sion of the water vapor exerts a shear force on the surrounding
structure. If this shear force is high enough, the vapor will
cause the mechanical breakdown of the lignocellulosic struc-
tures. The process description highlights the importance of
optimizing the two governing factors: retention time, and
temperature. The amount of time the biomass spends in the
reactor helps to determine the extent of hemicellulose
hydrolysis by the organic acids. Hydrolysis of hemicellulose
greatly aids the downstream fermentation process. However,
long retention times will also increase the production of deg-
radation products. As mentioned before, especially in the
preparation of a fermentation feedstock, degradation prod-
ucts must be minimized. Temperature governs the steam pres-
sure within the reactor. Higher temperatures translate to
higher pressures, therefore increasing the difference between
reactor pressure and atmospheric pressure. The pressure dif-
ference is in turn proportional to the shear force of the evapo-
rating moisture. The temperature and retention time may vary
in the range of about 190-250° C. and 1-10 min, respectively,
depending on the feedstocks.

IV. Cellulose Containing Material

In certain aspects of the present invention, cellulose-con-
taining material may be used as substrate for the SPORL
process for robust cellulose conversion. In the cellulose-con-
taining material, the carbohydrate polymers (cellulose and
hemicelluloses) may be tightly bound to the lignin, by hydro-
gen and covalent bonds.

Cellulose, which is a f-glucan built up of anhydro D-glu-
cose units, is the main structural component of plant cell walls
and normally constitutes about 35-60% by weight (% w/w) of
lignocellulosic materials.

Hemicellulose is the term used to denote non-cellulosic
polysaccharides associated with cellulose in plant tissues.
Hemicellulose frequently constitutes about 20-35% w/w of
lignocellulosic materials, and the majority of hemicelluloses
consists of polymers based on pentose (five-carbon) sugar
units, such as D-xylose and D-arabinose units, and hexose
(six-carbon) sugar units, such as D-glucose, D-mannose and
D-galactose units. Generally, hardwood hemicellulose con-
tains more xylose and softwood hemicellulose more man-
nose.

Lignin, which is a complex, cross-linked polymer based on
variously substituted hydroxyphenylpropane units, generally
constitutes about 10-30% w/w of lignocellulosic materials. It
is believed that lignin functions as a physical barrier to the
direct bioconversion (e.g., by fermenting microorganisms) of
cellulose and hemicellulose in lignocellulosic materials
which have not been subjected to some kind of pre-treatment
process (which may very suitably be a steam explosion pro-
cess as described in relation to the present invention) to dis-
rupt the structure of lignocellulose.

The cellulose-containing material may be wood, such as
hard wood and soft wood, or biomass feedstock. Biomass
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refers to living and recently dead biological material that can
be used as fuel or for industrial production. Most commonly,
biomass refers to plant matter grown for use as biofuel, but it
also includes plant or animal matter used for production of
fibers, chemicals or heat. Biomass may also include biode-
gradable wastes that can be burnt as fuel. In certain embodi-
ments, biomass may be grown crop fiber consisting primarily
of cellulose, hemicellulose and lignin, and includes, without
limitation, grass, switchgrass, straw, corn stover, cane residu-
als, general cereal wastes, wood chips and the like, that can be
converted to ethanol (or other products) according to U.S. Pat.
No. 4,461,648 and U.S. Pat. No. 5,916,780, or other known
technology.

A. Hardwood

Hardwood comprises wood from broad-leaved (mostly

deciduous, but not necessarily, in the case of tropical trees) or
angiosperm trees. On average, hardwood is of higher density
and hardness than softwood, but there is considerable varia-
tion in actual wood hardness in both groups, with a large
amount of overlap; some hardwoods (e.g., balsa) are softer
than most softwoods, while yew is an example of a hard
softwood. Hardwoods may have broad leaves and enclosed
nuts or seeds such as acorns. They may grow in subtropical
regions like Africa and also in Europe and other regions such
as Asia. The dominant feature separating hardwoods from
softwoods is the presence of pores, or vessels. The list below
includes non-limiting examples of hard wood in accordance
with certain aspects of the present invention:

Afzelia (Afzelia)

Agba yun (Synsepalum duloificum)

Albizia (4lbizia)

Alder (Alnus): Black alder (4/nus glutinosa), Red alder
(Alnus rubra)

Applewood or wild apple (Malus)

Ash (Fraxinus): Black ash (Fraxinus nigra), Blue ash
(Fraxinus quadrangulata), Common ash (Fraxinus
excelsior), Green ash (Fraxinus pennsylvanica lan-
ceolata), White ash (Fraxinus americana)

Aspen (Populus): American aspen (Populus tremuloides),
Bigtooth aspen (Populus grandidentata), European
aspen (Populus tremula)

Ayan (Distemonanthus benthamianus)

Balsa (Ochroma pyramidale)

Basswood (7ilia americana)

Beech (Fagus): European Beech (Fagus sylvatica), Ameri-
can Beech (Fagus grandifolia)

Birch (Betula): Gray birch (Betula populifolia), Paper
birch (Betula papyrifera), Sweet birch (Betula lenta),
Yellow birch (B. alleghaniensis syn Betula lutea), Silver
birch (Betula pendula), White Birch (Betula pubescens)

Blackbean (Castanospermum australe)

Blackwood: Australian Blackwood also Tasmanian Black-
wood (Acacia melanoxylon), African Blackwood or
Mpingo (Dalbergia melanoxylon)

Bocote (Cordia alliodora)

Boxwood or Box (Buxus sempervirens)

Brazilwood (Caesalpinia echinata)

Bubinga (Guibourtia)

Buckeye (4esculus): Common Horse-chestnut (desculus
hippocastanum), Yellow Buckeye (desculus flava)

Butternut (Juglans cinerea)

Carapa (or Andiroba, Carap, Crappo, Crabwood and Santa
Maria) (Carapa guianensis).

Catalpa (Catalpa)

Cherry (Prunus): Black cherry (Prunus serotina), Red
cherry (Prunus pemnsylvanica), Wild cherry (Prunus
avium), Brazilian Cherry
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Chestnut (Castanea dentata): Cape Chestnut (Caloden-
drum capense)

Coachwood (Ceratopetalum apetalum)

Cocobolo (Dalbergia retusa)

Corkwood (Leitneria floridana)

Cottonwood, eastern (Populus deltoides)

Dogwood (Cornus spp.)

Ebony (Diospyros): Andaman marble-wood (India) (Di-
ospyros kurzii), Ebéne marbre (Mauritius, E. Africa)
(Diospyros melanida), Gabon ebony, Black ebony, Afri-
can ebony (Diospyros crassiflora)

Elm: American elm (Ulmus americana), English elm (Ul-
mus procera), Rock elm (Ulmus thomasii), Slippery elm
(Ulmus rubra), Wych elm (Ulmus glabra)

Eucalyptus (Eucalyptus): Lyptus, Karri (W. Australia) (Fu-
calyptus diversicolor), Mahogany eucalyptus (New
South Wales) (Eucalyptus), Ironbark (Eucalyptus sid-
eroxylon), Jarrah or West Australian eucalyptus (Fuca-
lyptus marginata), Tasmanian oak or Mountain ash, (Fu-
calyptus regnans, FEucalyptus obliqua, Eucalyptus
delegatensis), River Red Gum, Blue Gum (Eucalyptus
saligna)

Greenheart (Guyana) (Chlorocardium rodiei)

Grenadilla (Mpingo) (Dalbergia melanoxylon)

Gum: Blackgum (Nyssa sylvatica), Blue gum (Eucalyptus
globulus), Redgum or Sweetgum (Liquidambar styraci-
fua), Tupelo gum (Nyssa aquatica)

Hickory (Carya): Mockemut hickory (Carya alba), Pignut
hickory (Carya glabra), Shagbark hickory (Carya
ovata), Shellbark hickory (Carya laciniosa)

Hornbeam (Carpinus species)

Hophornbeam, Eastern (Ostrya virginiana)

Ipé or Poui (Tabebuia)

Iroko (Milicia excelsa, syn. Chlorophora excelsa)

Ironwood refers to the wood of many tree species noted for
the hardness of their wood. Trees commonly known as
ironwoods include: Carpinus caroliniana—also known
as American hornbeam, Casuarina equisetifolia—
Common Ironwood from Australia, Choricbangarpia
subargentea, Copaifera spp., Eusideroxylon zwageri,
Guajacum officinale and Guajacum sanctum—ILignum
vitae, Hopea odorata, Krugiodendron ferreum—Black
Ironwood, Lyonothamnus lyonii (L. floribundus)—Cat-
alina Ironwood, Mesua ferrea—also known as Rose
Chestnut or Ceylon Ironwood, Olea spp.—various olive
trees, Olneya tesota—Desert Ironwood, Ostrya virgini-
ana—Hop hormbeam, Parrotia persica—Persian Iron-
wood, Tabebuia serratifolia—Yellow Lapacho

Jacaranda, Brazilian rosewood (Dalbergia nigra)

Jatoba (Hymenaea courbaril)

Lacewood from the Sycamore (N. Am.) or Plane (UK)
trees (Platanus species)

Laurel, California (Umbellularia californica)

Limba (Terminalia superba)

Lignum vitae (Guaiacum officinale and Guaiacum sanc-
tum)

Locust: Black locust or Yellow locust (Robinia pseudaca-
cia), Honey locust (Gleditsia triacanthos)

Mahogany: Mahogany (African) (Kkaya spp.), Mahogany
(West Indies or Cuban) (Swietenia mahagoni),
Mahogany (Honduras, Central and South America)
(Swietenia macrophylla)

Maple (Acer): Sugar maple (Acer saccharum), Black
maple (Acer nigrum), Manitoba maple (Acer negundo), Red
maple (Acer rubrum), Silver maple (Acer saccharinum),
Sycamore maple (Acer pseudoplatanus)

Meranti (Shorea spp.)
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Mpingo (Grenadilla) (Dalbergia melanoxylon)

Oak (Quercus)

American White Oak includes wood from any of the fol-
lowing species of trees: Bur oak (Quercus macrocarpa),
White oak (Quercus alba), Post oak (Quercus stellata),
Swamp white oak (Quercus bicolor), Southern live oak
(Quercus virginiana), Swamp chestnut oak (Quercus
michauxii), Chestnut oak (Quercus prinus or Q. Mon-
tana), Chinkapin oak (Quercus muhlenbergii), Canyon
live oak (Quercus chrysolepis), Overcup oak (Quercus
lyrata)

English oak, also French and Slovenian oak barrels (Quer-
cus robur or Quercus petraea)

Red oak includes wood from any of the following species
of trees: Red oak (Quercus rubra), Black oak (Quercus
velutina), Laurel oak (Quercus laurifolia), Southern red
oak (Quercus falcata), Water oak (Quercus nigra), Wil-
low oak (Quercus phellos), Nuttall’s oak (Quercus
texana or Q. nuttallii)

Obeche or Samba, Ayous, Arere, Wana, Abache (West
Africa) (Triplochiton scleroxylon)

Okoumé or “Gaboon” (Aucoumea klaineana)

Oregon Myrtle or California Bay Laurel (Umbellularia
californica)

Pear (Pyrus communis)

Pernambuco is another name for Brazilwood (Caesalpinia
echinata)

Poplar (Populus): Balsam poplar (Populus balsamifera),
Black poplar (Populus nigra), Hybrid poplar (Populus
canadensis)

Ramin

Redcedar (Toona ciliata)

Rosewood (Dalbergia spp.)

Sal (Shorea robusta)

Sandalwood (Santalum)

Sassafras (Sassafras albidum)

Sassafras (Australia) (Atherosperma moschatum)

Satinwood (Ceylon) (Chloroxylon swietenia)

Silky Oak (Grevillea robusta)—Sold as Lacewood in
North America

Silver Wattle (Acacia dealbata)

Snakewood

Sourwood (Oxydendrum arboreum)

Spanish-cedar (Cedrela odorata)

American sycamore (Platanus occidentalis)

Teak (Tectona grandis)

Walnut (Juglans): Black Walnut (Juglans nigra), Persian
Walnut (Juglans regia)

Willow (Salix)

Black willow (Salix nigra)

Cricket-bat willow (Salix alba ‘Coerulea’)

White willow (Salix alba)

Yellow-poplar (Liriodendron tulipifera)

B. Soft Wood

Softwood is a generic term used in woodworking and the

lumber industries for wood from conifers (needle-bearing
trees from the order Pinales). Softwood-producing trees
include pine, spruce, cedar, fir, larch, douglas-fir, hemlock,
cypress, redwood and yew. Softwood is also known as Clar-
kwood, Madmanwood, or fuchwood. The list below includes
non-limiting examples of soft wood in accordance with cer-
tain aspects of the present invention:

Araucaria

Hoop Pine (Araucaria cunninghamii)

Parana Pine (Araucaria angustifolia)

Pehuén or Chile Pine (Araucaria araucana)

Cedar (Cedrus)
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Cypress (Chamaecyparis, Cupressus, Taxodium): Arizona
Cypress (Cupressus arizonica), Bald Cypress or South-
ern cypress (Taxodium distichum), Hinoki Cypress
(Chamaecyparis obtusa), Lawson’s Cypress (Chamae-
cyparis lawsoniana), Mediterranean Cypress (Cupres-
Sus sempervirens)

Rocky Mountain Douglas-fir (Pseudotsuga menziesii var.
glauca)

European Yew (Taxus baccata)

Fir (4bies): Balsam Fir (4bies balsamea), Silver Fir (4bies
alba), Noble Fir (4bies procera), Pacific Silver Fir
(Abies amabilis)

Hemlock (7Tsuga): Eastern Hemlock (7suga canadensis),
Mountain Hemlock (7suga mertensiana), Western
Hemlock (Tsuga heterophylla)

Kauri (New Zealand) (Agathis australis)

Kaya (Torreya nucifera)

Larch (Larix): European Larch (Larix decidua), Japanese
Larch (Larix kaempferi), Tamarack Larch or Tamarack
(Larix laricina), Western Larch (Larix occidentalis)

Pine (Pinus): Corsican pine (Pinus nigra), Jack Pine (Pinus
banksiana), Lodgepole Pine (Pinus contorta subsp lati-
folia), Monterey Pine (Pinus radiata), Ponderosa Pine
(Pinus ponderosa), Red Pine (N. Am.) (Pinus resinosa),
Scots Pine, Red pine (UK), Red deal (UK), Redwood
(UK, obsolete) (Pinus sylvestris), White Pine (Yellow or
Weymouth pine, FEastern White Pine (Pinus strobus),
Western White Pine (Pinus monlicola), Sugar Pine (Pi-
nus lambertiana)), Southern Yellow pine (Loblolly Pine
(Pinus taeda), Longleaf Pine (Pinus palustris), Pitch
Pine (Pinus rigida), Shortleaf Pine (Pinus echinata))

Redcedar: Eastern Redcedar, (Juniperus virginiana),
Western redcedar (Thuja plicata)

Redwood (Sequoia sempervirens)

Rimu (New Zealand) (Dacrydium cupressinum)

Spruce (Picea): Norway Spruce (Picea abies), Black
Spruce (Picea mariana), Red Spruce (Picea rubens),
Sitka Spruce (Picea sitchensis), White Spruce (Picea
glauca)

Sugi (Cryptomeria japonica)

Whitecedar: Northern Whitecedar (Thuja occidentalis),
Southern Whitecedar (Chamaecyparis thyoides)

Yellow-cedar (Nootka Cypress Callitropsis nootkatensis,
formerly Chamaecyparis nootkatensis)

C. Biomass Feedstock

Biomass feedstock comes in many different types, such as
wood residues (including sawmill and paper mill discards),
municipal paper waste, agricultural residues (including corn
stover, straw, hull and sugarcane bagasse), and dedicated
energy crops, which are mostly composed of fast growing
tall, woody biomass.

Corn stover comprises leaves and stalks of maize (Zea
mays ssp. mays L.) plants left in a field after harvest. It makes
up about half of the yield of a crop and is similar to straw, the
residue left in field after harvest of any cereal grain. It can be
used as a fuel for bioenergy or as feedstock for bioproducts.
Maize stover, together with other cellulosic biomass, pro-
vides about the potential 1.3 billion tons of raw materials per
year that could produce future fuel in the next 50 years.

Useful sources of straw include in particular cereals (cereal
grasses), i.e., gramineous plants which yield edible grain or
seed. Straw from, for example, oat (Avena spp., such as 4.
saliva), barley (Hordeum spp., such as H. vulgare), wheat
(Triticum spp., including 7. durum), rye (Secal cereale), rice
(Oryza spp.), millet (e.g., species of Digitaria, Panicum,
Paspalum, Pennisetum or Setana), sorghum (Sorghum spp.,
including S. bicolor var. durra (also referred to as “durra”)
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and milo), buckwheat (Fagopyrum spp., such as F. esculen-
tum) and maize (also referred to as corn (Zea mays), including
sweetcorn] is well suited for treatment according to the pro-
cess of the invention.

As employed herein, the term “hull” generally denotes the
outer covering, rind, shell, pod or husk of any fruit or seed, but
the term as employed herein also embraces, for example, the
outer covering of an ear of maize. Relevant hulls include hulls
selected among the following: hulls from oat (4vena spp.,
such as 4. saliva), barley (Hordeum spp., such as H. vulgare),
wheat (Triticum spp., including 7. durum), rye (Secal cere-
ale), rice (Oryza spp.), millet (e.g., species of Digiftaa, Pani-
cum, Paspalum, Pennisetum or Setaria), sorghum (Sorghum
spp., including S. bicolor var. durra and milo), buckwheat
(Fagopyrum spp., such as F. esculentum), maize (also known
as corn (Zea mays), including sweetcorn), corn cob, rape-seed
(from Brassica spp., such as B. napus, B. napus subsp.
rapifera or B. napus subsp. oleifera), cotton-seed (from Gos-
sypium spp., such as G. heraceum), almond (Prunus dulcis,
including both sweet and bitter almond) and sunflower seed
(Helianthus spp., such as H. annuus).

Hulls of cereals, including not only those mentioned
among the above, but also hulls of cereals other than those
mentioned among the above, are generally of interest in the
context of the invention, and preferred hulls, such as oat hulls
and barley hulls, belong to this category. In this connection it
may be mentioned by way of example that oat hulls are often
available in large quantities at low cost as a by-product of
oat-processing procedures for the production of oatmeal, por-
ridge oats, rolled oats and the like; thus, a total of around
75,000 tons of oat hulls is produced per year as a by-product
of oat-processing in Denmark, Norway and Sweden together
with northern Germany. Other types of hulls of relevance in
relation to processes of the invention include, for example,
palm shells, peanut shells, coconut shells, other types of nut
shells, and coconut husk.

