TOWARDS LI GNI'N VALORI ZATI ON FROM

DI VERBRIEOMAREEDSTOCKS

by
Vil l R Enl &kkRaB®csy
A dissertation submitted in partial
of the requirements for the degr ¢

of
Doctor of Philosophy
in

ChemEoagli neering

MONTANA STATE UNI VERSI TY
Bozeman, Mont ana

December 20214



ECOPYRI GHT
by
Vill R End &kiRalB®c sy
2024

Al'l Rights Reserved



DEDI CATI ON

To mMwsband Bencewawrring | ove and encour a
chal IToengggyt ey WValbki yowrarkesaodi Eseses, and bel i ef
inspires me eevefwmday, for the foundation of

journeyTpomisedtwf-or the quiet comfort and c¢omj
count | es sTHalt,eewhiogshet g.ui dance and kindness hel
times with reslfiddlerhoe Fodr clm&amitdoryds hti hpe cearynatt|h
you spent helping me find my strength.

Thank you all for being my pillars through



i
ACKNOWLEDGEMENTS
First and foremost, I owe mYavi mc,edrdhebgete gr a

unwavering mentorship, p H it e necnocuer , a gaEnxop @i nnovaasl @éu a b

only guided my research but have also shaped

|l am also i mmensely grateful to my coll eag
been a constant source of encouragement. | wo
for her invaluabl e assistance swiwdBrld eard Gaall nmi
Wil liam atdt opli ¢feotrb esiDrpp or t with | ab work and

Working with such dediAnathoecyB®hdioyMSabghi i hcl
Dyl an G@Gouws itrhse, rest of the group, has been a p

A heartfelt thank you goes to the wundergra
producti on. arhdkeidri chabthido nwnookect pl ayed an esse
of my research. This work would not have been

indi vRdmahsHagge, Shane Thorson, Conor Leahy,

Noonan, Kesl er Hol.mes, and Margaret Kerr
|l would also |like to express my he&eAlrex el t
Knows His Gun, Allison Del anedywh oScarvkeench b el f f

throughfuhdetdNSResearch Experience for Teacher

I am especially thankful for the financi al
the Graduate School, which enabled me to focu
semester. This support all owed pnreo jteoc td etdoi ccaotnep

for which I am deeply grateful



1

FROM | NDUSTRI AL

Y,

TABLE OF CONTENTS

A NTRODUCT. L QN e reee e e eeennees 1
Gener al 0 T O o Y o L o O o 1 o ORI 1
Lignocel |l ul.o.s.l.C..Bi.ama.s.S ..., 2
I o T o T o TR T AU o O o3 O O PSPPSR 6
(I o T - I I N o O O 7
Hi Il debrand Sol.uhbi.l.i.t.y.. . Theol. Y. ... 8
Hansen Sol ubi.l.i.t.y...T.he.or.yo .. 11
Mol ecul ar Sol ubi l.i.t.y.. . f.r.om..Si.mul.alBons
Fractiona.l... Sol bl Y 14
Lignin EXLaCl .0 i seeeee e, 14
Al kal i Processes: Kraft .Rul.pi.ng..28d Al k
Organosol v .RPr.et.r.eat.me.nt. ... 16
Dilute Aci d..Rr.et.r.eat.ment . ... 17
Lignin Pr.ecid.p.i.t at d. 0. i eeceeee e 17
I nfl uenci.ng.. Mar.i.ab.l.e.S .. 18
Ther modynamics of Aggregation: Stabil it
S T T U = .0 ST TP PP PP PPPPPPPPPPIN 21
Kinetics of Aggregation: ..Uni.v.er.s.dlity L
Lignin Color ..Char.,act.er.i.zati.o. ... 25
FIl uorescence Micr os.c.opy.,..Raman..S28tter.i
Lignin Appl i Ca b QS e 29
Overview of Resear.ch..Goal.s..and..0hb.,).e80i ves
I T = o I o = O F U 30
.EXTRACTI ON, RECOVERY, AND CHARACTERI ZATI ON

CORN STOMER..LIL.GNIL.N..BBKE

Contribution -4t Awr.Bor.s...and..Cao.........38

Manuscript..L.nf.or.mat i 0 - 39

A D St @Gl 41

IS T T o T o T o3 S Y 10 SR 42

2 . Materi al...and. .. Met.hods. ... 45
2. 1 Mat.edd.dl S e 45
2.2 Extraction and Recovery.of..L4Bnin f
2.3 Solvent Screenid.ng..f.ar..Li.gni.nd3Bol ubi
2.4 Lignin Char.act.er.i.z.at.i.o.n..... 47

3. Resul ts .and..Di.s.CUu.S.S.L.0Nieeeiiiiiiiiiiiiiiiiiinnnn . 4 8
3.1 Characterizati oun..of..l.ndust.r.i.4a8 Lign
3.2 Ethanol Organosol v L.i.gni.n..Exd52actio
3.3 Al kal:i and lonic Liqui.d..Ext.r.B8dti on
3.4 Characterizati.ao.n..of...Recov.er.eB86Ligni



TABLE OF CONTENTS CONTI NUED

3.5 Solubility .af..Recover.ed..Lli.gnba8s
3.6 Estimation of Opti mal Distribution
P A I A M. L. B S e 61
3.7 Estimation of Opti mal Distribution
P A I A M. L. B S e ean ] 6 5
4 . C O N Clil S 0L S e 6 7
5. Suppl ement.ar.y..l.nf.or.mat.i.0n ... 6 8
5.1 Suppl ement.al..l Me.t.n.od.S.ii, 6 8
5.1.1 Estimation of Opti mal Di stri bu
Solubi |l itwy..Rar.amedtl.erS. ... 6 8
5.1.2 Estimation of Opti mal Di stri bu
Solubi |l itwy..Rar.amedtl.erS. ... 70
5. 2. Supp!l ement.al. . FlL.g.Ul.eS. ... 72
6 . Suppl ement.al..Ref. el .eN.C.ES iiiiieaninnn, 7 3
7 I S A = T O o - R 74

.SCALE UP OF LI GNIN PRODUCTI ON FROM CORN ST

HY BRI D P OPR. LA R et e e e e e e e a e e e annea s e s 77
N o T SO o T o 0 o S T o PSPPSR 77
Final R0, .S, S e emennee 79
Prodewsve!l opment a.nd..Opt.i.mi.z.at.i.on........ 81
S € A e e aaad 81

Corn Stover Li.gu.i.d..t.o..So.l.i.d..Rat.i.B?2
SolibLdquid Separations: Bl ack..Li.g8®r and

Aci di fi cadt..on..Met.ho.d. 85
SolibLdquid Separations: Precipitated Lig
2 B = T o G O T o I O o T RSP 85
Washing and. . . PuUlil lo oy 87
Drying Met.hods. e 87
Training..and..Saf. el Yo 8 8
Material s ..and..Met.hods. .., 89
Ma t € d Bl S 89
Al k aPri enter e.a.l. el 90
Lignin Pr.eci.pi.t at . 0D . 90
Lignin Cake..Rr.epar.al. .. ... 91
Bl ack Liquou..Ev.ap.o..ab. .o 92
Lignin OxMadataibdne.fSocrr..e.e.n.i.ng..ooeeeeeeennnnnn. 93
FousfTreamsform | nfr.ar.ed..Spec.t.ros.copy
Foldinncal t eu..,An.al. y.S.. .S e, 914
Tot al Fl uor es.c.e.nc.e..l.nt.ens.i.t.yu.....95
Lignin Li gl in e S S 95



TABLE OF CONTENTS CONTI NUED

PTr O0C @S S M. Ll LSttt 96
React or..RPr.of.i.l.e.s. e 98
l nconsistent PRhys.i.cal...Pr.ap.er.t.i.esl0l
Vari abl .. .S C . il g e 102
S o FLii dq ui d Sepa.r.at.i.on. . Met.hod............. 103
Drying Temperlr.al Ul . . 105
Oxi dati on..Lengl. o, 105
Aci di fyi g Agent...and..Pr.ec..pi.t.at.iloOn7 pH

n
Washing Med i..u..m....a n.d.. Ra. | S U o FOT 109
Reheating after Preci.pi.t.at.i.on.,...FLlo0Ot erin
Preliminary Mi.c.r.a.s.c.opy..Resul.t.s.......112