Itshould be noted that the native physical form, bulk and/or
dimensions of cellulosic materials such as wood, straw, hay
and the like will generally necessitate, or at least make it
desirable, to carry out comminution of the material (e.g., by
milling, abrading, grinding, crushing, chopping, chipping or
the like) to some extent in order to obtain particles, pieces,
fibers, strands, wafers, flakes or the like of material of suffi-
ciently small size and/or sufficiently high surface area to mass
ratio to enable degradation of the material to be performed
satisfactorily. In the case of wood, material of suitable dimen-
sions will often be available as a waste product in the form of
sawdust, wood chips, wood flakes, twigs and the like from
sawmills, forestry and other commercial sources.

In contrast, numerous types of hulls, e.g., cereal grain or
seed hulls in general, including oat hulls as employed in the
working examples reported herein, have in their native form
sufficiently small dimensions and a sufficiently high surface
area to mass ratio to enable them to be used directly, without
prior comminution, as cellulosic materials in a process
according to the present invention.

V. Size Reduction and Energy Consumption

The key impediments in cellulose bioconversion are the
physical and chemical barriers posed by plant cell walls that
limit hydrolytic enzymes access to the biomass macrostruc-
ture (cellulose) (Jeoh et al., 2007). The natural resistance to
microbial and enzymatic deconstruction of lignocellulosic
biomass is often called recalcitrance (Himmel et al., 2007).
The technical approach to overcome recalcitrance has been
pretreatment of biomass feedstock to remove the barriers and
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make cellulose more accessible to hydrolytic enzymes for
conversion to glucose. Typically, both physical and chemical
pretreatments have been used. Physical pretreatment refers to
the reduction of physical size of biomass feedstock to
increase enzyme-accessible surface areas (Lynd, 1996; Zhu et
al., 2009a) and decrease the crystallinity of cellulose. Chemi-
cal pretreatment refers to the process of using chemicals to
remove or modify key chemical components that surround
and protect cellulose in biomass, mainly hemicellulose and
lignin. However, the issue of physical size reduction has been
completely overlooked in the cellulosic ethanol/chemical
research community. The reason is likely in part because most
cellulosic ethanol/chemical research has been focused on
using agricultural residue that does not need a significant
amount of mechanical energy to achieve satisfactory size
reduction. However, size reduction is very energy intensive
for certain feedstocks, such as wood, bamboo, giant reed, and
bush crops.

A simple energy balance calculation using woody biomass
to demonstrate the importance of size reduction for biomass
refining may be conducted. It is assumed that ethanol yield
from wood is about 300 liters/ton of oven-dried wood with
current technology. Higher heating value of ethanol is about
24 MJ/liter, which gives total wood ethanol energy of 7.2
MlI/kg wood. Typical energy consumption to produce wood
chips is about 50 Wh/kg. The energy consumption in the
second step through disk milling can be anywhere from 150 to
700 Whikg (Schell and Harwood, 1994), depending on the
fiberization process and the degree of milling. Assuming total
size-reduction cost is 200 to 600 Wh/kg, which is equivalent
to 0.72 to 2.16 Ml/kg, or 10 to 30% of the wood ethanol
energy available. Therefore, significant reduction in size-re-
duction energy consumption is a key for economical cellulo-
sic ethanol production from woody biomass.

Certain aspects of this invention relates to (1) a process to
efficiently reduce the size of biomass feedstock with signifi-
cantly reduced mechanical energy consumption and (2) a
procedure to characterize the “size” or “specific surface” of
size-reduced biomass substrate in liquid systems that can
correlate with enzymatic or chemical cellulose saccharifica-
tion and that can be used to optimize exposed surface area of
the biomass substrate. Specifically, this invention contem-
plates conducting chemical or biological pretreatment of
feedstockinlarge size, e.g., the form of chips or chops, to alter
the biomass chemical and physical structure before conduct-
ing size reduction to fibers, fiber bundles, or powders. This
inventive approach can lower the mechanical energy con-
sumption during feedstock size-reduction to the level for
efficient enzyme or chemical hydrolysis. More specifically,
the invention relates to control mechanical size-reduction
process conditions, such as disk plate gap, plate pattern, and
liquid-to-solid ratio or solids-loading (consistency) in size-
reduction of chemically or biologically pretreated biomass
feedstock (in the form of chips or chops), to reduce size-
reduction energy consumption without affecting the enzy-
matic hydrolysis glucose yield (EHGY) from the size-re-
duced substrate. U.S. Pat. No. 3,808,090, disclosed a low
consistency disk milling process but was to improve
mechanical pulp property such as color and strength. The
invention was not about energy saving in size-reduction for
hydrolytic cellulose conversion to sugars.

The term “low solids (consistency) milling” is different
from “low consistency refining” (range from 0.1-10%) fre-
quently used in mechanical wood pulping in which disk mill-
ing of wood chips are always carried out at about 50% mois-
ture (close to the moisture in wood at harvesting) for the first
pass (primary) of milling, and then further refining the pulp
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obtained from the first pass at “low consistency” during sub-
sequent passes to reduce energy consumption. So, the term of
“low consistency refining” is referred to the low consistency
of'the feed pulp in post primary refining. While, the term “low
solids (consistency) milling” used in certain aspects of the
present invention is referred to the low solids chips or chops
in the primary milling. Only one pass (primary) milling needs
to be carried out for biomass size-reduction using milling in
most applications. This invention also specifically describes
the use of wet imaging techniques, very similar to those
commercially available for fiber characterization (length, fine
content, coarseness, etc.) used in the pulp and paper industry.
The novelty of certain aspects of the present invention lies in
fiber external surface, model developed for determining the
specific surface of a fiber.

A. Wood Chip Size Reduction and Characterization

There are two steps in wood fiber production. The first step
deals with coarse size reduction, i.e., reducing the wood log to
a chip size of around 10-50 mm in two dimensions and about
5-10 mm in the third dimension. The second step is to further
reduce the wood chip to fibers and/or fiber bundles with
lengths of about 2 mm. The energy consumption in the first
step is lower than that in the second step. Therefore unless
otherwise indicated, the term “size-reduction process” used
in this invention is referred to the second step. The objective
of the second step size reduction is to reduce the heat and
mass transfer limitations, which will significantly improve
the efficiency of pretreatment and hydrolysis reactions
(Tillman et al., 1989; 1990).

Several well developed technologies are available for bio-
mass size reduction, such as hammer milling, knife milling,
shredding, and disk or attrition milling. Several studies
reported biomass size reduction using these technologies
(Holtzapple et al., 1989; Cadoche and Lopez, 1989; Schell
and Harwood, 1994; Mani et al., 2004). Early work on size
reduction of woody biomass included those producing wood
flour for manufacturing wood composites (Reineke, 1961).
The efficiency of a size-reduction process using commercial
technologies has been evaluated in terms of energy consump-
tion and the size of the final product, which was often char-
acterized by the geometric mean diameter of the particles
(Mani et al., 2004). This was probably because size measure-
ments were often carried out by traditional sieve or screen
methods (Dasari and Berson, 2007; Hoque et al., 2007; Cado-
che and Lopez, 1989; Schell and Harwood, 1994; Mani et al.,
2004). Because substrate surface area is most relevant to heat
and mass transfer and enzyme accessibility, the hydrolysis
efficiency combined with substrate specific surfaces should
be used in evaluating the efficiency of size reduction. Holtza-
ppleetal. (1989)used specific surface area to correlate energy
consumption for comparing the efficiencies of several size-
reduction processes. Their calculation of specific surfaces
was based on the assumption that the substrate particles are
spherical. Unfortunately, many biomass substrate particles
are not spheres but shives or spindles with aspect ratios
greater than 10 (FIG. 6). The substrates derived from disk
milling processes typically have an aspect ratio of 50 to 100.

B. Effect of Biomass Substrate Size on the Efficiency of
Enzymatic Hydrolysis

Limited studies have reported the effect of substrate size on
cellulose to glucose conversion during enzymatic hydrolysis.
Rivers and Emert (1987) concluded that particle size of sub-
strates derived from ball milling had no effect on hydrolysis
yield in the wet particle size range of 0.25-0.47 mm studied.
Cullis et al. (2004) and Ballesteros et al. (2000) reported that
initial wood chip size can affect cellulose saccharification
even when the substrates were obtained after steam explosion
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of'the chips. Chundawat et al. (2007) found that particle size
affected enzymatic digestibility of ammonia fiber/frecze
explosion-(AFEX-) pretreated corn stover. Mooney et al.
(1999) indicated that hydrolysis rate is significantly affected
by fiber size and fiber surface area. Dasari and Berson (2007)
studied the effect of particle size measured by sieving on the
glucose conversion using redoak sawdust collected from a
commercial saw mill. They found that glucose conversion
rate almost doubled when particle size was reduced from
590-850 to 33-75 um. Sangseethong et al. (1998) found that
substrate hydrolysis efficiency was not affected by the inter-
nal pore surface area but rather by the substrate size or exter-
nal surface (calculated with spherical particle assumption)
even though the internal pore surface contributed to over 90%
of the total surface of their microcrystalline cellulose. They
suggested that the enzyme-accessible internal pore surface
depends on the pore depth dictated by the substrate size. As a
result, they concluded that particle size is an important struc-
tural property of substrate that affects enzymatic saccharifi-
cation.

Biomass substrates often have a very large and a wide
range of aspect ratio (5 to 200). Substrate size measured using
traditional sieving and screening methods is significantly
affected by the substrate morphology such as aspect ratio.
Unfortunately, the sieving method has almost been used
exclusively in the biomass refining community for substrate-
size characterization, which may limit scientific progress on
determining effective size-reduction and chemical pretreat-
ment processes for biomass refining. It is unclear how much
internal pore surface contributes to total enzyme-accessible
area and what the critical pore depth is from the work of
Sangseethong et al. (1998). As a first step, this invention
addresses the characterization of biomass substrate size and
the external specific surface using wet image technique and
various substrate fiber/particle models.

C. Factors Affect Energy Consumption during Size Reduc-
tion

Four factors affect energy consumption during size reduc-
tion: the fiberization mechanism, chemical or biological pre-
treatment prior to size reduction, milling process conditions,
and the degree of size reduction. All these factors also affect
enzymatic cellulose saccharification. Most of the existing
literature on size reduction was carried out for pellet, fiber,
and wood flour production. Few studies on biomass size
reduction have taken an integrated approach to examining
energy consumption, enzyme-accessible substrate surface,
and chemical pretreatment efficiency in terms of enzymatic
cellulose conversion.

Energy consumption in mechanical pulping of wood
depends significantly on how the wood chips were fiberized,
ie., fiberization mechanism. Refiner mechanical pulps
(RMP) are produced under atmospheric refining conditions
with wood chips fractured through the lumen of wood trac-
heid. Thermomechanical pulps (TMP) are produced using
low-pressure steam about 2.4 bar (~134° C.) to soften wood
chips before disk refining. The wood chips are fractured in the
S1 and S2 layer of cell wall (Salmen et al., 1999). Medium
density fiberboard pulps (MDF) are produced under
increased steam pressure of above 5 bar. In the MDF produc-
tion process, wood chips are fractured in the lignin-rich
middle lamella (ML). This is because the steam temperature
reaches the glass transition temperature of lignin (Irvine,
1985). The energy consumption of different pulping pro-
cesses varies significantly. Typical energy consumptions for
producing RMP, TMP, and MDF are about 600, 450, 150
Wh/kg oven-dried wood, respectively. The energy consump-
tion for chemical-thermomechanical pulp (CTMP) is just
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lower than that for TMP. The surface chemical compositions
of these pulps are very different. RMP exposes mostly cellu-
lose on fiber surface. MDF fibers are lignin-coated on their
surface. This can be clearly seen from the color of these pulps
with RMP being the most light and MDF being brown. The
difference in surface chemical composition certainly affects
cellulose enzymatic conversion to glucose, as revealed in
previously (Zhu et al., 2009a). The significant variations in
mechanical energy consumption of these different pulping
processes may provide avenues for potential energy savings
in biomass size reduction. However, attempts have not yet
been taken to explore this potential.

The second factor affecting size-reduction energy con-
sumption and enzymatic cellulose saccharification is chemi-
cal, thermal, or biological pretreatment. The pretreatment
alters the chemical composition and physical structure of
biomass by partly removing some cell-wall components such
as hemicellulose and lignin. As a result, size reduction after
chemical pretreatment consumes less energy. This energy
saving may be insignificant for some agricultural biomass,
such as corn stover or switch grass, but could be significant
for biomass with strong physical integrity, such as wood,
bamboo, and giant reed. However, no prior art suggested to
take advantage of chemical pretreatments to reduce energy
consumption in size reduction for biomass cellulose conver-
sion, except those studies related to wood pulp production
(Kenealy et al., 2007).

The third factor is related to the first factor discussed above:
the wood chip fiberization process. But this factor is more
concentrated on variation of milling conditions, such as varia-
tion of milling disk plate gap, plate pattern, wood solids-
loading, and controlling milling temperature and pressures
which do not alter fiberization mechanism as discussed in the
first factor. It is well known from mechanical pulping that disk
refining conditions such as those mentioned here can affect
energy consumption in refining. However, the amount of
energy savings achievable is very limited. In mechanical pulp
production, fiber quality is critical to paper and fiber board
properties, which limits opportunities to reduce milling
energy through significant process condition variations, for
example, Alami etal. (1995) reported only 7% energy savings
by reducing disk refining consistency from 50% to 38% and
no energy savings for low consistency (solids loading) below
35%. To maintain fiber quality, it prohibited further reduction
in refining consistency to achieve more savings in refining
energy. Fiber quality is often measured by fiber length, fiber
strength, the contents of fine (very small broken fibers) and
shieve (fiber bundles). For enzymatic cellulose hydrolysis
application, fiber quality is not an issue, which allows us a lot
of freedom to explore potential energy savings through mill-
ing process variations in much great ranges. This novelty of
the present invention is that the energy saving strategies are
different from those in traditional mechanical pulping
through variations of refining process conditions.

To address the degree of size reduction, the fourth factor,
proper characterization of biomass substrate is necessary. The
geometric mean diameter of the substrate particles measured
by traditional sieving and screen methods has been almost
exclusively used for biomass substrate size characterization
(Mani et al., 2004). This size measure is significantly affected
by biomass substrate morphology such as particle aspect ratio
(Zhu et al., 2009a). Most size-reduction processes produce
fibrous substrate with wide ranges of particle (fiber) aspect
ratio of 5 to 100. As a result, existing data on substrate size
characterization has limited value.



US 9,090,915 B2

23

D. Size Reduction Energy Saving Methods

Certain aspects of the invention explored the potential of
three of the above four factors: (1) chemical/biological/ther-
mal pretreatment, (2) milling process conditions, and (3)
degree of size-reduction, to reduce energy consumption in
size reduction for biomass bioconversion. Specifically, this
invention proposes to conduct chemical/biological/thermal
pretreatment before size reduction. More importantly, for
example, this invention achieved significant energy con-
sumption reduction by about a factor of 10 through control-
ling milling conditions without losing enzymatic saccharifi-
cation efficiencies, specifically, using low solids
(consistency) disk milling with relatively large gap. In certain
embodiments, this invention also used wet press to concen-
trate the substrate from disk milling for subsequent high
consistency hydrolysis or other conversion steps. To correctly
measure the degree of size reduction, the present invention
may also use a method for rapid and proper characterization
of the size-reduced substrate specific surface using a wet
imaging technique.

FIG. 7 shows a particular embodiment of process flow.
Feedstock in the form of chips or chops was first fed into a
pretreatment reactor. After a mild pretreatment, chemical,
biological, or thermal, or the combination of any of these
three types, the feedstock should remained in the chip or chop
form though its chemical or physical structure may have
changed. The solid of the pretreated feedstock is then sepa-
rated using a simple screen device. The solid is then disk
milled with water. Depends on the amount of water used in
milling, the milled substrate can be directly wet pressed to
remove water to concentrate to solids about 30% or higher.
Filtration before wet pressing may be needed if a lot of water
was added in milling. The dewatering process through filtra-
tion and pressing also serves as a washing step for the pre-
treated substrate to remove residual chemicals and dissolved
components (hemicellulose and lignin) from pretreatment.
The concentrated substrate of solids content about 30% can
be directly used for subsequent hydrolysis or conversion steps
with or without additional washing. Other milling process
conditions, disk plate gap and temperature, etc., can be varied
as necessary. FIG. 8 shows another particular embodiment of
process flow that can achieve process optimization in size-
reduction through disk milling to reduce energy consumption
without significantly affecting size-reduction and therefore
cellulose bioconversion efficiency. The substrate specific sur-
face and size are characterized in-situ using the wet imaging
technique described in this invention. The online measured
size-reduction energy consumption (in terms of disk miller
rotor torque or electric energy) data along with the in-situ
substrate size/specific surface are used to optimize disk mill-
ing process conditions, such as disk plate gap, milling solids-
loading, etc.

This post-chemical pretreatment size-reduction process
flow design has several benefits: (1) it takes advantage of
chemical pretreatment to alter feedstock structure to reduce
energy consumption in the subsequent size-reduction (disk
milling) process; (2) it avoids the difficulties and high-energy
consumption for mixing high-consistency fiberized feed-
stock with chemicals in pretreatment when size-reduced bio-
mass is used; (3) it can reduce thermal energy consumption in
chemical pretreatment; and (4) it can potentially produce a
concentrated hemicellulose sugar stream from chemical pre-
treatment step to reduce concentration cost. The rationale for
(3) and (4) is that a low liquid to biomass ratio can be used in
the chemical pretreatment of biomass with minimal size
reduction (not fiberized, such as chips or chops). Liquid
uptake of size-reduced (fiberized) feedstock is much higher
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than that of unreduced biomass (chips or chops) because of
the porous and hydrophilic nature of biomass and therefore
requires a higher liquid to biomass ratio.

V1. Examples

The following examples are included to further illustrate
various aspects of the invention. It should be appreciated by
those of skill in the art that the techniques disclosed in the
examples that follow represent techniques and/or composi-
tions discovered by the inventors to function well in the
practice of the invention, and thus can be considered to con-
stitute preferred modes for its practice. However, those of
skill in the art should, in light of the present disclosure,
appreciate that many changes can be made in the specific
embodiments which are disclosed and still obtain a like or
similar result without departing from the spirit and scope of
the invention.

Example 1
Materials and Methods for SPORL Process

A. Materials

The following materials were used to demonstrate the
effectiveness of SPORL. Fresh Spruce, Aspen, Maple, and
Red Pine chips were from the Wisconsin Rapids mill of Stora
Enso North America (now New Page Corporation, OH). The
purities of the wood chips were not provided. However, the
chemical composition of the two wood chip samples are very
close to those of pure spruce and red pine, respectively,
obtained in the inventors’ laboratory previously (Zhu et al.,
2007). The chips were frozen at a temperature of about —-16°
C. until used. Fresh clone Eucalyptus wood chips were sup-
plied by the University of Florida (Gainesville, Fla.). Fresh
cornstover was obtained from the Arlington research farm of
the University of Wisconsin, Madison. All the biomass was
kept frozen at temperature about —16° C. before use. The
waste paper was commercial newsprint paper. The wood
chips were screened to remove all particles greater than 38
mm and less than 6 mm in length. This screening is not
necessary for producing substrates for enzymatic hydrolysis
research. However, it helped to maintain a constant chip feed-
ing rate in disk milling. The thickness of the accepted chips
ranged from 2 to 6 mm. The source corn stover was hammer
milled to an approximate size of 520 mm.

Commercial enzymes were used to demonstrate certain
aspects of the present invention. In particular, Celluclast 1.5 L.
(cellulase), Novozym 188 (p-glucosidase), and polyethylene
glycol (PEG) were used as received from Sigma-Aldrich (St.
Louis, Mo., USA).

Sodium, magnesium, and ammonia bisulfite, sulfuric and
hydrochloric acids were used as received from Sigma-Ald-
rich (St. Louis, Mo., USA). Other sulfite, such as calcium,
potassium sulfite, etc., can certainly be used. However, mag-
nesium bisulfite may be preferred for easy chemical recovery
using existing commercial chemical recovery processes prac-
ticed in the pulp and paper industry. Bisulfite is preferred
because it can provide the reagents sulfite, bisulfite, and SO,
in the pretreatment solution by adjusting pH of the solution.

B. SPORL Chemical Solution Preparation

There are several ways to prepare the sulfite chemical
solution for SPORL applications. Calcium, sodium, magne-
sium, ammonia, potassium and other counter-ion bisulfite
chemistries have been practiced in the pulp and paper indus-
try (Ingruber, 1985). All these bisulfites can be applied to
aspects of the present invention. Magnesium bisulfite has the
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advantage for easing chemical recovery (Bryce, 1980). Cal-
cium bisulfite has the advantage of low cost. Sodium bisulfite
has the advantage of excellent solubility over a wide pH
range. The industry practice for producing bisulfite liquor is
described in detail elsewhere (Bryce, 1980). Generally, sulfur
is oxidized by burning in either a rotary or spray burner to
produce sulfur dioxide. The sulfur dioxide and water is then
fed through limestone (for producing calcium bisulfite) at the
bottom of a large tower.

To demonstrate SPORL, the industry practice of producing
bisulfite was not used in the inventors’ experiments. Instead
bisulfite and sulfite with various counter-ions, sulfuric acid,
or hydrochloric acid were purchased commercially. Mixing
acid, sulfite and bisulfite produced the pretreatment liquor to
demonstrate certain aspects of the present invention.

C. Sulfite Pretreatment

The SPORL experiments were conducted according to the
process flow diagram shown in FIG. 9. To demonstrate the
SPORL concept, wood chips, waste paper, and corn stover
were pretreated in an aqueous sulfite solution followed by
mechanical size reduction using disk refining. The sub-pro-
cesses connected with dashed lines in FIG. 9 were not carried
out in the examples presented here. The pretreatment liquor
can be prepared and recovered using existing industrial prac-
tices as described elsewhere (Bryce, 1980). The pH of the
solution can be easily controlled by the amount of SO,
absorbed. SO, can be substituted by other acids, such as
sulfuric acid, hydrochloric acid, oxalic acid, and acetic acid
(such as the acetic acid released from acetyl groups during
pretreatment of hardwood or agricultural residues).

When pretreatment is carried out in a separate process,
traditional pulping digesters can be used. In the examples
discussed below two traditional pulping digesters were used
for pretreatment to demonstrate exemplary embodiments of
the present invention. The two lab-scale digesters were with
batch capacity of oven-dry wood chip of 130 and 2000 g,
respectively. The first used 1-liter sealed stainless steel cyl-
inders in an autoclave-type arrangement using steam heat. In
the case of'the 130-g batch runs, the wood chips and pretreat-
ment solutions were placed in the sealed stainless steel 1-L
pressure vessels (manufactured in-house). These 1-L vessels
were mounted inside of the larger pressure vessel and heated
externally via steam while rotating at the speed of 2 rpm. The
second was a 23 liter stainless steel digester using steam heat
via an outside jacket. In the case of the 2000-g batch runs, the
wood chips and pretreatment solution were placed into the
23-L stainless steel, steam-jacketed rotating pressure vessel
(unknown manufacturer). The contents were heated via the
external steam jacket and rotated at a speed of 2 rpm to
provide the mixing. About 130 and 2000 g of oven-dry chips
or chops were used in the two digesters, respectively.

Wood chips, corn stover and/or waste paper were directly
subjected to pretreatment using sodium, magnesium, and/or
ammonia bisulfite with or without sulfuric acid prior to sub-
sequent size reduction described below. The pretreatment
liquor was made of sulfite or bisulfite mixed with either acid
or sodium hydroxide for pH adjustment. The pretreatment
liquor to biomass solid (oven-dry) ratio was 5 (v/w). The
bisulfite charge on oven-dry (od) biomass solid varied from
0-12% (w/w) and sulfuric acid charge on od wood varied from
0 to 7.36% (w/w), which resulted in the initial pH of the
pretreatment solution varying from about 1.7 to 4.5. Sodium
sulfite instead of sodium bisulfite was used in experiments
simulating neutral and alkaline pretreatment for mechanical
and semichemical pulping. Sodium sulfite charge on od wood
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was 10.9% (w/w) with acid charges 0 0.92% and 0% (w/w),
corresponding to initial pH values of 7.6 and 10.2, respec-
tively.

The chips or chops were first impregnated with the pre-
treatment liquor at temperature 90° C. The impregnation time
varied from 0-3 hours. Immediately after impregnation, the
temperature was raised to 180° C. and maintained for 30
minutes. The steam heating capacity of the two laboratory
digesters employed limited the temperature of the SPORL
experiments to 180° C. All pretreatments were carried out at
180° C. for 30 min in the examples. At the end of the pretreat-
ment, the solid was collected and directly transferred to size
reduction without washing. Solid loss was determined from
the measured wet weight and moisture content of the col-
lected solid.

D. Mechanical Size Reduction

Disk milling (DM) was used for mechanical size reduction
of the pretreated feedstock to demonstrate aspects of the
present invention in the examples discussed below. Hammer
milling (HM) and other size reduction technologies can also
be used with SPORL. Specifically, a laboratory 8-inch and
12-inch disk refiner (Andritz Sprout-Bauer Pressurized
Refiner, Springfield, Ohio) were used. The collected solid
from pretreatment was directly fed into the disk refiner. The
mechanical refining can be carried out at different milling
conditions, including steam pressure, temperature, feeding
rate, disk gaps, etc. For example, steam pressure 0-200 psig
and disk gap 0.0001-1 inches. It should be pointed out that
size reduction can be carried out prior to chemical pretreat-
ment (FIG. 2). It should also be pointed out that chemical
pretreatment can be performed immediately before size
reduction through the plug screw feeder of a disk milling
following the current commercial practice for producing
chemical-thermomechanical pulps (CTMP, FIG. 4), such as
neutral sulfite semi-chemical pulp (NSSC). The biomass col-
lected from size reduction was washed with water to obtain
the substrate for enzymatic hydrolysis.

The pretreated biomass collected from the 1-L digester
were refined using an 8-in. disk refiner. For the experiments
conducted using the 23-L digester, the pretreated wood chips
were fed into the 12-in. disk refiner for size reduction.
Mechanical disk milling was carried out under atmospheric
conditions with disk gap 0f0.25 mm (0.01 inches). The elec-
trical energy consumption for size reduction was recorded.
The materials collected from size reduction were filtered on a
Buchner funnel to separate solid (substrate) and liquid. The
solids material from filtration was stored for characterization
and enzymatic hydrolysis.

E. Enzymatic Hydrolysis

Enzymatic hydrolysis can be conducted using commercial
enzymes with normal dosage. In the demonstration of certain
aspects of the present invention, enzymatic hydrolysis of the
substrates derived from size reduced pretreated biomass chips
or chops were carried out at 2% of substrate (w/v) in 50-mL
sodium acetate buffer using a shaker/incubator (Thermo
Fisher Scientific, Model 4450, Waltham, Mass.) at 200 rpm.
The pH and temperature were adjusted to 4.8 and 50° C.,
respectively. A mixture of Celluclast 1.5 L with an activity
loading of approximately 15 FPU/g substrate and Novozyme
188 with an activity loading of approximately 22.5 CBU/g
substrate (equivalent to about 20 FPU and 30 CBU/g cellu-
lose) was used for enzymatic hydrolysis. An excess of
Novozym 188 was used to prevent cellobiose accumulation
(Emmel et al., 2003). Hydrolysates were sampled periodi-
cally for glucose analysis. Each data point was averaged from
two replicates. For clarity, error bars calculated based on the
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relative difference of duplicate experiments are not shown in
time-dependent cellulose conversion plots.

F. Analytical Methods

Cellulase activity of Celluclast 1.5 L was determined by the
filter paper method (Wood and Bhat, 1988). Whatmann I filter
paper was used as a standard substrate. One unit (FPU) of
enzyme activity is defined as the amount of reducing sugars
equivalent to glucose in mM/min by 1 ml of the initial enzy-
matic solution. Cellobiase of Novozym 188 was determined
using cellobiose as substrate recommended by ITUPAC Bio-
technology Commission. One unit (CBU) of activity is
defined as the enzyme amount, which converts 1 mol of
cellobiose to 2 mol of glucose in 1 min (Wood and Bhat,
1988).

The chemical contents (e.g., carbohydrate compositions)
of'the original and pretreated biomass were measured by the
Analytical and Microscopy Laboratory (USDA Forest Prod-
ucts Laboratory) using an improved high performance anion
exchange chromatography with pulsed amperometric detec-
tion (HPAEC-PAD) method (Davis, 1998).

The solid materials were milled using a Wiley mill (Tho-
mas Scientific, Swedesboro, N.J.) before acid hydrolysis
(acid-insoluble lignin procedure). The supernatant of the acid
hydrolysate was directly used for ion chromatographic (IC)
analysis. The measurement relative standard deviations
(RSD) were reported based on internal regular quality assur-
ance (QA) and quality control (QC). The monomeric sugar
concentrations in the pretreatment spent liquor (hydrolysate)
were also measured by the same HPAEC-PAD technique. The
liquor was first centrifuged to remove solid particles. The
supernatant was injected into IC column after dilution. The
average of triplicate measurements was used to determine the
hemicellulose sugar recovery from the pretreatment.

Hydroxymethylfurfural (HMF) and furfural in the pretreat-
ment spent liquor (hydrolysate) were measured by HPLC(HP
1090 Series 11, Hewlett-Packard, Now Agilent Technologies,
Palo Alto, Calif.) with UV detection at 280 nm using external
standards. A reverse phase column (C18, Grace Vydac, Deer-
field, I11.) was used for separation. Results were obtained
from the average of duplicate measurements. The standard
deviations of selected samples reported were calculated from
four sets of duplicate measurements.

The hydrolytic reaction was followed by measuring the
carbohydrates in the hydrolysate. For example, the enzymatic
hydrolytic reactions of pretreated substrates were monitored
by measuring the time-dependent glucose concentrations in
the hydrolysates. For fast analysis, glucose in the enzymatic
hydrolysates was measured using a commercial glucose ana-
lyzer (YSI 27008, YSI Inc., Yellow Springs, Ohio). The
instrument precision is about 2% based on manufacturer
specifications. The average of duplicate runs was used in
reporting. The final hydrolysate were also measured by
HPAEC-PAD.

In certain aspects of the invention cellulose conversion
refers to enzymatic hydrolysis of cellulose to glucose in a
substrate, whether chemically pretreated or not. The glucose
yield from enzymatic hydrolysis, EHGY, is obtained from the
glucose concentration in the enzymatic hydrolysate. Each
glucan unit produces one glucose molecule after gaining one
water molecule, therefore the ratio of molecular weight
between one glucan unit and glucose of 0.9 (C,H,,O4/
C¢H,,0y) is used in the calculation of enzymatic cellulose
conversion of substrate (ECCS), used interchangeably with
cellulose conversion in this invention:

Enzymatic Cellulose Conversion of Substrate(ECCS)
(%)=90xEHGY (weight)/[(od substrate weight)x
(substrate glucan content)]
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Example 2

Effect of Sulfuric Acid Charge (pH) on Cellulose
Conversion of Spruce through Enzymatic Hydrolysis

The chemical compositions of spruce wood and substrates
from six SPORL experiments at 180° C. for 30 min are listed
in Table 1. The first four samples were obtained with sodium
bisulfite charge of 9% on od wood at different sulfuric acid
charges (pH values). The last two samples were prepared
using sodium sulfite at charge of 10.9% on od wood at higher
pH values, simulating neutral and alkaline sulfite pretreat-
ments for producing mechanical and semi-chemical pulps.
The results indicate that hemicellulose, namely xylan and
mannan, can be completely removed with sulfuric acid charge
onwood 3.68% or greater (initial pH approximately 2.2). The
near complete separation of hemicellulose from cellulose is
favorable not only to enzymatic hydrolysis of cellulose but
also to fermentation to ethanol due to lack of efficient tech-
nologies to co-ferment xylose and glucose. For the run with
acid charge of 3.68% (initial pH approximately 2.2), most of
the separated hemicellulose sugars can be recovered as mono-
meric sugars, as will be discussed later. Furthermore,
approximately 12% glucan was dissolved in pretreatment
liquor by acidic hydrolysis through pretreatment with about
20% delignification. The data indicate that cellulose loss
through pretreatment is only about 10% with near complete
removal of hemicellulose at an acid charge of 3.68% (initial
pH around 2.2). Glucan dissolution or loss increased to 30%
as acid charge increased to 7.36% (initial pH less than 2). The
two pretreatments at higher pH values (using sodium sulfite)
produced very low glucan and hemicellulose losses (dissolu-
tion), with solid yield about 90%, suggesting no significant
carbohydrate hydrolysis (Table 1). However, the low degrees
of degradation of cellulose and hemicellulose were found to
be not favorable to enzymatic hydrolysis.

Table 2 lists the enzymatic cellulose conversion of the
substrates (ECCS) derived from sulfite pretreatment with dif-
ferent sulfuric acid charges on oven-dry (od) wood (different
pH). ECCS in percent is defined according to the equation in
the preceding paragraph:

The results indicate that about 85% cellulose conversion to
glucose was achieved at an acid charge of 3.68% (initial pH
around 2) in about 48 hours. When the surfactant PEG was
added in hydrolysis, with PEG concentration in solution of
about 10%, ECCS over 90% was achieved in 12 hours and
was increased to about 95% in 48 hours.

With only 19 Wh/kg od untreated wood electric energy
input, the pretreated wood chips using SPORL method of the
present invention can be easily pulverized with a mean fiber
length around 0.3 mm for the wood chips pretreated at acid
charge of 3.68% (initial pH around 2). So, the present pre-
treatment process meets the two 90/90 targets, i.e., 90% cel-
Iulose conversion and less than 90 Wh/kg od biomass energy
consumption in size reduction. This is very significant to
processes like those in the particular embodiments shown in
FIGS. 1 and 4.

Disk refining and hammer milling are mature and commer-
cially proven technologies. Disk refining has been in com-
mercial production for several decades, with numerous sites
having capacities of 1000 ton/day. With certain embodiments
of this invention, processes using mechanical size reduction
(FIGS. 1 and 4) are more economical than the current state of
the art process of steam explosion, which is not a mature
technology, of which a scale-up to 1000 ton/day for commer-
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cial production has yet to be proven, and which is very energy
intensive due to the consumption of large amount of high
quality steam.

TABLE 1

30

tion. The hydrophobic condensed lignin might have a greater
negative impact on enzymes through hydrophobic interfer-
ence than hydrophilic lignosulfonate. The high lignin

Weights of wood components and % loss after sulfite pretreatment at different

sulfuric acid charge on oven-dry (od) wood

Acid Charge K.Ligg ASLg Arab g Galac g Rhamg Glucang Xylang Mannang Sum  Total
on od wood (%) (% loss) (% loss) (% loss) (% loss) (% loss) (% loss) (% loss) (% loss) (g) (g)
Untreated 27.6 0.71 1.35 2.65 0.11 43.16 5.72 11.46 92.76 100
sample
7.36 26.38 0.64 0 0 0 30.46 0.11 0.10 57.68 584
pH=1.72 (4.41)  (10.47) (100) (100) (100) (29.42)  (98.11)  (99.16)
3.68 21.94 0.56 0 0 0 38.01 0.4 0.2 61.11 61.81
pH=2.16 (20.51)  (21.13)  (100) (100) (100) (11.93)  (93.01)  (98.25)
1.84 19.16 0.79 0 0 0 35.58 2.08 1.05 58.66  60.00
pH=2.44 (30.58) (100) (100) (100) (17.56)  (63.64)  (90.84)
0 18.88 0.65 0 0.07 0 41.96 2.61 2.09 66.27  68.0
pH=4.42 (31.68) (8.33)  (100) (97.2) (100) (297) (5434) (8L.75)
0.92 22.60 1.71 0.47 1.40 0 41.73 4.85 10.68 83.44  90.40
pH=7.61 (18.12) (65.19) (47.17) (100) (3.31)  (15.21) (6.81)
0 21.90 2.20 0.63 1.30 0 42.50 5.36 10.42 8431  89.50
pH=10.24 (20.65) (53.33) (50.94) (100) (1.53) (6.29) (9.08)
RSTD (%) 0.80 5.80 1.60 2.90 15.90 1.00 1.40 1.40 — —
Key:
K. Lig—Klason lignin;
ASL—acid soluble lignin;
Arab—arabinan;
Galac—galactan;
Rham—rhamnan.
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The effect of sulfuric acid charge (pH) on od wood on
enzymatic conversion of cellulose and glucose yield after 48
h enzymatic hydrolysis is shown in FIG. 10. At a given
sodium bisulfite charge of 9% on od wood, the optimal acid
charge was about 2.5%, at which both enzymatic cellulose
conversion and EHGY were maximized. The maximum
enzymatic conversion of cellulose and EHGY were about
90% and 37% wt od wood, respectively, which translates to an
overall glucose yield of 78% from the enzymatic hydrolysis
alone (excluding dissolved glucose during pretreatment)
based on spruce wood cellulose content of 43.16% (Table 1).
The two high-pH pretreatments resulted in very low cellulose
conversion of less than 30% and EHGY of less than 15% wt
od wood, implying that neutral and alkaline sulfite pretreat-
ments are not effective for biomass conversion through enzy-
matic saccharification because the barriers of hemicellulose
are not removed.