.l MPACT OF PROCESSI NG HI STORY AND RECOVERY C
ON LI GNI N COAGULATI ON, FILTERABI LI TY, CO

CHEMI CAL PRQRERTI.E.Si e 117
Contribution -AttAwrbkor.s..and.. Co........117
Manuscript..l.nf.ornmat. . 00 . ... 118
N o T T S - T o 119
T o I o T o S O 1 o PR SUPPPPPPPPPPN 120
EXper i.ment. al 123
B i 0 Ma.S . S e s 123
Al kal i ne PRr.et.r.eat.ment ... 123
Bl ack Liquor...Cancent.r.at.i.on. . ..... 124
G o USSR SSREERRPRRRR 125
Lignin and Bi oma.s.s....Char.a.c.t.e.r.i.z.a.tli205n
Color change temper at.ur.el..Li.gni.nl2fhBrecip
SO U Db Y 126
(O3 T B o T O U« (=T G AV OO PPPPPPRRPPP 126
Transition..TLemp.e.l.al Ul o iiiiiineenns 127
Fl uorescenc.e..MiL.Col.0.S.C.O.P.Yiiiiiiiieiiimemirrnenneeenen. 127
Particle Si.ze..Di.s.t.r.d.but..on..........128
Confocal Mi.Cl.0.S.COP Y 128
Resul ts and..Di.S.CL.S.S. 0. 128
Al kaline Pretreat me.nt..and..l.ni.t.i.al280bser
| mpact of pH..on..Prec.i.pi.t.at.i.on....... 130
| mpact of Filtration Temperature on Fil"
and Li gni.n. .. .Col. ol 133
Properties of ..Rec.ov.er.ed..Li.gni.ns..137
(@0 T T o I U T o T S PO 144
ACKNOWI € d.g.8mMe Nl S e 145
Suppl ement ar.y...Mat.er.i.al. .S, 146



Vi

TABLE OF CONTENTS CONTI NUED

ST T G = T O o = O T 147

5 .CONC CL US S O N i rree et e ananee 151
CUMULATI VE REFERENCES..CL.ITED. .. 154
AP P END LG E S e e 167
ALKALIPNREETREAT ME.NT . eern s 168
Hy bri do R.o.p.lar e 169

O3 o T S T T A o VA = PP 172
PARTI CLE SI ZE DI STRI BUTI ON ANALYSI S FR
Y = 176
Sampl e Pr.epar.at.i.Qn. . ..., 177

1Y o o T T o o O Y AP PPPPPPPRRPPP 177

| Mage Pr.C.eS. Sl o e 178

Dat a Anal. .y S S e 178



Vi

LI' ST OF TABLES

Tabl e Page

1. Table 1. Summary of |lignin..ext.ur.act.i.bh and

2. Tabl e 2. Reacti on conditions and bl ack | i
I S =T A S =T~ W AN 1 0 I = o O PPN PPPTRUPPP 90

3. Tabl e 3. Condi ti an.s..f.ar...r.e.ac.t.i.on..p.rloofo | es
4 . Table 4. Conditi on.s..f.our...co.0.l.down..p.rlo0fli | e

5. Tabl e 5. Summary of al k.al.l.ne..pirl.et.r.ela2tdment



i X

LI' ST OF FI GURES

Figure Page
1. Figure 1. Biorefinery scheme..wi.t.h..l.i2gnin p
2. Figure 2. Pretreat menit...s.c.h.eme....Recir.e3ated f

O S O O O T T = T U 5
4 Figure 4 Monolignols at the top and the d
T N @ DO L O M 6
5.Figure 5. Visualization of the Hildebrand
Recreated. . .frn.om. .28 ) e 13

6.Figure 6. Fracti on.al...ss.ol.wubi.l.i.ty..appléach.

7.Figure 7. Biorefinery scheme of POET/ DSM |
(Emmet S D.Ur o le A 17

8. Figure 8. Overview of the variables infl u
significant process steps used in Chapter

screened Tihme@hamwthed e variables in red are

I N Chapd e FiQul e 20

9. Figure 9. Lignin precipitation schemati c,
system as a result of the alkaline pretrea
where the colloid is destabilized (middle
with | ignam (prriegh.p.id.aat.a.l. Yo 23

10Fri gure 10. CIlELAB color space (.J.eft.26and t
11Fi gure 11. .Mi.s.uwal...abstract..........40

12Fi gure 12. Simplified overall process flow
and recovery of | i gmienpabobcebe, nbBr kIl 2gddn
composition on an or-ige@aabasaing, waner ( Exti m
of t-meceaisved | ignin cake-swdedlien Itihging nwor k
Error bars represent dat a..r.ange..f.or.58uplic



LI'ST OF FI GURES CONTI NUED

Figure Page
13Figure 13. Recovery yields of l' i gnins fr
extraction of lignin cake at differing temj
' ignin recovery for raw lignin cake using o
and I mpact of agadosalry ngxtet d@atnmiodn ousi ng t
extrafcrtaesrelsignin cake. Lignin recovery yiel
NaOH extraction and ionic |iquid extracti:
l'ignins including (C) total pdl ysacchari de
(D)copumar ate content . Error bars represent
LRSI BT U I G < 1 4 =T 0 O S PP 53

14Fi gure 14. Solubility-aofd &exOdhi a&cteeadhanol o
l'ignins in (A) various organic solvents, (
bet ween | ignin solubility and solvent prop
significant cos)rebat weeas @l ubid.idy of t h

u

extracted nwashed | ignin cake (Lignin 1) &
represent data range..f.or..dupl.i.cat.e..f@asure

15Fi gur e 15. Exampl es of parameters fitted
par ameter ( mean andilLisgraind)ar de rdeernvsg tart a toinn gf ot
i mpapibnof( A) the estillmagreidndifsor i biugmiom Df
the estiniaitnigsmelaind (Il i nes) andgnsithgandard de\

dashed | ines) Utbgnianpoeul ati onhoée |ignins
residual sum of squares .(.RSS)...f.or..e8déh of
16Fi gure 16. Graphical summary of select sol

values for RSS f aD, tlhnsR,reisklimatnpdnmeans (

and standaiR, dleivB mitdiggnsi (i, gni n) for Lignin
as a function of size of WeasgilPlue solubil i
(B vetdHsusand (C) the impact of RO on the
peri meter of t e tber cslteasndmae dr edseevnitat i ons
mul tivariate distributions..far.. .t.he..Bl@dnsen

17Fi gure 17. Feasibility regions in each of t
solubility parameter for theRbfve solvents
either % AanBMPar 8 (0a NMP.A.....c.ccoovveeeieiceeeeeeeeeeeeee 70



Figure

18Fi g
ext
Il i n
det
ace

LI'ST OF FI GURES CONTI NUED

Page
ure 18. Properties -exftractddc (anhtdandadl (
racted) l'ignins as a fWMhctebatobveextrac

kage abundance as d@&ibeOrdmicroend emt 2B HSQC
er ml@GedMByClanmol(ar mass as determined b

tyl at.ed. L i g0l DS e 72
ur'€ N®R spect-eatohceethahognin at 120 AC
.................................................................................................................... 72
ure 20. 2D HSQC -t¥MRrapeedrhi ghi eta@and?O
AC, AN L8 0 AL s 7 3
ure 21. Correlation between..l.l.gdBn sol
ure 22. Project summary (left panel), a
o T o T O o 10 - T I =3 S SRR 78
ure 23. Hybrid poplar woodchips (l eft pe
bl ack | iquor ..n..a..bucket. . .(ri.ght.78anel)
ure 24. Lignin p.r.oduct.i.on..pr.oces80diagr

ure 25. Final fl owc.har.t. f.ar..lL.i.gnB86@ prod

ure 26. Digester with four reactor c ha
ester from the side..wi.t.howut. . the..BRd (ri
ure 27. Corn stover burnt on the botton
i gquaded. . l0.a i G 83

ure 28. Separation using sieves (left p

er press and a..mes.h..bag..(r.i.ght..p8&ael) .
ure 29. Aci difi cat.l.on..us.i.ng..car.h8b di ox

ure 30. Original filtration setup (Il eft
1.5 L centrifuge after |l ignin separati
acity centr.i.f.uge..(.di.ght..pane.l.)..... 8 6

ure 31. Lignin recovered..f.r.om.ce@8rifug



X0

LI'ST OF FI GURES CONTI NUED

Figure Page
32Fi gure 32. Pretreated biomass of hybrid po
(mi ddl e panel ), and hybrid popl ar during

[ T = O PSP PPPPPPPPPPPPRN 9 2

33FRigure 33. Concentrated -bi BmkeVapgapbat ol ef't
still (rd.g.hto . pan.e.l ) 93