Examining the data presented in Table 1 and Table 2, Kla-
son lignin (acid-insoluble lignin) removal was only 4.4% at
sulfuric acid charge 7.36% (pH around 1.72, c.f. Table 1),
indicating significant lignin condensation might have
occurred. This resulted in an ECCS of 80% after 48 hours of
hydrolysis (FIG. 10), lower than that achieved at sulfuric acid
charge 3.68% (pH 2.16) and 1.84% (pH 2.42), respectively.
Lignin removal was greater than 15% for these two low acid
charge runs (Table 1). Furthermore, the EHGY at acid charge
ot 7.36% was only 27% wt od wood, lower than the 35% wt
od wood obtained from the two runs with low acid charges of
3.68 and 1.84%.

One explanation is that high dosage of acid at high tem-
perature promoted lignin condensation instead of sulfona-
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removal achieved at lower acid charges is likely attributable
to enhanced lignin sulfonation. Another reason is that more
lignin was removed at lower acid charges by depolymeriza-
tion and sulfonation. It can be concluded that pretreatment
temperature of 180° C. is probably too high for this acid
charge (pH) to achieve satisfactory lignin removal and cellu-
lose conversion for spruce wood.

However, further reduction of acid charge to 0% in pre-
treatment did not produce additional improvement in enzy-
matic digestibility of substrate. Enzymatic cellulose conver-
sion and EHGY were only about 69% and 31% wt od wood,
respectively. This was because of limited hemicellulose
removal at 0% acid charge. For example, Table 1 and Table 2
also show that lignin removal was over 30% at acid charge 0
(pH=4.4), higher than the 22% achieved at acid charge 3.68%
(pH=2.16), but xylan removal was less than 55% and mannan
removal was less than 82% (compared with 93% and 98% at
3.68% acid charge), which resulted in a low cellulose conver-
sion efficiency of only about 67% after 48 hours of hydroly-
sis. This indicates that hemicellulose removal is as critical
lignin sulfonation and removal to achieve satisfactory cellu-
lose conversion. A temperature higher than 180° C. is prob-
ably needed to achieve satisfactory hemicellulose removal
and cellulose degradation for acid charge 0% (pH around
4.4). Limited pre-hydrolysis of cellulose at 0% acid was
another reason for reduced enzymatic digestibility (resulting
in lower glucose yield).

This analysis indicates that there can be several optimal
operating ranges for SPORL to achieve satisfactory cellulose
conversion. The keys to achieve satisfactory cellulose con-
version in accordance with certain aspects of the present
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invention are degrading cellulose and hemicellulose, remov-
ing hemicellulose, preventing excessive condensation of lig-
nin, and promoting the sulfonation of lignin.

TABLE 2

Time-dependence of enzymatic cellulose conversion of
the substrate (ECCS) and sulfite pretreatment at different
sulfuric acid charge on oven-dry (od) wood

Acid charge On od wood (%)
Enzymatic  Acid=0  Acid=3.68% Acid=7.36% pH=2.16+
Hydrolysis pH=4.42 pH=2.16 pH=1.72 PEG
Time (hour) Enzymatic cellulose conversion of substrate (%)
1 18.71 33.08 30.20 42.45
3 30.19 55.47 48.87 69.30
6 38.65 66.89 60.00 82.70
12 48.54 76.48 69.28 89.65
24 57.84 81.96 77.34 94.04
48 67.06 85.62 80.19 94.41
72 69.40 87.09 81.66 95.14
Example 3

Effect of Bisulfite Charge on Cellulose Conversion
of Spruce

The effect of bisulfite charge on enzymatic digestibility of
the SPORL substrates is shown in FIG. 11. Table 3 lists the

20

25

32

acid process, but high xylan removal does not translate to high
cellulose conversion; this condition actually gives the lowest
cellulose conversion and glucose yield of all experiments at
less than 40% and 15.5% wt od wood, respectively, indicating
that the enzymatic digestibility of a SPORL substrate is much
better than that of a dilute acid-pretreated substrate. Further
observations of the data suggest that partial lignin removal
might also be important. With a bisulfite charge of zero (sul-
furic acid only), no lignin was removed, which might have
caused low cellulose conversion.

The addition of bisulfite dissolved a small portion of lignin.
The sulfonation by sulfite makes lignin more hydrophilic,
which could reduce the hydrophobic interactions with
enzymes. The partial delignification and sulfonation of lignin
may contribute to the significantly improved digestibility of
the SPORL substrate over a dilute acid pretreated one. Fur-
ther increasing bisulfite charge to over 9%, however, resulted
in decreased enzymatic cellulose conversion (FIG. 11). This
is because the increase in bisulfite application increased the
pH of the pretreatment liquor at a given acid charge, which
depressed the dissolution of hemicellulose (Table 3), and may
also depressed the depolymerization of cellulose, and even
the rate of lignin sulfonation. It should be pointed out that a
bisulfite charge of 9% used in the SPORL pretreatment is
much lower than that for traditional sulfite chemical pulping
(typically 20%). This is another difference of SPORL from
traditional sulfite chemical pulping.

TABLE 3

Weight of wood components and % loss after sulfite pretreatment at different

bisulfite charge on wood

Bisulfite
Charge K.Ligg ASLg Arabg Galacg Rhamg Glucang Xylang Mannang Sum  Total
onwood (%) (% loss) (% loss) (% loss) (% loss) (% loss) (% loss) (% loss) (% loss) (g) (g)
Untreated 27.6 0.71 1.35 2.65 0.11 43.16 5.72 11.46 92.76 100
sample
12 18.61 0.00 0.00 0.01 0.00 38.94 2.55 0.11 59.97  63.20
(32.59) (9.86) (55.32)  (88.56)
9 24.63 3.17 0.00 0.00 0.00 34.75 0.45 0.11 62.88  61.70
(10.77) (19.57)  (92.16)  (83.26)
6 23.67 3.46 0.00 0.01 0.00 37.12 0.95 0.36 65.11 63.70
(14.26) (14.08)  (83.26)  (96.87)
6 25.67 0.00 0.00 0.00 0.00 36.67 1.21 0.46 63.42  65.90
(6.99) (15.12)  78.82)  (95.96)
3 19.96 0.00 0.00 0.01 0.00 37.83 191 0.82 59.44  62.50
(27.66) (1243)  (66.52)  (92.84)
0 30.07 0.46 0.00 0.01 0.00 36.91 0.49 0.16 67.84  69.50
©) (1457)  (91.42)  (98.57)
Key:
K. Lig—Klason lignin;
ASL—acid soluble lignin;
Arab—arabinan;
Galac—galactan;
Rham—rhamnan.
55
effect of sodium bisulfite charge on wood chemical compo- TABLE 4
nent removal. At the pretreatment temperature 180° C. and
sulfuric acid Charge of 1.84%, there was an optimal bisulfite Time-dependence of enzymatic cellulose conversion of substrate
charge around 9% at which xylan removal is the highest from SPORL using different bisulfite charge on spruce wood
(above 90%). At this bisulfite charge, ECCS was over 90% 60
H H 0,
(Table 4) and EHGY wt % untreated wood was about 35 g Enzymatic Bisulfite charge on od wood (%)
FIG. 11) after 48 hours enzymatic hydrolysis. Table 4 and
( ) . 4 yo . 4 . Hydrolysis Time 12 9 6 6 3 0
FIG. 11 show that bisulfite charge of 9% is also optimal for ; . 0
; " Rt S (hour) Enzymatic cellullose conversion of substrate (%)
enzymatic cellulose conversion. Further analysis indicates
that xylan removal seems to correlate to cellulose conversion. 65 1 28.05 35.65 2972 28.65 2068 1475
However, when the bisulfite charge is reduced to zero (sulfu- 3 43.69 52.67 4377  43.06 3236  22.03

ric acid only), the treatment becomes the traditional dilute
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TABLE 4-continued

34
TABLE 5

Time-dependence of enzymatic cellulose conversion of substrate
from SPORL using different bisulfite charge on spruce wood

Effect of wood chip impregnation time on glucan yield, enzymatic
hydrolysis conversion of cellulose and glucose yield after 48
h at 180° C. at four different bilsulfite charges and sulfuric

Enzymatic Bisulfite charge on od wood (%) 5 acid charge of 1.84% on od (oven-dry) wood
Hydrolysis Time 12 9 6 6 3 0 Bisulfite Impreg- Enzymatic Glucan yield Enzymatic
(hour) Enzymatic cellullose conversion of substrate (%) charge on nation cellulose from pre- glucose
od wood time conversion  treatment per yield (%
6 52.01 63.22 50.56 49.78 40.24 26.53 (%) (min) at48 h (%)® 100 god wood wt od wood)
12 61.51 7250 5882 5933 4753 3203 1o
24 66.11 79.77 6947 6604  57.05 3492 0 30 41.52 33.1 15.27
48 73.78 9032 7541 7090 6121  37.12 0 37.12 36.9 15.22
72 7744 9192 7719 7252 60.84  37.97 Mean/STD  39.32/3.11  35.00/2.69  15.24/0.04
3 60 61.21 38.4 26.12
0 60.84 37.8 25.55
15 Mean/STD  61.03/0.26  38.10/042  25.83/0.40
Example 4 6 30 75.27 36.1 30.19
0 75.41 37.4 31.34
. . Mean/STD  75.34/0.1 36.75/0.9 30.77/0.8
Effect of Impregnation Time on Cellulose 9 180 89.54 35.6 35.42
Conversion of Spruce 60 90.32 34.7 34.82
0 94.02 33.3 34.79
. . . . 20 Mean/STD  91.29/2.39  3453/1.16  35.01/0.35
Biomass impregnation allows the pretreatment chemicals
to unlfOrInly penetrate into the biomass, such as wood Chjps’ “Based on cellulose content in pretreated substrate (glucan yield).
prior to reactions at the final pretreatment temperature. . . .
L . . . These results indicate that impregnation is not necessary
Impregnation is very important to acid sulfite and bisulfite . sy .
. . i . . . for the SPORL, which will simplify the process and improve
pulping to get a uniform delignification or pulp quality. Itis 25 .. . .
. . : Lo productivity. The results indicate that SPORL in accordance
also important for dilute acid and steam explosion (if supple- . . Lo
. . . . with aspects of the present invention is different from sulfite
mental chemical is required) pretreatments for biorefining. . . . . . .
. . . . pulping (acid sulfite and bisulfite) in which wood chip
Typical impregnation is conducted by soaking the wood chips : L . .
. . impregnation is critically important to avoid cellulose and
in the pretreatment solution below the pretreatment or pulp- . . .. .
. . . . 30 hemicellulose degradation, and lignin condensation for sat-
ing temperature for a period of time from several minutes to . e .
. . . isfactory lignin removal. The results also indicate that
several hours. In acid sulfite pulping, 3-6 hours are required to . . . .
. . . e SPORL is very different from acid pretreatment in terms of
impregnate the wood chips. Such a long impregnation time . . .
.. . : enhancing digestibility and altering the wood structure to
wastes productivity and energy, but is necessary in sulfite and . . . .
. . A Lo achieve cellulose conversion. With the same hemicellulose
bisulfite pulping. In kraft pulping, impregnation is conducted .
b h . : . 35 (e.g., Xylan) removal, the same amount of acid, and the same
y vacuuming the digester filled with wood chips first to . .
the air pockets in the wood pores. leading to improved temperature as SPORL, the acid pretreatment was very inef-
removet fph Ioi hemi pl ’ e P ficient for cellulose conversion; i.e., ECCS is less than 40%
penetration of the pulping chetmicals. after 48 hours of enzymatic hydrolysis. In contrast, with just
Spmce wood chips were Soi‘ked W.lth the .pretreatm.ent a 3% sodium bisulfite charge on wood, SPORL increased
s.olutlon.at a temperature Of.90 C., with the Impregnation 49 celfulose conversion (ECCS) to 60% after 48 hours of enzy-
time varied from 0 to 180 minutes. After the predetermined  matic hydrolysis; cellulose conversion was even greater with
impregnation time, the digester temperature was raised to the increased bisulfite charge (FIG. 12).
pretreatment temperature of 180° C. FIG. 12 shows the effect
of impregnation time on ECCS obtained under various Example 5
impregnation times. The results indicate that impregnation 45
time has no effect on the substrate digestibility for the condi- Pretreatment of Spruce Using Magnesium and
tions tested: acid charge 1.84% and bisulfite charge of 9%, Ammonium Bisulfite
6%, and 3%. However, when the bisulfite charge is reduced to
0 (acid only) at the same sulfuric acid charge of 1.84%, then To demonstrate that sulfite and bisulfite are the key
the process became dilute acid pretreatment, impregnation 50 reagents of SPORL for achieving robust conversion of cellu-
has some effect in substrate digestibility and cellulose con- lose through enzymatic saccharification, magnesium, ammo-
version, e.g., impregnation increased cellulose conversion nium, and sodium bisulfite were used to pretreat spruce wood
(ECCS) by 5% after 48 hours of enzymatic hydrolysis. at temperature of 180° C. Sulfuric acid charge on wood was
Further examination of the chemical composition of the 3.68% for all the experiments listed in Table 6. Near complete
substrates indicates that impregnation time has no effects on 55 enzymatic cellulose conversion of the substrate pretreated
the removal of major components from the wood chips during with 8% magnesium bisulfite was achieved. ECCS reached
pretreatment. However, in the case of dilute acid pretreatment 90% less than 24 hours hydrolysis. The EHGY in wt %
without sulfite addition, 30 min of impregnation removed untreated spruce was found to be 40 under this condition,
over 11% more glucan than 0 min of impregnation (Table 5). equivalent to overall process enzymatic cellulose conversion
This difference of 11% was obtained without replicated 60 (PECC, the EHGY over the theoretical yield from the
experiments, but it is significantly higher than the glucan untreated wood, taking cellulose loss in the pretreatment into
measurement uncertainty of about 3% based on the seven account) of 83%. The low enzymatic cellulose conversion of
SPORL experiments with sodium bisulfite charge 0£3%, 6%, substrates from ammonia bisulfite is probably due to low pH.
and 9% (Table 5). The standard deviations of enzymatic cel- It was found that the pH values of the pretreatment spent
Iulose conversion and glucose yield shown in Table 5 were 65 liquors were around 1.6 lower than the pH values on spent

used as experimental uncertainties (error bars) shown in
FIGS. 10-11.

liquors using magnesium or sodium bisulfite despite the pH
of the pretreatment solutions were all around 2.0. Further



US 9,090,915 B2

35

examining the data revealed less xylan was completely
removed in those ammonia pretreatments.

TABLE 6

Time-dependence of enzymatic cellulose conversion of spruce substrate
(ECCS) from SPORL under different bisulfite counter-ion and charge

Bisulfite base and charge (%)

Sodium
Enzymatic Ammonia bisulfite Magnesium bisulfite
Hydrolysis (%) bisulfite (%) (%)
Time (hour) 6 8 10 4 8 6
1 25.9 30.0 32.8 27.1 32.8 339
3 43.4 49.5 51.1 47.2 57.5 56.9
6 54.85 58.1 62.6 60.2 73.6 68.6
12 64.5 67.8 72.0 69.2 86.7 784
24 72.9 76.9 77.0 77.1 93.8 84.0
48 74.6 77.9 80.1 824 100.1 87.8
72 72.3 74.7 75.5 79.3 94.6 89.3

The results in Table 6 clearly show that similar ECCS were
obtained after 48 hours hydrolysis under proper bisulfite
charges and pH to those achieved using sodium bisulfite. The
results suggest similar effectiveness of various counter-ions
of bisulfite.

Example 6
Pretreatment of Spruce Using Hydrochloric Acid

Sulfuric acid is mainly for pH adjustment in SPORL. It can
be substituted by other acids. In this example, the inventors
used hydrochloric acid to conduct SPORL for spruce. FIG. 13
shows EHGY under hydrochloric acid charge on wood of 0,
1.5, and 3.0%, respectively. Pretreatments were carried out
using sodium bisulfite charge on wood of 9% at temperature
180° C. for 30 min. The results indicate that EHGY of 36 wt
% untreated wood was obtained at hydrochloric acid charge
of'1.5%, which is very similar to that achieved when sulfuric
acid was used (FIG. 11), i.e., ECCS of over 90%. For com-
parison purpose, FIG. 13 also plotted the EHGY using dif-
ferent sulfuric acid charges, with same bisulfite charge of 9%
and under the same temperature of 180° C. The results in FIG.
13 clearly show that hydrochloric acid works just equally well
or better than sulfuric acid for pH adjustment in SPORL..

FIG. 14 shows the effects of pH on EHGY after 48 hours
enzymatic hydrolysis using SPORL with different acids or
base at temperature 180° C. The results show a general trend
of EHGY first increases then decreases as pH is increased
independent of the acid used, i.e., for a given pretreatment
temperature, there is an optimal pH at which EHGY is maxi-
mized. It is contemplated that the optimal pH will vary with
pretreatment conditions, especially, temperature and duration
time.