34Fi gure -Bhoc&lot e amu cali bration set wi th 1 nc
from | eft to right, and..one..l..gni.n..9dadmpl e
35Fi gure 35. Lignin gener at.ed..ov.er..t.h®@7cours
36FRi gure 36. Lignin yield, xyl.an..and..288h con
37ri gure 37. Temperatur e..pr.of.i.l.e..0f...s.8Bected
38i gure 38. Pressure .pr.of.il.e..qof..s.el.elcOtOed r e
39Fi gure 39. Cool dowan...pr.of.i.l.e..of.. . t.he.ldilgest e
40Fri gure 40. Col or and textur e..i.nc.o0.nslios2t enc i
41Fi gure 41. Start of precipitation forming
panel ), during precipitation significant f
and final acidified..bl.ack..l.i.guo.r...(.tliOg3ht pa
42Fi gure 42. | mpurity cont ent..of..di.f.fleOrdent s
43Fi gure 43. Lignins dr.l.ed..at..di.f.f.er.eln0t t emp
44F.i gure 44. pH and mass .y..el.d..o.f..0.x.1.1d0a6t i on
45Fi gure 45. | mpurity conit.ent..af.t.er..ox0iédati o
46Fi gure 46. Recovered .l.i.gni.ns..f.r.om..ox0i7dati o
47Fi gure 47. Mass yield of lignin for differ
(top left panel) or hydrochloric acid (top
hydrochloric acid prec..pi.t.at.i.acn..(.b.oltOt80 m r i



X0
LI ST OF FI GURES CONTI NUED
Figure Page
48Fi gure 48. Lignins recovered at different

panel ) and hydrochl.our.i.c..ac..d..(.r.i.ghtl10panel)

49Fi gure 49. Comparison bet.we.en..di.f.f.elrleOnt wa

50ri gure 50. Preliminary filtration temperat
(left panel), ash content (middl e panel),
using different .f.l.l.t.r.at.i.on.. . t.emp.e.r.atlulrles

51Fi gure 51. Color differences for corn sto\
temperatures (Il eft panel ), and comparison
room temperature and high temperature shec
temperature filtpatnebh..(.mi.ddl.e..and.llilght
52Fi gur e 52. Lignins recovered from detail
experiments using corn stover (1l ef panel)
(T gD P Bl ) e 112

53Fi gure 53.epPirfelluomiensaceggnce microscope | mag:e
stover (top panels) and hybrid poplar (bot
filtering temperatures (23 AC, dar k sampl e
temperatures (75 AC for A6Grhostbybridn t o]
poplar in bottom right .. panel.)..uUus.i.nglll40x ma
54Fi gur e 54. Brightfield images of corn stov
(DOt t OM A Bl e 116
S5Figure 55. Variability in color and textur
st o VAEB) and hybcCD}d etopARGA Ca(n(d el evat ed
temperatures ( B5ACLS5AGrf cob)ny.ls.t.iod.epolpldCar
56Fi gure 56. Epifluorescence microscopy i mag
corn KBovemd (hybGD)at pbdP)x amad@pni andati on: (
(©) show solids from originaB), aumndaci di fi ed
(D) show solids from acidified black Iliquor
Om, magni fi.c.at.i.on. . . .i.S... .0 0. X, 131

57Fi gure 57. Particle size distribution of i
st oVAgr afd hbe)ld woiotphl acha(lracteristic part.
di fferenC).pH..l.ev.el. s (e 132



Xi v

LI'ST OF FI GURES CONTI NUED

Figure Page

58Fi gure 58. | mpact of |l iquor filtration tem
(A) and fil tB)atcioornn tsC)noen gfborra.d(d.p..c.p.l..a.r.1 3 3

59Fri gure 59. CIELAB <col or parameters for [
precipitation temperat Ar esi pntdness! ivdi tdhont
transition tem@Beapaar ruane®tbgranrda (Bt eerd,, ((
reconstitut &€d tcrodmgist, i canndt e(mper atures for
contentew B8BITHIdghHS.0.l..i.ds 135

60Fi gure 60. Epifluorescence microscopy i mag
of cormBstanerhybxE) d pepABr 28 Hi gh
temperature (75BAC46AC ¢c¢ornEnhgtovdrOgopl ar
magni fication, andZCpa.r.t.i.cl.e..si.z.e..dils3t7ri but
6 1Fi gure 61. Differences in iIimpurity composi
temper aA)urceorfnorsBj(ofag br addpo.pl.ar ... 139