Example 7
Application of SPORL to Other Softwood Species

It is known that spruce is an ideal softwood species for
sulfite and bisulfite pulping in terms of producing strong pulp
for papermaking. However, sulfite and bisulfite pulping gen-
erally does not work well for pines. Similarly, most pretreat-
ment processes of lignocellulose for producing ethanol do not
work well with softwood species. For example, the SO,-
catalyzed steam explosion process performed poorly when
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applied to some softwood species such as Douglas-fir (Pan et
al., 2005). To demonstrate the robustness and versatility of
SPORL for biorefining, the inventors applied the process to
red pine, one of the dominant pine species in the northern
regions of North America. The inventors demonstrated that
bisulfite with different counter-ions can be used in the
SPORL as in sulfite pulping (sodium, magnesium, ammo-
nium were found to be effective on red pine in this invention).
Magnesium, ammonium, and sodium bisulfite were used to
pretreat red pine at a temperature of 180° C. for 30 minutes.
Table 7 and FIG. 15 shows the time-dependent enzymatic
cellulose conversion of the substrate. The sulfuric acid charge
on wood was 3.68% for all the experiments listed in Table 7
except for the last experiment using sodium bisulfite. The data
clearly show that the ECCS can easily reach 90% with 24
hours under the optimal conditions, such as magnesium
bisulfite charge of 8% and acid charge 3.68%. Near 100%
cellulose conversion was achieved after 48 h enzymatic
hydrolysis with enzyme loadings of 14.6 FPU and 22.5 CBU
per gram of substrate obtained from bisulfite charge of 8%,
resulting in EHGY of 40% wt od red pine which gives an
overall process enzymatic cellulose conversion of 85.7%
based on untreated wood of glucan content of 42%. These
results suggest the effectiveness of the SPORL for bioconver-
sion of red pine. The low conversion of the sodium bisulfite
pretreatment is due to the low acid charge of 1.2%. The
ammonia pretreatments also produced low cellulose conver-
sion due to the low pH (below 2.0 measured at the beginning
of the experiment at room temperature).

TABLE 7

Time-dependence of enzymatic cellulose conversion of red pine
substrate from SPORL using different bisulfite counter-ions and charge

Bisulfite charge on od wood (%)
Sodium
bisulfite (%)
Enzymatic Ammonia Magnesium bisulfite 9
Hydrolysis bisulfite (%) (%) Acid =
Time (hour) 6 8 10 0 4 8 1.2%
1 263 333 433 200 278 35.4 29.6
3 46.5 535 69.8 334 484 588 46.7
6 58.4 652 80.2 434 640 75.1 56.3
12 67.2 73.8 84.0 53.7 76.7 87.2 67.6
24 747 789 848 63.1 86.1 93.6 77.1
48 774 79.6 84.0 689 90.5 99.1 81.7

The results discussed above suggest similar effectiveness
of various counter-ions of bisulfite for conversion of cellulose
from Red Pine. It is contemplated that the present sulfite
process in accordance with certain aspects of the invention
should be equally effective for other pine species, such as
Southern Pine, Lodgepole Pine, and Jack Pine.

Example 8
Application of SPORL to Hardwood Species

The inventors applied SPORL to pretreat a short rotation,
fast growing Eucalyptus (hardwood). SPORL conditions
were acid charge on wood 1.84%, sodium bisulfite charge on
wood 6%, temperature 180° C. for 30 min. FIG. 16 shows the
comparisons of glucan retention, xylan removal, and lignin
removal between bisulfite, acid and water pretreatments. The
results indicate that about 90% of the glucan was retained
with acid processes (SPORL bisulfite with acid) and almost
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all of the glucan was retained (>97%) without acid (water and
SPORL bisulfite only). Over 95% of the xylan was removed
with the pretreatments using acid while only about 75% was
removed for pretreatments that did not contain acid. About
25-30% of the Klason lignin was removed with the use of
bisulfite (SPORL) and none without. FIG. 17 shows the com-
parisons of ECCS and EHGY. The results indicate while acid
only pretreatment can achieve a good ECCS of 82%, the
EHGY was lower compared to that from SPORL with (initial
pH=2.1) or without acid (initial pH=4.5). This is because of
the combination of the higher glucan removal of 13% and
lower ECCS of 82% of the acid only pretreatment compared
to the 9% and 90% for SPORL with acid (pH=2.1), respec-
tively. Sulfite only pretreatment (SPORL pH=4.5) without
the addition of acid also yielded more glucose than the acid
only process due to higher amount of glucan retained (>97%)
in pretreatment than that for the acid only process (87%) even
though the ECCS of the acid only process was 82% higher
than the 78% for the bisulfite only process (SPORL). Water
pretreatment resulted in very low ECCS of 56% and low
EHGY. The results in FIGS. 16 and 17 indicate SPORL is
very effective for pretreating short rotation, fast growing
Eucalyptus. Acetic acid derived from acetyl groups of hard-
wood hemicellulose may replace, at lease partially, the sul-
furic acid used in SPORL.

Aspen and poplar (hardwoods) are ideal feedstock for
biorefining due to relatively high cellulose content and low
barriers for enzymatic digestion. These species have been
widely studied using steam explosion (De Bari et al., 2007)
and organosolv pretreatments (Pan et al., 2006). The inven-
tors also found that SPORL significantly increased the digest-
ibility of aspen. Table 8 lists the major wood chemical com-
ponent removal through four SPORL experiments using
different acid charge (or pH) and sodium bisulfite charge of
4% on od wood at 180° C. Xylan is the major hemicellulose
(16.7%) in the aspen sample. Other hemicellulose compo-
nents are approximately 2% in total in the untreated wood and
therefore are not reported. The results indicate that xylan can
be completely removed with an acid charge greater than 1%
on od wood. At acid charge zero, or pH about 4.5 (i.e., using
bisulfite only), xylan removal was about 80%. Lignin removal
increased with the decrease in acid charge or increase in pH.
About 30% of the lignin was removed at pH around 2.0, or
acid charge between 1.8% and 2.8%, on od wood, whereas
over 40% of the lignin was removed at zero acid charge, or pH
about 4.5. Glucan loss decreases with the decrease of acid
charge. Glucan loss was less than 4% at zero acid charge, or
pH4.5.

TABLE 8

Weights of major wood (aspen) components and percentage loss
after SPORL at different sulfuric acid charges at 180° C. and
sodium bisulfite charge on od untreated wood of 4%

Acid Total
Charge Klason. Solid
On wood Ligning Glucang Xylang Mannang Sum  yield
(%) (% loss) (% loss) (% loss) (% loss) (g) (g)
Untreated 23.0 459 16.7 1.2 86.8 100
sample

2.76 16.8 37.7 0.3 N/A 54.8 58.2
pH=19 (27.0) 17.9) 98.2)

1.84 16.1 39.7 0.7 N/A 56.5 60.7
pH=2.0 (29.8) (13.6) (95.8)

0.92 13.8 41.1 1.5 N/A 56.4 60.2
pH=23 (40.0) (10.5) 91.3)

0 13.0 44.2 2.9 N/A 60.1 64.7
pH=45 (43.5) (3.8) (82.7)
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FIG. 18 shows the time-dependent ECCS and EHGY wt %
of untreated aspen using SPORL process in comparison to
those reported by Pan et al. (2006) using Organosolv pretreat-
ment. The digestibility of the substrates from SPORL is better
than that from organosolv with only 4% sodium bisulfite
charge on Aspen pretreated at the same temperature of 180°
C. but with short pretreatment time than that of the Organo-
solv. The enzyme dosage used in SPORL was similar to that
used by Pan et al. (2006), about 20 FPU/g cellulose. In
SPORL process, over 90% ECCS can be achieved within 4-8
hours of enzymatic hydrolysis, and EHGY over 44 wt %
wood were obtained in about 10 hours of hydrolysis, which is
equivalent to overall cellulose conversion based on wood of
82%. The improved digestibility of the substrate can help to
reduce enzyme application. It can also improve the efficiency
of fermentation using the simultaneous saccharification and
fermentation (SSF) process, the currently preferred process
by the biorefining industry. Therefore the present process can
also improve the economics for biorefining hardwood.

Excellent enzymatic cellulose conversion of substrate and
EHGY were also obtained from Maple with SPORL as shown
in FIG. 19.

Example 9
Application to Agricultural Biomass

SPORL also significantly improved the digestibility of
corn stover. Table 9 shows that satisfactory cellulose conver-
sion can be achieved within 6-12 hours of enzymatic hydroly-
sis using a normal enzyme dosage 15 FPU/g substrate of
Celluclast 1.5 L and 22.5 CBU of Novozyme 188. The initial
pH value of the pretreatment liquor of these pretreatments
was about 1.9. Conversion efficiency may be further
improved by adjusting to a higher pH of around 2.2 based on
the results from spruce and red pine. Similar conversion was
achieved at 24 hours using dilute acid pretreatment. With the
improved digestibility, the inventors reduced enzyme dosage
by one-half'to 7.5 FPU/g of od substrate Celluclast 1.5 L. and
11.2 CBU/g of od substrate of Novozyme 188. Equivalent
cellulose conversion to that of the acid only pretreatment was
achieved within 24 hours.

TABLE 9

Time-dependence of enzymatic cellulose conversion
of corn stover substrate from SPORL under different
bisulfite and enzyme dosage

Acid charge on od wood (%)

Acid = Acid =
Enzymatic Acid 3.68% 3.68% Acid =3.68
Hydrolysis only = Bisulfite Bisulfite Bisulfite 3%
Time (hour) 3.68% 3% 6% Half enzyme dosage
1 36.7 38.2 37.2 245
3 63.0 70.5 71.2 51.1
6 73.3 82.0 81.7 64.9
12 81.4 87.2 83.8 76.9
24 85.1 90.1 86.6 85.0
48 87.4 90.1 88.7 88.6
72 88.1 93.8 90.1 90.8
Example 10

Application to Steam Explosion Pretreatment

Acid (such as using SO, or sulfuric acid)—catalyzed steam
explosion pretreatment has been applied to both softwood and
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hardwood (Galbe and Zacchi, 2002, De Bari et al., 2007).
SPORL can be easily implemented to steam explosion simply
by adding either bisulfite when sulfuric acid is used or
hydroxide when SO, is used. Based on the results presented
above, the inventors contemplate that SPORL with steam
explosion will produce excellent digestibility for woody/non-
woody biomass.

Example 11
Application to Waste Paper

SPORL was applied to waste paper (printed newsprint
from Madison Newspaper). It improved the digestibility of
waste paper compared to the traditional acid pretreatment as
shown in FIG. 20. The cellulose conversion did not achieve
90%, which is probably due to the low pH (pH below 1.92)
applied in SPORL. Based on the data for spruce and red pine,
optimal conversion may be achieved at pH around 2.2 for
pretreatment temperature of 180° C. However, FIG. 20 did
show that cellulose conversion increased when sodium
bisulfite was increased from 0 to 8%. Acid only pretreatment
was not able to achieve the cellulose conversion as those with
bisulfite. ECCS of the acid only pretreatment was 10% lower
than achieved under SPORL with bisulfite charge 8%. EHGY
was about 40 wt % of untreated newspaper.

Example 12

Evaluation of the Production of Fermentation
Inhibitory Species during SPORL Pretreatment

Under acid pretreatment conditions at high temperature,
hydroxymethyl furfural (HMF) will be produced from hex-
osans and furfural will be produced from pentosans (Larsson
et al., 1999). Both HMF and furfural are species that inhibit
the normal fermentation process. The total amounts of HMF
and furfural formation were determined by multiplying the
HPLC-measured HMF and furfural concentrations in the pre-
treatment spent liquor and the liquor volume (including the
moisture in the original wood chips). The HMF and furfural
formations from 1 g of original od wood chips were reported
in Table 10. HMF and furfural decreased with increasing
bisulfite. An explanation is that at the same acid charge
(1.8%), more bisulfite resulted in a higher pH, which
depressed the decomposition of the sugars to HMF and fur-
fural. The variation in pH of the pretreatment liquor resulted
in the difference in the combined severity factors (Chum et
al., 1990) when the pretreatment temperature and duration
time were the same for all the runs listed. The amounts of
HMF and furfural formation were only 7 and 3 mg/g of
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untreated od wood, respectively, at bisulfite and acid charges
of 9% and 1.84% (combined severity factor of about 1.4)
when glucose yield was maximized (FIGS. 10-11). The pro-
ductions of HMF and furfural are significantly lower than
those found using dilute acid pretreatments. The amounts of
HMF and furfural formation were about 50 and 25 mg/g
untreated od wood during acid catalyzed steam pretreatment
of'spruce, respectively, when glucose yields were maximized
ata combined severity factor between 3.0 and 3.4 (Larsson et
al., 1999).

The data from spruce in Table 10 were plotted in FIG. 21 to
show the effect of sodium bisulfite charge on the production
of HMF and furfural during the pretreatment of spruce. At a
temperature of 180° C., more bisulfite resulted in less HMF
and furfural. It should be noted that acid pretreatments are
usually conducted at temperatures higher than 180° C., there-
fore the production of HMF and furfural will likely be higher
than that shown in FIG. 21. Even at a temperature of 180° C.,
a clean-up process will be needed to remove HMF and fur-
fural before fermentation based on the number reported in
FIG. 21 for the acid only process. However, at a bisulfite
charge of 9%, the amount of HMF and furfural is low enough
that a separation process is not required prior to fermentation.
The lower production of HMF and furfural is another advan-
tage of the present invention, which is favorable to the fer-
mentation of cellulose and hemicellulose sugars in the pre-
treatment spent liquor.

Similar results on reduction of HMF and Furfural were
obtained from SPORL of Eucalyptus and Aspen. FIG. 22
compares the production of HMF and furfural during
SPORL, dilute acid, and hot water pretreatments of eucalyp-
tus. HMF productions are very low for all four pretreatments
carried out due to the limited amount of hexosans available in
the pretreatment liquor. Furfural production is almost zero for
the two SPORL pretreatments (the number are too low to be
seen from FIG. 22), while both dilute acid and hot water
pretreatments produced a fair amount of furfural even at the
same pH value as their respective SPORL pretreatment. FIG.
23 shows the effect of pH (acid addition from 2.76% to 0 on
wood) on the production of HMF and furfural in SPORL
pretreatment of aspen at 180° C. with sodium bisulfite charge
0f'4% on wood. Because xylan is the dominate hemicellulose
ot hardwoods, HMF production should be low due to limited
amount of hexosans. Similar to what occurs in dilute acid
pretreatment, furfural production decreases significantly as
pH increases in SPORL. Furfural production is less than 20
mg/g of od wood at pH 4.5, suggesting that SPORL pretreat-
ment without acid addition not only avoided the problem of
equipment corrosion and eliminated the need for neutraliza-
tion for enzymatic hydrolysis, but also produced a favorable
stream for fermentation.

TABLE 10

Effect of sodium bisulfite charge on the formation of HMF and furfural during

the SPORL at T = 180° C. for t = 30 min

Sulfuric acid ~ Bisulfite  Initial Combined
charge on  charge onod liquor severity HMF Furfural
od wood (%)  wood (%) pH factor® (mg/g od wood) (mg/g od wood)
Spruce
1.84 0 2.09 1.74 9.64 16.68
6 2.25 1.58 5.55 7.51
9 2.42 1.41 32712 6.5+3.0
12 2.54 1.29 0.08 0
3.68 0 1.90 1.93 12.1 28.55
3 1.95 1.88 14.89 £3.5 3073 £7.7
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42

Effect of sodium bisulfite charge on the formation of HMF and furfural during

the SPORL at T = 180° C. for t = 30 min

Sulfuric acid ~ Bisulfite  Initial Combined
charge on  chargeonod liquor severity HMF Furfural
od wood (%)  wood (%) pH factor® (mg/g od wood) (mg/g od wood)
6 2.04 1.79 6.86 16.55
9 2.16 1.67 4.81 7.55
Red pine
3.68 6 2.06 1.77 5.21 7.33
9 2.21 1.62 3.43 1.7
12 2.27 1.56 2.46 2.9
“Combined ity factor = 1 [t (T—lOO)] H
ombined severity factor = log|t- exp| —7; == p
(Chum et al., 1990).
20

Example 13

Monomer Sugar Recovery from Spent Pretreatment
Liquor (Hydrolysate)

Preliminary mass balance of the SPORL process at 180° C.
with sodium bisulfite and sulfuric acid charges on od wood of
9% and 3.68%, respectively, is shown in FIG. 24. For 1 kg of
untreated spruce wood, total yield of monomeric sugars in the
pretreatment spent hydrolysate was 261 g, which includes 8,
25, 48, and 112 g, respectively, of monomeric arabinose,
galactose, xylose, and mannose and an additional 68 g of
glucose mainly from the dissolved glucan by acidic hydroly-
sis and glucose residues in hemicelluloses during the SPORL
pretreatment. These results correspond to overall sugar recov-
ery (including 372 g glucose from enzymatic hydrolysis) of
the major saccharides (arabinose, galactose, xylose, man-
nose, and glucose) of about 54%, 86%, 76%, 88%, and 93%,
respectively, based on original untreated spruce wood. The
lignosulfonate content is estimated from the balance of lignin
in the substrate.

Example 14
Energy Consumption in Size Reduction

The pretreatment experiments using a 23-1, digester with
2000-g wood chip capacity allowed us to conduct disk refin-
ing onthe 12-in. disk refiner, which can record electric energy
consumption used for size reduction. The results are summa-
rized in Table 11. The specific mechanical refining energies
have been evaluated in numerous mechanical pulping studies
in the past decade and were found to be very close to those in
pilot- and commercial-scale mechanical pulping. The mea-
surement error with duplicates was within 2%. Therefore, the
refining energy consumption disclosed in this invention can
be applied to future commercial production. With electric
energy input of only 19 Wh/kg od untreated spruce wood, the
pretreated wood chips with sulfuric acid and bisulfite charges
0f'3.68% (pH 2.16) and 9%, respectively, can be easily pul-
verized with a mean fiber length around 0.3 mm. The refining
energy consumption of 19 Whikg was significantly lower
than those of typical mechanical, thermomechanical, chemo-
thermomechanical, and semichemical pulping (Kurdin,
1980; Marteny, 1980), indicating that the SPORL pretreat-
ment is substantially effective at softening the wood chips and
saving energy in size reduction. The softening of wood chips
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is owing to dissolution of hemicellulose, partial delignifica-
tion, and lignin sulfonation. Using the data in Table 11 and
glucoseyieldin FIG. 11, the calculated EHGY onunit electric
energy consumption using the methodology described previ-
ously (Zhu et al., 2009a) was 19.6 g glucose/Wh.

TABLE 11

Effect of chemical pretreatment on mechanical size reduction

Sulfuric acid charge on od wood (%) 3.68
(pH 2.16)
Sodium bisulfite charge on od wood (%) 9
Electric energy used in mechanical refining 19
(Wh/kg od chips)
Arithmetic mean length (mm) 0.320
Arithmetic mean width (mm) 0.0306
EHGY (% wt od spruce wood) 37.2

EHGY (g/Wh) 19.1

Example 15
Analysis of Biomass Substrate Specific Surface

Depending on the size-reduction process, the morphology
of a biomass substrate can be very different (FIG. 6). In
certain aspects of the present invention, the particle form is
referred to as a biomass substrate with an aspect ratio close to
unity; therefore, a sphere approximation of the substrate can
be made. In contrast, the fiber form is referred to as a substrate
with very large aspect ratios similar to fibers; therefore, the
substrate can be approximated as either a cylinder or a ribbon.
The rationale for the cylinder assumption is supported by the
scanning electron microscope (SEM) images of substrates
from disk and hammer millings (FIG. 6).

For the particle substrate, the physical dimension is often
represented by its mean diameter. The particle size distribu-
tion of a given substrate can be measured by a variety of
techniques. The traditional techniques are the sieve and
screen methods. Modern techniques include imaging analy-
sis. Imaging techniques measure projection dimensions of a
particle. Once the particle size distribution is obtained, there
are several statistical ways to calculate the mean particle size.
Particles are assumed to be spherical. The arithmetic mean
D,,, Sauter mean Dj,, and volume (mass) mean D,, diam-
eters can be calculated (Lefebvre, 1989; Sowa, 1992).
Neglecting particle surface roughness, the external volumet-
ric specific surface, SPV, can be estimated according to the
equation
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where A, V,, are the total surface area and volume of the
particles, respectively, and n, is the number of particles in size
bin i with representative diameter d,. D32 is also called Sauter
mean diameter (SMD).

By measuring the oven dry weight of the sample, m,,
before analysis, the specific surface, S, of the sample can be
determined using the following expression when each fiber
(particle) in the sample is accounted for and measured:

7y md? @
y o

S,=—
P
my my

Most existing size-reduction technologies or processes
produce fibrous substrates with very large aspect ratios in a
range of about 5-200. Neglecting surface roughness and
assuming cylindrical shape, the volumetric specific surface of
fibers, SfV, can be estimated according to the equation
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For most fibers with aspect ratios greater than 5, Eq. (3) can
be approximated to
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where A, V are the total surface area and volume of the fibers,
respectively. 1, is the number of fibers in fiber group i. L, and
d, are the representative length and diameter of fiber group 1,
respectively. Assuming the sample can be characterized by K
diameter bins and J length bins, then the total fiber groups
I=KxJ. One can always use two summations with different
subscripts, k and j, to differentiate diameter bins from length
bins in Eqs. (3) and (4). D;,, is a fiber length weighted-
surface-length mean fiber diameter or “width.” The difference
in volumetric specific surface between Egs. (3) and (4) is very
small, varying from 1% to 5% for the samples used in this
invention, when calculated using the data measured by the
wet imaging method.

Similarly, the specific surface of the sample, S, can be
determined by measuring the oven dry weight of the sample,
m,, before analysis when each fiber (particle) in the sample is
accounted for and measured:
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It should be pointed out that the volumetric specific surface
ofprolate spheroid-shape fibers with large aspect ratio is very
close to the results from Egs. (4) and (5) based on mathemati-
cal analysis.

Fibers have lumens; however, a hollow cylindrical fiber
with a very thin wall thickness is a more realistic assumption.
If the wall thickness is ignored, then the specific surface is
simply two times the specific surface of a cylinder (Egs. (3)
and (5)). Due to the difficulties in determining the internal
structural surface of the lumens with existing technology, the
inventors simply neglect the lumen surface in the examples.
This simplification can be reasonable for substrates in single
fiber form such as those disk-milled (FIGS. 6C-D) and very
finely hammer-milled (FIG. 6B), because some parts of a
lumen are often collapsed during the size-reduction process,
making the lumen surface not easily accessible to enzymes.
Furthermore, the pore depth effect suggested by Sangsee-
thong et al. (1998) and Levenspiel (1972) can limit enzyme
accessibility into the internal surfaces of pores or lumens.
However, for substrates mainly consisting of fiber bundles,
such as some hammer-milled samples (FIG. 6A), it is not
appropriate to neglect the internal lumen surfaces in deter-
mining specific surface because the lumens may not collapse
in processing. Unfortunately, it is very difficult to find a
simple technique to determine lumen internal surfaces of
fiber bundles that can be easily implemented for rapid and
routine lab analysis using existing technology.

According to Egs. (3)-(5), at least two parameters are used
to characterize fiber-form substrate. If only one parameter has
to be used, Egs. (1) and (4) clearly indicate that SMD or D32
should be used to measure the size-reduction efficiency of
equipment or processes (such as sawing) that produces
spherically shaped particles with aspect ratios close to unity.
The length-weighted mean surface-length diameter or width,
D;,,, should be used to measure the size-reduction efficiency
of equipment or processes, such as disk or hammer milling,
that produce cylindrically shaped fibers with large aspect
ratios (>5). Besides the unaccounted lumen internal structural
surface, the geometric shape of the cross section of fibers also
affects the accuracy of the cylinder specific surface model
(Egs. (3)-(5)). For a given imaging measured projection
diameter, the deviation in specific surface from a cylinder is
about 40% for fibers with a diamond cross section. The error
increases to about 450% for a ribbon fiber with a thickness of
Y10 of the measured projection diameter. Fortunately, most
fibers produced from disk refining are not all ribbon like
(FIGS. 6C-D).

The present inventors further contemplates to use wet
imaging techniques, such as those already in the market place,
to measure the two dimensions of a fiber for using Egs. listed
in Table 12 and 13. FIG. 25 shows one embodiment of such a
system. In wet imaging, fibers are suspended and flowing in a
channel. Fibers can freely spin, therefore, the probability of
imaging the different orientations of a non-cylindrical fibers,
e.g., the dimensions in width and thickness of a ribbon fiber,
are the same. So, the error in mean specific surface calculated
using the cylinder model can be significantly reduced on
average, when tens of thousands fibers were measured. To
quantify the advantage of wet imaging technique, the present
inventors calculated the reduced measurement errors in sub-
strate specific surface assuming equal probability in imaging
orientations due to free spinning of substrate fibers. FIG. 26
shows the predicted measurement errors in specific surface of
ribbon fibers (with rectangular cross sectional area) of differ-
ent width (d) over thickness (w) ratio using the cylinder
model.
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The inventors used a pulp sample from disk milling at 2.4
bar and 134° C. (DM-I) and a second sample from hammer
milling with very different morphology (FIGS. 6A-D) to
illustrate the various cross sectional differences, shapes, and
areas of wood fibers. The images shown are fractionated
substrates as described below. Table 14 and 15 show the mean
values of the various measures of the fractions, including
specific surface, derived from these two pulp samples. The
data in the two tables indicate that mesh size of each fraction
is very different from wet imaging measured mean length and
width. Although the mesh size correlates to the mean length,
mean width, and even mean specific surface, the correlations
for the disk-milled fractions differ significantly from those
for the hammer-milled fractions (FI1G. 27). In other words, the
correlation between mesh size and other size measures of
substrates including specific surface depends on the sub-
strates morphology and how the substrates were produced.
The disk milling process breaks wood chips mainly into
fibers, even for the mesh size 28 and 48 samples (FIGS.
6C-D). Hammer milling fiberizes only a small fraction of
wood chips in the examples. For example, the particles in
HM-R80 sample are essentially fiber bundles (FIG. 6A).
Only the HM-P80 sample was fiberized (FIG. 6B). Further
examining the distribution of various measures of the pulp
fractions using MorFi indicates that the fractionated sub-
strates have narrow ranges of length, diameter, and width.
Similar results were obtained for the hammer-milled sub-
strates fractionated by dry sieving.
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TABLE 13

Equations to calculate the average (volumetric) specific surface of a substrate
using columns of different cross sections of rectangles or ellipses with different ratios of

width to thickness or major to minor axis, x = d/'w

Fiber with Rectangle Ellipse
Cross section d/'w=x d/'w=x
Imaging
Projection
S zz [+ DL + ;] zz ndi{[3x+ 1) - V3x+ Dix + 3) |L; + d})
X nl,-df % onl-df

Z L d; Z ndL,;

N JCT | P — ~ 23+ 1) - VEx+ DE+3) |
(x+1) YL@ [3ec+ 1) - VBx+ 1)( )]ZH‘_L‘__d‘_2
_2a+D P3x+1)-VEx+ Dx+3) |
Dy2; = Do
S zz md;[(x+ DL +d;] /% Z nd{[3x+1) - V3x+ Dx +3) JLi +di} /x
7 7T
n;-d;-Ly n;d;L;
1 Z 7 Z
z2(1+—)7 & —[Bx+ D) - VEx+ D +3) | ——
x my 2x my
Characteristic 1. -d? 1. -d?
e Z nL; - d Z nL; - d
Dyyy= — Dypy= —
121 ERI 121 ERI
Relative (x = 1)/2* 100% x=0.4,2.5,0.1,10
difference in —26.7%; 83.1%; -35.4%; 546.3%
Stho Circle
Relative x=04,25, x=0.4,2.5,0.1,10
difference in S, 122.8%, -10.9% 83.1%, —26.7%; 546.3%;
to Circle x=0.1,10 —35.4%;

600% —30%

TABLE 14

Different measures of mean size for a set of fractionated disk-milled substrates

Arithmetic Mean
mean Arithmetic mean volumetric
length diameter Mean aspect specific surface

Fractions Mesh size (mm) (width, pm) ratio (1/pm)
DM-I-R14 >1.814 (mm)  1.939 44 44.1 0.0817
DM-I-R28 0.907-1.588 1.817 42.4 42.9 0.0864
DM-I-R48 0.529-0.907 1.286 40.3 31.9 0.0931
DM-I-R100 0.254-0.529 0.723 36.3 19.9 0.1035
DM-I-R200 0.127-0.254 0.403 30.7 13.1 0.1184

DM-I-P200 <0.127 0.269 24.2 11.1 0.19
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TABLE 15
Different measures of mean size for a set of fractionated hammer-milled
substrates

Arithmetic Arithmetic Mean volumetric

mean length mean diameter Mean specific surface
Fractions Mesh size (mm) (width, um) aspect ratio (1/pm)
HM-R20 >1.27 (mm) 2.664 230.7 11.6 0.00612
HM-R40 0.635-1.27 1.920 201.5 9.5 0.01092
HM-R8&0 0.318-0.635 0.531 41.1 12.9 0.07972
HM-P8&O <0.318 0.424 36.6 11.6 0.09044

Example 16 A. Materials

Material and Methods for Using Specific Surface to
Evaluate Pretreatment Efficiency

The major dependent variables are glucose yield and
energy consumption in size reduction. The major indepen-
dent variables are milling process, pretreatment process, and
fiber fractionation. Table 16 lists the experimental design and
all the substrates produced through this design. The milling
processes are labeled as HM or DM. The chemical pretreat-
ment processes are labeled as A, B, C (discussed later in the
text). The fractionated substrates are represented by Rxx (re-
tained) or Pxx (pass) with xx being the mesh size.

TABLE 16

15

20

25

Fresh spruce chips were the same as described in Example
1. The same enzymes of Celluclast 1.5 L (cellulase) and
Novozym 188 (B-glucosidase) as described in Example 1
were used.

B. Mechanical Size Reduction

Mechanical size reduction was conducted using a labora-
tory 28-cm hammer mill (Montgomery-Ward Model WB9A,
5 HP, 3600 rpm) and a 12-inch disk refiner (Andritz Sprout-
Bauer Pressurized Refiner, Andritz Sprout, Muncy, Pa.) at the
US Forest Service, Forest Products Laboratory, Madison,
Wis. Three types of disk milling were conducted, DM-I,
DM-II, and DM-III. The electric energy consumption in disk
milling was recorded. The standard deviation was less than

List of experimental conditions and the substrates produced

Milling Conditions Milling
Milling T, P, energy Chemical
Process disk plate gap (mm  (Wh/kg) Pretreatment Fractionation Substrates
Hammer  Atmospheric No Yes HM-R20, HM-R40,
Milling HM-R80, HM-Pg0,
Disk 134° C., 2.4 bar 460 No No DM-I
Milling-I ~ 0.25, chip pre- Yes DM-I-R14, DM-I-
steamed R23,
DM-I-R48, DM-I-
R100,
DM-I-R100, DM-I-
R200,
DM-I-P200
Disk 166° C., 7.2 bar 151 No No DM-II
Milling-II  0.06 Yes DM-II-R14, DM-II-
R28,
DM-II-R48, DM-II-
R100 + R200
106 Aonwood No DM-II-A
chips then
milling
A on pulp Yes DM-1I-A-R14, DM-II-
after milling A-R28, DM-II-A-R48
of chips DM-II-A-R100,
DM-II-A-R200
Disk 25°C., 1 bar, 1.02 124 Bonwood No DM-III1-B
Milling- chips then
11 milling
Disk 25°C., 1 bar, 0.76 170 Bonwood No DM-III2-B
Milling- chips then
12 milling
Disk 25°C., 1 bar, 1.02 362 Bonwood No DM-III3-B
Milling- chips then
1113 milling
Disk 25°C., 1 bar, 0.76 19 Conwood No DM-1II-C
Milling-IIT chips then

milling




US 9,090,915 B2

53

5% based on duplicate experiments. Detailed description of
the size-reduction experiments and the DM-I, DM-II, and
DM-III milling processes can be found below.

For hammer milling, spruce wood chips of moisture of
about 40% were directly hammer-milled in three successive
steps with decreasing screen hole size. The chips were ini-
tially processed using a semi-circular screen with 12.7 mm
diameter holes (~48% open area). The accepts or undersize
particles were then processed with screen hole sizes of 4.8
mm (~37% open area) and 0.8 mm (~18% open area), respec-
tively. The material was allowed to process until the output
visually ceased. For disk milling, the single disk refiner oper-
ated at 3048 rpm and used D2B-505 plate patterns. In the case
of chip milling at 2.4 bar steam pressure (denoted disk mill-
ing-1, DM-I), the chips were pre-saturated in a separate 400 L
digester in a large 45 oven dry kg batch. The digester was
loaded with wood chips and was heated (purged) with steam
until the temperature of the digester reached 100° C. Then the
digester was vacuumed to about 64 cmHg for over 10 min.
Next, about 300 L. of water at 78° C. was pulled into the
digester to completely cover the chips. This water was held in
the digester for 1 min and drained off. The digester was
emptied, and the chips were ready for milling. The chip
moisture content was increased from 40.2% to 61.3%. During
milling, the 5.35 kg (od) saturated chips were allowed to
preheat for 3 min at 2.4 bar steam pressure in the feed tube
before processing. The disk plate gap was set at 0.254 mm.
The chips were processed at about 1 kg (od)/min. The pulp
was collected at the time interval of 1-5 min after the feed was
started. This is the same time interval over which the electrical
energy consumption was calculated. The pulp exited the
refiner at 49.0% moisture. For the chips disk-milled at 7.2 bar
(disk milling-1I, DM-II), no presaturation treatment was
applied. The chips were allowed to preheat in the feed tube for
5 min at 7.2 bar prior to feeding to the refiner. The plate gap
was set at 0.06 mm. The feed rate was about 1.1 kg (od)/min.
Wood chips pretreated by the sulfite process (B and C) were
milled under atmospheric conditions (disk milling-I11, DM-
IIT) with different disk gaps. Table 16 lists the disk milling
experiments along with chip and milling conditions.

The electrical energy consumption of the disk refiner was
collected with a digital load monitor system (Ohio Semitron-
ics, Inc., Hilliard, Ohio, model DLLM-33-480-1PR). The sys-
tem displays a resettable energy consumption at the refiner
and also records at 1 Hz, via RS-422, to a PC running OSI
DLM software, version 1.4 (a Labview executable). The sys-
tem utilizes two CTX-100-IL current transformer inputs and
three voltage inputs. The manufacturer’s stated accuracy is
+0.5% for volts, amps, and watts and +1% for watt hours. The
energy consumption (watt hours) was re-set at the local dis-
play at the beginning of each run and recorded at the end of
each run. This was compared to spreadsheet-calculated
energy consumption as a check. This energy consumption
was arrived at by integration of the recorded power over the
processing period. By spreadsheet calculation of energy con-
sumption, it is possible to collect a sample midway through a
run with an associated energy consumption over the corre-
sponding time interval. This removes the startup and ending
variability of the runs from the measurements of both fiber
quality and energy consumption. Note that this starting/end-
ing effect is small. However, it does take some time to fill the
plate gap with material at the start and the feed rate does
decrease slightly as the feed chamber empties. Further, small
quantities of chips remain in the feed chamber, complicating
the energy/mass calculation. Using either energy consump-
tion method, the refiner operating idle energy is collected
prior to a run and subtracted from the run time energy over the
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time period of the run. Finally, the energy consumed is
divided by the mass (od) of the fiber collected to give Wh/kg.
The refiner electrical energy consumption system was cali-
brated by the Ohio Semitronics. No obvious drifting or data
inconsistency were observed since calibration. This indirect
energy determination measured the energy consumption for
all the milling processes listed in Table 16.

C. Biomass Fractionation

For hammer milling, the resultant samples was fraction-
ated using three screens of different mesh size into the four
fractions R20, R40, R80, and P80. The sieves were from
Fischer Scientific Co. (US Standard Sieve series, ASTM
specifications). The screen no. 20, 40, and 80 are Tyler
equivalent of 20, 35, and 80 mesh. A Ro-Tap sieve shaker
(W.S. Tyler Co. Cleveland, Ohio) was used in the process. The
device produces about 345 horizontal oscillations/min with a
displacement of about 32 mm and generates about 53 hammer
raps/min on top of the sieve nest. About 50 g od was used for
each batch and the shaker was operated for 15 min. For
disk-milled samples, the pulp was fractionated using a Bauer-
McNett (TMI, Amityville, N.Y.) wet classifier into six frac-
tions of R14, R28, R48, R100, R200, P200 (R stands for
retained on the screen, P for passing the screen). The process
follows TAPPI T-233 ¢cm-82 method. The numbers 14, 28, 48,
100, 200 represent the Tyler mesh of the screen used. The R14
fraction was further fractionated using a Pulmac shive ana-
lyzer (model MS-B2XLQ), Pulmac Instruments International,
Montpelier, Vt.) to separate the fiber bundles (R14Rj) with a
screen of slot width 0.1 mm.

D. Chemical Pretreatment

Part of the disk-milled pulp derived at a steam pressure of
7.218 bar (DM-1I) was further chemically pretreated (A)
using a solution of 7% sodium hydroxide and 12% urea under
freezing conditions (-18° C.) for 24 h (Zhao et al., 2008). The
liquid to wood ratio was 6:1. The same pretreatment (A) was
also applied to wood chips directly prior to producing the
unfractionated DM-II-A substrate by disk milling. A process
(SPORL) using sulfite to overcome recalcitrance of lignocel-
Iulose disclosed in the present invention was applied directly
to spruce wood chips. The sodium sulfite and sulfuric acid
charges on oven dry wood were 9% and 3.68%, respectively.
Theliquid to wood chip ratio was 5:1. The pretreatments were
conducted at temperature 180° C. (B) and 170° C. (C) for 30
min in rotating autoclave type pulping digesters. The pre-
treated wood chips were then disk-milled under atmospheric
conditions (DM-III). The three pretreatments are used to
demonstrate the application of the present external specific
surface methodology to realistic hydrolysis scenarios.