62Fi gure 62. Mol ar mass distri but.i.onsl4fOor r e
63Fi gure 63. Solubility of recovered hybric
sul f AAxi dad( et By.l.....acet.at.e...( 140

64Fi gure 64. Surf as® palnodt sh yoadD)jcdd rprg psltaorv e(r  (
particlesfat Ason@h(28&AChigh (7BAC for corn
45AC for hP)bri e mperpdtaur es obtained wusing
scanning microscopy (CLSM) at 40x magni fi c:
(E) for average r o4mglasmewsasr e( Rragu gadhmde sso dtRq)
measured on CLSM i mages -Dor Sthed@pradticl es
deviations aretsestowp, vakGesThert all the d
S O O 1 PSP PPPPRRPPPPPR 142

65Fi gure 65. Schematic showing the differenc
[ = T T 4 I RSP PPRUUPPPRRPN 144

66Fi gure 66. Linear interpol at.i.o.n..t.o..1dde6t er mi
6 7Fi gure 67. Browning index of |l ignins recove



XV

ABSTRACT

The Dbioref isrmergy eparbonndiespet r enewabl e w8oesgy a
However, achieving economic viabiliziyng-emiagims
val ue applichniohssfdrsé$egl@atmiemas pwedptrisoncueessstii ngga
t haftfleicgmnalnor:i zex ti,roarcetcioognet ybi &dma @hTaypoh érn gni n wa
extracted fhydr dlews igfuiene@sy ng organosol v, al ka
andecoverwergeeeédinmonedach &Regrooesieldublvialginttyhen
screeggint h a range of t bfergaacntiico nsalfl v$eonldgamib,and awsabst u | |
predibguseidn g me tnjova haiscséudm gnin exhi botssal dbistk i
par ametgerpo| ydi.$speChiapytehael Kholrieme extraction of
stover and hgoal ddmpa ptmermn t-keads ¢yl er i2d0r i t oZi ng t
| i gaandh t hroughppwtducfi gwegnirrecovered from the j
i gupreobipliheatfiional Il i gni rcofdrl cadbfioartasroevdse rnes @ nad n
acti onpatieomt gaadldupep!| | cawd onhse nNnhcemgiss tca | pr o
peci awd ycacmdwat ed a variabl e s ccroetednio mgi mmpa ate
e physical pThep efritliteesr i difg dIt iagmsiéng a tiodnn & a rgtn i inm
covelrny Chatphteerf iFlotuerr,i ng t empey awvasei due shigga4
L Aitransi tion tiedmpretriaftiugdi fwars e c oavelh gnigmar ki n
ocessabiframr &nfdisl¢todwoirhgght gneast oGh efmilctaelr atk
d phyéif eal n dedsa rabnedt wleiegnh t | i gnismus hpvaanstei cil dee r
r phosluorgfyace roughness,anah esnoilcugbijwa it gpdap b5 £ 0o n
eoretical framework based on colloid scienc
|l ignin aggregation.

> 05 T DD Sn =

I
f
e
t
r
d
p
a
m
t
0



1

| NTRODUCTI ON

Gener al l ntroducti on

The shift towardadr emniewabbéésminegcgy nacisrcead s i r
reli ahces ible cfouneels unArmnuesdeanteadti tnhyappr ox i3médt el y
milliofh Homerasyweualrd be addi ni dohal Uyni b e dhleStre tye s
doubtghe current [HBpbpeepreggyusagehe energy der i\
including plant and ani mal waste, which can be
el ectricity, onityone ofihd large$t sourceloftrenéwsblereretgy, but also the
sole provider of liquid transportation fuels. In response to climate change and energy security
concerns, many governments are enacting legislation to support renewable energy initiatives,
including bioeergy. This growing interest has positioned biogpeas a focal point in
contemporary energy research, as researchers and policymakers seek to mitigate carbon
dependency and transition towards more sustainable alternpti2els promising strategy of
biomass utilization is the biorefinery approdsie Figure 1)which parallels the crude oil refinery
concept by converting biomass into an assortment ofvadire productsThis figurecombines
relevantprocessing stepsnd material$nto a general biorefinergcheme andlustrateshow my

research on lignin processing contributes to the development e¥aigalignin-based products



Biomass ‘ Blomass- Biomass » Plant Cell Wall Polysaccharide-
Feedstock Preprocessing Treatments Based Products