E. Fiber Fractionation

Enzymes generally attack the finest particles of a substrate
first. The large particles can remain intact even after many
hours of hydrolysis. Fiber flocculation occurred when hydro-
lyzing long-fraction samples, which further affects the enzy-
matic digestion of the long fraction due to poor mixing. As a
result, the measured cellulose conversion is more representa-
tive of the fine particles within the substrate, rather than the
whole sample. This obscures the actual size effect on cellu-
lose conversion. Therefore, using samples with relatively uni-
formsize (length or width) is desirable to demonstrate the size
effect on cellulose conversion. Unfortunately, in disk milling,
one cannot avoid producing samples with a dispersed mass
distribution over a wide range of fiber length. In addition,
these samples have a relatively constant amount of fines of
about 15-25% by mass even though the mean (or bulk)
lengths of the samples are significantly different. This occurs
independent of the operating conditions, such as disk gap and
torque. Fines are commonly referred to fiber lengths <0.02
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mm in the pulp and paper industry. To address this problem,
the inventors fractionated disk-milled samples as described
above to reduce the effect of sample size non-uniformity on
cellulose conversion. The fractionation provides substrate
samples with very different mean sizes even though produced
from the same size-reduction process; therefore, the effect of
substrate size on hydrolysis yield can be clearly isolated and
the proposed external specific surface methodology can be
demonstrated. The drawback of this approach is that the
inventors were not able to obtain the individual size-reduction
energy consumption for these fractionated samples.

F. Two Dimensional Measurements of Substrate using Wet
Imaging

The two dimensional characterization of the substrate
length and diameter or “width” for most fiber fractions was
conducted using a MorFi LB-01 Fiber Analyzer (Techpap,
France). The characterization was courteously provided by
Integrated Paper Service (IPS, Appleton, Wis.) and Techpap
(Norcross, Ga.). The basic principle of the system utilizes
optical microscopy and a CCD camera to image fibers in a
laminar water flow. The spatial resolution of the image system
is 3 um, sufficient to resolve most fibers in typical samples
with a diameter around 20 pm or greater (FIGS. 6 A-D). The
low sensitivity to very small particles will produce biases to
small specific surface. However, the mass fraction of the very
small particles (<3 um) is low in most samples, which alle-
viates the biases. The MorFi analyzer simultaneously mea-
sures the length and diameter of each fiber in a water suspen-
sion and flowing in a channel. The oven dry weights of the
samples to be analyzed were first determined and used for
specific surface calculations. Samples from hammer milling
(dry) were first soaked in water under ambient conditions for
several hours. During testing, the typical fiber mass concen-
tration of the pulp fed to the system was about 0.3-0.5%. The
operator observes the images acquired to determine the opti-
mal fiber mass concentration that avoids too many (causing
fiber overlapping) or too few (slowing analysis) fibers. The
temperature of the flow channel was controlled at 30° C. (the
allowed range is +5° C. of ambient temperature to avoid
fogging of the flow cell glass). Tens of thousand of fibers were
measured for each sample to obtain good representation. The
system software corrects for fibers cut by the image frame.
The MorFi Analyzer has been widely used in the pulp and
paper industry for fiber analysis. Guy et al. (2005) compared
various wet imaging techniques for measurements of various
commercial wood pulps. They found that the relative standard
deviations (RSD) in measuring mean length and diameter of
a softwood mechanical pulp using a MorFi analyzer were
1.6% and 0.5%, respectively. Assuming that variations in the
measured length and width are three times of these respective
standard deviations, the inventors estimated the measurement
standard deviation in mean volumetric specific surface to be
1.5%.

The hammer-milled fractions, i.e., the HM-R20 and HM-
R40, contain many very wide particles that can block the flow
cell of the MorFi Analyzer. The substrate length and diameter
measurements for these fractions were therefore carried out
in-house using traditional optical microscopy. The images
were processed by the UTHSCSA ImageTool software (free
download at ddsdx.uthscsa.edu/dig/itdesc.html). The soft-
ware provides the area and perimeter of each individual
object in the image. With the assumption that the image
objects are rectangular, the width or diameter of the hammer-
milled substrate can be found. Triplicate measurements of the
R40 sample indicated that the measurement standard devia-
tion in specific surface was 17.4%. The large standard devia-
tion is mainly due to the limited fibers (~150 vs several
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thousands in MorFi) imaged with the semi-manual data trans-
ferring and processing. All measurements were conducted
using wet substrate to simulate enzymatic hydrolysis condi-
tions. The comparability between the MorFi and the in-house
microscopy measurements was verified by comparing the
measured specific surfaces of the HM-R80 sample from both
techniques. The difference was found to be about 15%, within
the standard deviation of the in-house microscopy technique.

G. Enzymatic Hydrolysis

Enzymatic hydrolysis of the pretreated substrates was car-
ried out according to that described in Example 1.

H. Analytical Methods

Cellulase activity was determined as described in Example
1.

The chemical contents of the different fractions of spruce
feedstock and substrates were measured as described in
Example 1.

Example 17

Cellulose to Glucose Conversion and Biomass
Substrate Specific Surface

Table 17 shows variations in the chemical compositions of
the fractionated and three chemically pretreated substrates
from disk milling-I (DM-I). The measurement standard
deviations of different species were obtained from regular
internal quality assurance and quality control. Lignin content
of the fractions was measured using the Klason method, i.e.,
acid-insoluble lignin (Kirk and Obst, 1988; Lai and Sarkanen,
1971). Wood cellulose content is represented by glucan and
the rest carbohydrate are hemicelluloses in Table 17. There is
a general trend that glucan is more associated with the coarse
fractions while lignin is more associated with the fine frac-
tions. However, the variations are very small except for the
DM-I-P200 substrate. The measured glucan content of each
substrate was used in cellulose conversion calculations. FIG.
28 shows the effect of substrate mesh size on the time-depen-
dent cellulose conversion percentage for disk-milled and
hammer-milled substrates. The standard deviation in cellu-
lose conversion was 2% obtained from duplicate hydrolysis
experiments. The results clearly show that substrate size
affects cellulose conversion. The smaller the mesh size of the
substrate, the higher the cellulose conversion. The size effect
on cellulose conversion exists even after chemical pretreat-
ment (A) of the substrates. However, when comparing cellu-
lose conversion between the disk-milled (DM-I) and ham-
mer-milled (HM) substrates, smaller mesh size does not
correspond to higher cellulose conversion, e.g., HM-R20,
HM-R40, HM-R80, have smaller mesh size than DM-I-R14,
DM-I-R28, DM-1-R48 but produced significantly lower cel-
Iulose conversion than their corresponding disk-milled sub-
strates. As shown in FIG. 27, the specific surfaces of hammer-
milled substrates are smaller than the specific surfaces of
disk-milled substrates under equivalent mesh sizes. There-
fore, comparison of the effect of substrate size on cellulose
conversion between the disk and hammer milling cannot be
made without considering substrate specific surface.

FIG. 29 shows the cellulose conversion percentages after
48 h of enzymatic hydrolysis as a function of substrate exter-
nal volumetric specific surface for the untreated substrates.
The results clearly show that cellulose conversion percent-
ages increase as substrate external specific surfaces increase
for all substrates produced by different size-reduction pro-
cesses. The results also indicate that DM-I produced higher
cellulose conversion percentages than DM-II and hammer
milling when comparisons are made under same specific
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surface. DM-J was a thermomechanical pulping process.
More cellulose molecules were exposed on the substrate sur-
face because wood chips were fiberized into individual fibers
and fiberization occurred in the S-2 layer with high cellulose
content. In DM-II, most wood chips were fiberized into indi-
vidual fibers and fiberization occurred in the middle lamella
(the lignin-rich layer) due to the milling temperature being
greater than the glass transition point of lignin; therefore, the
substrate was covered with lignin. This can be clearly seen
from the color differences between the substrates from DM-I
(light) and DM-II (brown). The lignin-covered substrate cer-
tainly had lower cellulose conversion efficiency. The data
point for the very fine sample DM-I-P200 has completely
different chemical composition from those of the rest of the
DM-I-Rxx samples (Table 17). The DM-I-P200 contains
about 40% more lignin and 33% less glucan than the rest of
the DM-I-Rxx samples. Furthermore, this sample has a much
larger surface area so that it does not scale well with the rest
of the data in graphs.

Hammer milling produced mainly fiber bundles rather than
individual fibers even for the HM-R80 fraction (FIG. 6A). As
a result, hammer milling is not an efficient size-reduction
process to create surface area for enzymatic hydrolysis. FIG.
29 also shows that the cellulose conversion efficiency of a
hammer milling produced substrate HM-R80 is lower than
that of a disk-milled substrate DM-I-R48, even though the
mesh size of HM-R80 is smaller (0.32 mm) than the mesh size
of DM-I-R48 (0.53 mm). This clearly indicates that mesh size
is not adequate to compare substrates produced from different
size reduction processes.

FIG. 30 shows the effects of three different chemical pre-
treatments on cellulose conversion with respect to mean sub-
strate volumetric specific surface. The inventors would like to
emphasize the term of mean specific surface in the following
discussion. The results indicate that the SPORL pretreatment
(B) combined with atmospheric disk milling (DM-I1Ix, x=1,
2, 3 see Table 1) is more effective than the cold alkaline
pretreatment A with high temperature milling (DM-II). The
DM-III-C substrate has the highest digestibility, with cellu-
lose conversion over 90%. The effectiveness of SPORL pre-
treatment C can be seen from the large specific mean surface
area and low energy consumption in milling to be discussed
later.

FIG. 30 also shows a smaller slope in cellulose conversion
vs mean volumetric specific surface for the unfractionated
pretreated substrates (DM-111x-B) than the slope of the frac-
tionated substrates (DMII-A-Rxx). This suggests that
increasing mean specific surface by means of size reduction
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has a significant effect for the fractionated substrates (DM-
II-A) comparing to the unfractionated substrates (DM-IIIx-
B). This is because the fractionated substrates have relatively
uniform fibers, and therefore the mean specific surface is
closer to the individual specific surface of the particles. The
effect of enzyme accessibility on cellulose conversion can be
effectively characterized using the mean specific surface. As
discussed previously, the uniformity in fiber specific surface
of'the unfractionated substrates is poor. These substrates con-
tain some very small fibers that can be easily digested by the
enzymes, in particular the substrates were chemically pre-
treated. They also contain some very large fibers that can
remain intact after many hours of enzymatic digestion. When
the increase in the mean specific surface is mainly due to the
reduced size of the small fibers and not due to increased mass
fraction of the small fibers, the increase in cellulose conver-
sion will be limited.

FIG. 31 shows the comparison of cellulose conversion
efficiencies between untreated disk-milled and hammer-
milled substrates at two different enzymatic hydrolysis dura-
tion times. The results indicate that hammer milling produced
a higher cellulose conversion percentage than disk milling at
the first hour under same volumetric specific surface. In other
words, the initial hydrolysis rates of the hammer milling
substrates are faster than those for disk milling. This is prob-
ably because many very small particles in a hammer milling
substrate were attached to the larger particles of the substrate
by static force during dry sieving, as visually observed. The
very small particles have a very large specific surface and can
be easily digested by the enzymes, which contributed to the
high initial hydrolysis rate. In contrast, the disk milling sub-
strates were fractionated by a wet classifier under very dilute
fiber concentrations of less than 0.2% at the start, which
prevented the attachment of small fractions to the large frac-
tion since wood fibers are hydrophilic. After completing the
hydrolysis of the very small particles in certain time period,
the hydrolysis of the hammer milling substrates slowed dra-
matically when compared to the disk milling substrates with
the same specific surface, for the reason explained previously.
As a result, after 24 h of enzymatic hydrolysis, the percent-
ages of cellulose conversion of the hammer milling substrates
are lower than those from the disk milling substrates (FIG.
31). This suggests that enzymes selectively attack easily
accessible surfaces—the external surface of small particles in
this case. The small particles not only have large specific
surfaces but also may have low crystallinity and degree of
polymerization from milling. The fast hydrolysis of small
particles and their disappearance phenomena due to enzyme
digestion agree with that reported by Schell et al. (1989).

TABLE 17

Chemical compositions of the fractionated substrates from
the disk milling-I substrates

Pre-
K.Lig. Arab Galac Rham Glucan Xylan Mannan Sum treatment
%) (%) () (%) (%) (%) (%) (%) solid yield

Spruce 28.6 1.24 240 012 428 5.8 112 92.1  No pre-
wood treatment
DM-I- 263 094 1.66 0.08 46.8 5.7 120 934 100%
R14
DM-I- 26.1 097 176 0.08 46.1 5.8 119 92.7
R28
DM-I- 27.5 1.01 193 007 451 6.0 11.7 934
R48
DM-I- 27.5 1.08 223 010 443 6.1 112 924

R100
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Chemical compositions of the fractionated substrates from
the disk milling-I substrates

Pre-
K.Lig. Arab Galac Rham Glucan Xylan Mannan Sum treatment
%) (%) () (%) (%) (%) (%) (%) solid yield
DM-I- 28.9 1.25 213 012 420 6.3 10.6  91.3
R200
DM-I- 387 212 328 034 294 7.1 7.7  88.6
P200
DM-II-A 314  1.04 134 0.02 47.1 5.7 6.9 935 85.0%
DM- 294 077 120 O 50.8 3.1 3.6 889 77.0%
III-B
DM- 354 0 0 0 61.5 0.65 03 989 61.8%
III-C
RSD 0.8 1.6 29 159 1.0 14 14
Key:
K. Lig—Klason lignin;
Arab—arabinan;
Galac—galactan;
Rham—rhamnan.
Example 18 wood chips was not measured but very small with respect to

Unit Surface Glucose Yield and Biomass Substrate
Specific Surface

FIG. 32 shows the EHGY per unit external surface after 48
h of enzymatic hydrolysis as a function of volumetric specific
surface. The results indicate that DM-I produced more glu-
cose than hammer milling, and DM-I produced more glucose
than DM-II on unit-specific surfaces for the same reasons
discussed in the previous section. The inventors also observed
an optimal specific surface at which unit surface glucose
production reaches a maximal value for untreated DM-I sub-
strates. The product of the x and y coordinate of FIG. 32, the
unit substrate volume EHGY (g glucose/cm’ substrate), is the
measure of total cellulose conversion per unit volume of
wood. The total EHGY, not the unit surface EHGY, may be of
the most interest in practice. In other words, the peak unit
surface EHGY is not necessarily the economical optimum
degree of size reduction. There is a trade off between size
reduction and EHGY. Increased specific surface through size
reduction may be desirable based on total EHGY, but the
benefit of further size reduction past the peak EHGY dimin-
ishes.

Example 19

Specific Surface Increase, Glucose Yield and
Size-Reduction Energy Consumption

It is not possible to obtain electric energy consumption on
the fractionated samples, as discussed previously. The ham-
mer mill used in the examples was not equipped with an
energy measurement device. Therefore, the discussions in the
following two examples were focused on the disk-milled
whole (unfractionated) pulp samples with the measured size-
reduction energy consumption data. FIG. 33 shows the volu-
metric specific surface of the whole pulp samples and their
corresponding electric energy consumption in producing the
pulps on unit oven dry kg wood. The specific surface of the

the specific surfaces of the fiber samples and can be ignored.
Therefore, the y coordinate can be approximated to the spe-
cific surface increase through disk milling. The energy data
presented in FIG. 33 were on untreated wood mass basis, i.e.,
corrected for solid yield loss in the pretreatment. The data for
the untreated DM-I and DM-II and DM-II-A (treated) sub-
strates seemed to follow the same trend with disk milling
energy consumption. The slope of these substrates is 53.2
kg/mWh. The slope for the DM-IIIx-B substrate is 71.6
kg/mWh, greater than the untreated DM-J and DM-II sub-
strates, indicating pretreatment B) increased substrate surface
with less energy consumption. Pretreatment C is very effec-
tive as DM-III-C falls in the very upper lett corner in FIG. 33.

FIG. 34 shows the EHGY per watt hour (Wh) energy
consumed in mechanical milling after 48 h of enzymatic
hydrolysis as a function of milling energy consumption per
unit oven dry kg wood for the substrates discussed in FIG. 33.
The y coordinate in FIG. 34 is a measure of size-reduction
efficiency. The results indicate that DM-II is more efficient
than DM-I in terms of size-reduction electric energy con-
sumption. Using more milling energy to increase substrate
surface is not effective for the pretreated substrates DM-111x-
B. Enzymatic cellulose conversion is controlled by the physi-
cal and chemical barriers. In this case mechanical size reduc-
tion has reached the limit to further remove the physical
barrier for effective enzymatic cellulose conversion. Milling
conditions significantly affected the energy consumption for
pretreated (B) wood chips. Furthermore, the results also indi-
cate that pretreatment significantly improved the EHGY per
unit energy consumption. Pretreatment C is the most efficient
pretreatment. It not only enhanced the enzyme accessibility to
achieve cellulose conversion over 90% (FIG. 30), but it also
altered the physical structure of spruce wood to significantly
reduce the mechanical milling energy consumption to only 19
kl/kg oven dry untreated wood. The product of the x and y
coordinates is unit wood mass EHGY (g glucose/kg od
wood), the same measure of total cellulose conversion dis-
cussed above (FIG. 32). The economical degree of size reduc-
tion should take not only milling energy consumption but also
the total EHGY into consideration.
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Example 20

Materials and Methods for Reducing Energy
Consumption in Size-Reduction Optimization

A. Materials

Several Lodgepole Pine trees were harvested from the
Pringle Falls Experimental Forest, Deschutes National For-
est, Oregan. The logs were debarked and chipped at the US
Forest Service, Forest Products Laboratory. The wood chips
were screened to remove all particles greater than 38 mm and
less than 6 mm in length. The thickness of the accepted chips
ranged from 2 to 6 mm.

Commercial enzymes as described in Example 1 were used

Sulfuric acid and sodium bisulfite were used as received
from Sigma-Aldrich (St. Louis, Mo., USA).

B. Chemical Pretreatment

When pretreatment is carried out in a separate process,
traditional pulping digesters can be used. In the examples
discussed below a 23 liter stainless steel digester as described
in Example 1 was used The pretreatment with sulfite referred
to SPORL in the discussion below is described in the
Example 1 of this invention and in a publication by the present
inventors (Zhu et al., 2009b). The liquor to wood (oven dry)
ratio was 3. The bisulfate charge on oven dry (od) wood solid
was 8% and acid charge on wood varied from 0 to 2.21%,
which resulted in the pH of the pretreatment solution varying
from about 2-5. In hot-water pretreatment, no any chemicals
were added. During pretreatment, the temperature was raised
to 180° C. and maintained for 30 minutes. Wood chip solid
yield was determined from the measured wet weight and
moisture content of the collected wood chips. Atthe end of the
pretreatment, the solid was collected and separated from
spent liquor and directly transferred to size reduction without
washing. An additional post size-reduction solid (fiber or
substrate in this case) yield was then determined from the
measured wet weight and moisture content of the collected
size-reduced fiber solid.

C. Mechanical Size Reduction

Disk milling as described in Example 16 was used to carry
out size-reduction of wood in the examples described below.
Wood chips were directly fed into the disk refiner. Disk mill-
ing was carried out in a laboratory 12-inch disk refiner (An-
dritz Sprout-Bauer Atmospheric Refiner) under atmospheric
conditions but using different process parameters, disk gaps
0.254-1.524 mm, solids content of 3-50%. The batch size of
each milling was varied from 0.15 to 1 kg. The size-reduced
solid collected was not separately washed, but dewatered
through pressing. The dewatering process serves as washing
to obtain substrate for enzymatic hydrolysis.

The electrical energy consumption of the disk refiner was
collected with a digital load monitor system as described in
Example 16. The milling energy consumed is divided by the
total oven dry (od) mass of wood chips fed to each batch run
to give Wh/kg od fed chips. For pretreated wood chips, this
milling energy consumption is multiplied by the wood chip
solid yield from pretreatment to obtain size reduction energy
consumption based on untreated wood, i.e., Wh/kg od
untreated wood. Triplicate repeatability test using pretreated
wood chips showed the relative standard deviation in size-
reduction energy consumption was only 4%.

D. Enzymatic Hydrolysis

Enzymatic hydrolysis was conducted as described in
Example 1.

E. Analytical Methods

Cellulase activity was determined as described in Example
1.
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The chemical contents of the original and pretreated bio-
mass were measured as described in Example 1.

Example 21

Effect of Chemical Pretreatment on Size-Reduction
Energy Consumption and Enzymatic
Saccharification Efficiency

In batch disk milling, the startup and ending period can
affect the measurements of milling energy consumption. A
minimum batch size is used to attain stable milling for con-
sistent milling energy measurements. The batch size was
varied form 0.15 to 1 kg. It was found that the milling energy
increases as batch size increased (FIG. 35). However, the
milling energy consumption approached an asymptotic value
as batch size was increased over 0.5 kg. Therefore, a milling
batch size of 0.5 kg was used in the examples below.

To demonstrate the approach of post-pretreatment size-
reduction proposed in the present invention, a dilute acid and
two SPORL as described in EXAMPLE 1 in this invention
pretreatments were conducted. The pretreated wood chips
were then milled at 20% consistency with a disk plate gap of
0.76 mm. The results show that pretreatments reduced milling
energy as expected (Table 18). For the SPORL pretreated
wood chips at initial pH=1.9, the size-reduction energy con-
sumption was reduced close to 20%. Both SPORL pretreat-
ments on wood chips were found to be very effective in terms
of'enzymatic cellulose conversion and EHGY. The enzymatic
cellulose conversion of substrate (ECCS) were over 92, 96%
and EHGY were about 37, and 44% of the total wood for the
low pH and high pH SPORL pretreatment, respectively. The
lower EHGY for the low pH SPORL pretreatment is due to
the loss of about 15% glucan during pretreatment based on
carbohydrate analysis (Table 19) However, the high pH
SPORL pretreatment reduced size-reduction energy only to
about 80%. The acid pretreatment reduced size-reduction
energy consumption to about half, but acid pretreatment was
not effective for enzymatic cellulose conversion with conver-
sion efficiency of only 41% EHGY was only about 15% of
wood. Therefore acid pretreatment is less effective than the
low pH SPORL pretreatment in terms of EHGY and size-
reduction energy consumption. The performance of the hot-
water pretreatment is about the same as that of dilute acid
pretreatment in terms of cellulose conversion.

TABLE 18

Effect of chemical pretreatment on size-reduction energy
consumption and enzymatic hydrolysis glucose yield (EHGY).
Milling solids-loading at 20% with disk plate gap of 0.76 mm

Milling  Substrate

energy yield ECCS EHGY
Pretreatment Pretreatment (Wl'kgod aftersize- @48h @48h
for 30 min wood chip  untreated reduction (ECCS) (% od
@180° C. yield (%) wood) (%) (%) wood)
None 100.0 6159 100 12.7 5.4
Hot-water 87.2 537.0 84.0 41.8 16.5
Acid,pH=1.1 77.0 335.6 71.0 41.2 15.6
SPORL, 86.1 499.3 78.3 96.4 44.2
pH=42
SPORL, 80.7 134.5 68.1 92.2 36.8
pH=19
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Weights of wood components after various pretreatment at 180° C. for 30 min.
Sodium bisulfite charge was 8% on od wood for the two SPORL runs. Sulfuric acid charge
was 2.21% (wt/wt) on od wood for the dilute acid and low pH SPORL runs, and 0 for the

hot water and high pH SPORL runs.

Component weight (g)

Initial Final Klason Sum Total
Pretreatment  pH pH lignin  Arab Galac Rham Glucan Xylan Mannan (g) (g)
Untreated 2699 1.54 216 0.00 4518 6.83 10.88 93.62 100
sample
Hot water 5.0 3.3 2672 032 053  0.00 4478 3.48 327 79.10 84.0
Dilute acid 1.1 1.5 2640 0 0 0 37.67 0.40 020 6413 714
SPROL 4.2 25 2429 0 0 0 44.56 1.79 091 7156 769
SPORL 1.9 1.5 2492 0 0 0 38.33 0.29 0.26 6391 66.7
RSTD (%) 0.80 1.60 290 15.90 1.00 1.40 1.40
Example 22 solids-loading about 15-20%, and less than 50 Wh/kg od
20 wood at solids-loading less than 10%. Typical milling energy

Effect of Wood Chip Solids-Loading on
Size-Reduction Energy Consumption and Enzymatic
Saccharification Efficiency

For enzymatic saccharification applications, the require-
ments for the final fibers are very different from and much less
restricted than those for papermaking. This provides oppor-
tunities for reducing energy consumption in wood chip disk
milling by adjusting various milling conditions. This example
demonstrates the effect of wood chip solids-loading on size-
reduction energy consumption. For the untreated wood chips,
size-reduction energy consumption was over 800 Wh/kg od
wood chip when the wood chips from chipping were directly
milled with moisture content of 50% (Table 20). Adding
water in milling reduced the solids-loading during milling,
which resulted in reduction in milling energy consumption as
shown in Table 20. The size-reduction energy consumption
was reduced by 34% when solids-loading was reduced to
10% from 50%. The lower size-reduction energy consump-
tion did not reduce enzymatic hydrolysis cellulose conversion
(FIG. 36) and EHGYs from the milled substrates. The
EHGY's remained relatively unchanged when milling solids-
loading was varied from 10-50%. A slight increase in EHGY
was obtained from the substrate milled at the lowest solids-
loading (Table 20).

TABLE 20

Effect of milling wood solids-loading on milling energy consumption
and enzymatic hydrolysis glucose vield (EHGY).

Milling wood solids- Milling energy EHGY @48 h
loading (%) (Wh/kg od wood) (% od wood)

10 562.9 7.1

20 6159 53

30 699.3 6.0

50 858.4 5.2

Lodgepole pine wood chips were untreated. Disk plate gap = 0.76 mm

When the low-solids-loading milling was applied to pre-
treated wood chips, the eftect of size-reduction energy con-
sumption was much more significant. For wood chips pre-
treated by low pH SPORL, the feedstock size-reduction
energy consumption was reduced by a factor of 15 when
solids-loading was reduced from 30% to 3% (Table 21 and
FIG. 37). The combined effect of pretreatment and low solids-
loading can reduce size-reduction energy consumption to a
very reasonable level, i.e., less than 100 Wh/kg od wood, at
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consumption in size-reduction of agriculture residual is about
50 Wh/kg od feedstock (Cadoche and Lopez, 1989). There-
fore, the present invention can achieve equivalent level of
energy consumption for woody biomass to those for agricul-
tural residual. This will significantly improve the economics
of woody biomass conversion. Furthermore, the enzymatic
hydrolysis cellulose conversion was not affected or remained
at above 90% by the solids-loading in disk milling (FIG. 36).
EHGYs were between 33-38% of wood (Table 21).

TABLE 21

Effect of milling wood solids-loading on milling energy consumption
and enzymatic hydrolysis glucose yield (EHGY) for pretreated wood
chip by a SPORL process at initial pH = 1.9.

Milling wood Substrate yield

solids-loading Milling Energy after size- EHGY @48 h
(%) (Wh/kg od wood)  reduction (%) (% od wood)

3 10.0 66.9 36.8

6 15.7 65.0 345

10 45.8 67.9 36.0

15 71.9 65.3 33.6

20 134.5 68.1 36.8

30 152.6 67.8 349

‘Wood chip yield from pretreatment = 80.7%. Disk milling plate gap = 0.76 mm.

Savings in size-reduction energy consumption were also
achieved for wood chips pretreated by high pH SPORL and
dilute acid process (FIG. 37). However the amount of savings
varies with pretreatment process. For example, about a factor
of'5 and 10 reductions in energy was realized for wood chips
pretreated by high pH SPORL and dilute acid, respectively,
when milling solids loadings was reduced from 30% to 3%.
The low energy consumption millings using low solids-load-
ing did not affect enzymatic cellulose conversion (FIG. 36)
for wood chips pretreated by both the high pH SPORL and
dilute acid. Enzymatic cellulose conversions were all over
90% for substrates produced by high pH SPORL at low-solids
loading millings (FIG. 36). As is well known, dilute acid
pretreatment is not highly effective for removing softwood
recalcitrance, and cellulose conversion was less than 50%
(FIG. 36) with EHGY of about 15% of od wood (Table 22).
By comparing acid pretreatment (Table 22) to SPORL low pH
pretreatment (Table 21), one can find that acid pretreatment is
not as effective as the low pH SPORL pretreatment in terms of
not only EHGY, but also reducing size-reduction energy con-
sumption (FIGS. 36 and 37).
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TABLE 24

Effect of milling wood solids-loading on milling energy consumption
and enzymatic hydrolysis glucose yield (EHGY) for pretreated wood
chip by a dilute acid pretreatment with initial pH = 1.1.

Effect of disk milling plate gap on milling energy consumption
and enzymatic hydrolysis glucose yield (EHGY) for pretreated wood
chip by a dilute acid pretreatment at initial pH = 1.1.

5
Milling wood Substrate yield Plate Gap Milling energy Substrate yield after ~EHGY @48 h
solids-loading Milling energy after size- EHGY @48 h (mm) (Wh/kg od wood) size-reduction (%) (% od wood)
(%) (Wh/kg od wood)  reduction (%) (% od wood)
0.381 87.27 71.8 16.3
3 40.7 72.8 16.8 0.762 39.74 72.2 16.8
6 68.4 72.4 15.9 10 1.016 32.66 72.0 16.8
10 125.4 72.2 15.2 1.27 24.98 72.5 16.1
15 130.4 70.7 15.3 1.524 19.11 72.9 15.6
20 335.6 71.0 14.5
30 412.5 69.4 13.5 Wood chip yield from pretreatment = 77%. Disk milling solids-loading = 10%
‘Wood chip yield from pretreatment = 77.0%. Disk milling plate gap = 0.76 mm. 15 Since the hlgh pH SPORL pretreatment (1mt1a1 pH:42)
produced highest EHGY (Table 18) and less fermentation
B 23 inhibitors as discussed in Example 13. Furthermore, it is
xample always desirable to use less acid in pretreatment to reduce
chemical costs, equipment corrosion, and improve operation
. . . 20 : : :
Effect of Disk Plate Gap on Size-Reduction Energy safety. The inventors used large disk plate gap to bring down
Consumption and Enzymatic Saccharification the size-reduction energy consumption for chips from
Efficiency SPORL high pH runs (Table 25). The disk plate gasp were
varied from 0.76 mm to 3 mm. It was found that the gap can
o . . 1 be opened to 1.5 mm without affect EHGY. EHGY decreased
Milling disk plate gap is another milling process parameter 25 .
. . . by about 10% to 40.1 wt % wood when the disk gap was
that can be adjusted to reduce size-reduction energy con- .
. . L further opened to about 3 mm. It should be pointed out that
sumption. For the SPORL pretreated wood chips at initial . . . .
= . . . . EHGY of 40 wt % wood is considered very high. The size-
pH=1.9, an increasing disk plate gap in milling from 0.38 mm .
. . . reduction energy was reduced from 335 Wh/kg od wood to
to 1.5 mm, size-reduction energy consumption can be . .
. 30 about 69 Wh/kg od wood when the disk gap is opened form
reduced by afactor of 3 (Table 23 and FIG. 38). The increased . .
. . . 0.76 mm to about 3 mm with only about 10% reduction in
disk gap did not affect EHGY as clearly shown in Table 23 . . .
. . EHGY. In general, enzymatic cellulose conversion efficiency
and FIG. 39. This suggests a disk plate gap large than 1.5 mm : . . N
. Lo decreased linearly with the increase in disk plate gap for wood
can be used for reducing energy consumption in feedstock . . .
. . . . . chips pretreated by high pH SPORL (initial pH=4.2) as
size reduction. The limit of the largest gap without affecting . L . .
. =~ 35 showninFIG. 39. So, optimization is possible when integrate
cellulose conversion often depends on pretreatment condi- . . .
tions EHGY and size-reduction energy consumption.
Similar results in energy savings were obtained for dilute TABLE 25
acid (Table 24 and FIG. 38), hot-water pretreated wood chips
(FIG. 38). However, the dilute acid and hot-water pretreat- 40 Effect of disk milling plate gap on milling energy consumption
ments were not as effective as the SPORL low pH pretreat- and enzymatic hydrolysis glucose yield (EHGY) for pretreated
. . N A . wood chip by a SPORL process at initial pH = 4.2.
ment in reducing size-reduction energy consumption and
improve EHGY. Size-reduction energy consumption for mill- Plate Gap Milling energy ~ Substrate yield after EHGY @48 h
ing the acid pretreated wood chips was higher than that used (mm) (Wi/kg od wood)  size-reduction (%) (% od wood)
fo.r Ipilling the SPORL pretreated Wood.chips unfier thesame 45 5, (Run 1) 366.2 783 149
milling disk gaps, but cellulose conversion of acid pretreated 0.762 3354 77.8 412
substrate was only about 40% of that achieved from the 1.524 208.8 77.8 40.1
SPORL pretreated substrate. The hot-water pretreatment only 3.048 69.1 778 36.6
achieved a maximum of 40% cellulo.se conversion but con- Wood chip yield from pretreatment = 86.1%. Disk milling solids-loading = 10%
sumed more than 10 times size-reduction energy used by low 50
pH SPORL under the similar milling disk gaps (FIGS. 38 and All of the products and/or methods disclosed and claimed
39). herein can be made and executed without undue experimen-
tation in light of the present disclosure. While the products
TABLE 23 o and methods of'this invention have been described in terms of
Effect of disk milling plate gap on milling energy consumption particular emqui.ments, itwill be apparent to those of skill in
and enzymatic hydrolysis glucose yield (EHGY) for pretreated the art that variations may be applied to the products and/or
wood chip by a SPORL process at initial pH =1.9. methods in the steps or in the sequence of steps of the method
Plate Gap Milling energy Substrate yield after ~ EHGY @48 h described hereln. WlthO.ut departlng fr om the. cor.lcept, spirt
(mm) (Wh/kg od wood)  size-reduction (%) (% od wood) o, and scope of the invention. More specifically, it will be appar-
ent that certain agents that are both chemically and physi-
0381 56.81 67.2 41.0 . . .
0.762 30.02 67.9 531 ologically related may be substituted for the agents described
1.016 27.07 674 40.8 herein while the same or similar results would be achieved.
ié; fg-;g 2;-8 i?-f All such similar substitutes and modifications apparent to
) ) : ) 65 those skilled in the art are deemed to be within the spirit,

Wood chip yield from pretreatment = 80.7%. Disk milling solids-loading = 10%

scope and concept of the invention as defined by the appended
claims.
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What is claimed:

1. A method for treating a cellulose-containing material to

produce sugars comprising the steps of:

(a) providing cellulose-containing woody biomass com-
prising hemicellulose and lignin;

(b) treating the woody biomass of step (a) for 0.1 to 120
minutes with a solution comprising a base of sulfite or
bisulfite adjusted to have an initial pH of from about 1.5
to 5.0, wherein said treating is at a temperature of about
150 to 250° C., wherein sulfite or bisulfite charge (w/w),
based on oven dried woody biomass, is no more than
9%, but greater than 0, and wherein treating removes
hemicellulose and produces only partial delignification;
and

(c) enzymatically hydrolyzing the resultant treated biom-
ass of step (b) to produce sugars,

wherein the woody biomass is mechanically size-reduced
or treated by steam explosion prior to or during step (a)
or (b).

2. The method of claim 1, wherein the temperature of step

(b) is about 150 to 220° C.

3. The method of claim 1, wherein the sulfite or bisulfite

base further comprises sulfur dioxide.
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4. The method of claim 1, wherein the mass ratio between
the sulfite or bisulfite base and the woody biomass in step (b)
is about 1:100 to about 1:10.

5. The method of claim 1, wherein the bisulfite is sodium
bisulfite, magnesium bisulfite, ammonium bisulfite, calcium
bisulfite, or potassium bisulfite.

6. The method of claim 1, wherein the mechanical size
reduction comprises disk milling or hammer milling.

7. The method of claim 1, wherein step (b) takes place in a
feeder coupled to a device used for the mechanical size reduc-
tion.

8. The method of claim 1, wherein the method comprises
treating the woody biomass with steam explosion at the same
time as step (b).

9. The method of claim 1, where the method further com-
prises fermenting the sugars into ethanol.

10. The method of claim 1, wherein the method further
comprises chemically converting the sugars to a biofuel or a
biochemical.

11. The method of claim 1, wherein the biomass ratio
between the sulfite or bisulfite base and the woody biomass in
step (b) is about 1:40 to about 1:15.

#* #* #* #* #*
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