/Lignin Processing \ Lignin-Based Products
. . . Carb Polyurethan
Fractionation tignin, | || rooraire,
* SOIUbllllatlon Phenol-Formaldehyde
* Precipitation Resins/Adhesives
* Depolymerization
.ps . Biochars
Purification

N J

Fiugle. Biorefwnéehyl sgmemeprocessing for added

Il n this chapter, we will explore four key &
solubility, which is discussed in the paper p
extraction methodp, pdetasfbdderaS€hapseaivel | be
di scussion on |ignin i1solation through precip
Lignocellulosic Biomass

Lignocellulosic bibmassmaeidgyaomajed nfgh ® da € t «
feed$omacnky bi orefinindiotrredtiengingbivedr sgages |l

feedst ock h atnrda ni snpga n(Shaad ri woenest) 1, eeant znyermay tdir cod nyds i s

fer merft3Bt ebne ak eng mditsecsussed i n detaaislc fiemeinhi s
which disrupts t h épelcanatptl @ xi sdmaad arteh e faeveni | all
Fi gurAssh2) which can occur as intrinsic (natur

(introduced during harvesting or Hooveexgi,n @)s,h
typically represents a smaller fraction of bi

cell ul ose, hemiTchelfsloulsmsve,d aryd elnjwdgiremaeli Icu lhoysde od
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hemi cedrbarlokeen do vsnu gtaorass d mfeir ene InW et rigoent @ga@r s

convemtedfuel s[ dnd5Ffhemical s

Lignin

Aose \
Pretreatment

Hemicellulose

Fiug2e. PretreaRememnd ateddi e me .

Li gnocel | ulionscilguldeersb manea$ eri als such as wood
gr aslsheessbeu n,d arhomp tdant heoepdureanes al for sustainab
[7,8. The prdompepradnts of | ignocellulosic biomas
hemicell ulose) and | ignin. While cellulose an
bi orefinery-epfecéeéessesy oot btigroatiitasg fluiégmaiiprog e n
chall p8piThgs is due to ligninbés irregpe@arestrtr
anidtds sti ncgpemeitfhiocd modi fi catlitbtsowd sil mdi preyr
commerciall yuuddersalompnti clat gsi ef f or ® shomogen:
with high vyiyy[l9d @asnrdecssuelpte,ot eg 5t ded S iggn ;. Wtrii Imaz |
solidlDlEedom an economic perspective, extract
lignin repreosédnthelBnass entering [@3adgdagpandc el | u

40% of biomassd energy content
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Lignin is the second most abundant bi opol
abundant resource of aromatic compounds. I S

i n ptltheent matri x, providing hydrophobicity to a

cel |l wal | s, pat hogen r[eklijsgminei, s agenest atued uir
as a bypeopukp anhdtpaper i ndustry, as it i s re¢
color and brittleness to paper. Kraft pul ping
l ignino is generated in surpl usi tass hae aljtylghri]go dvuacl 1

Simil arlby,oriedi gben, i s produced as a byproduc

utilization as solid fuel, meeadulotnerdgn i g e rae rsai

industrial processes are summari zed in Figure
I n thitsvow@rrko,mi sing Wweomassvebagbghtdespl ar

st o WPelar.is of interest because it is a fgsbwing hardwood native to the Northern

Hemi sphere, often cultivated as a hybrid and r

trees. It is well suited for bioenergy and biobased product applicationsavatimposition of

cellulose content ranging from %049%, hemicellulose from 26 t023%, and lignin from 2%

to29% [ 1.Zprn stover, the agricultural residue from the major cereal crop, is a readily available

source of herbaceous biomass for bioethanol production. The residue contains ard6ftl 36

cellulose, 2830% hemicellulose and 120% lignin[14, 15] In comparison, pplar, a woody

biomass, has higher lignin and cellulose content, while corn stover, an herbaceous biomass,

contains more hemicellulose and aghis can be explaineddm a biomechanics perspectias,

poplar, or trees in generaequire more lignin to providstructural support, allowintpem tobear

their own weight and withstand environmental stresses such a$i8ind



Lignocellulosic
biomass

Pulp and paper
manufacturing

| |

Pulping Process Pretreatment

* \yproduy ;
e TN

Figure 3. Lignin as a byproduct of .pulp and p

Biorefinery

Despite its grodmattii@alr edssoass dkeeyd oin amyb,i ol i gni
onluy i liinzaend | | i n[ p,6 palcuocnimeornc i a If olpa-woacl euses easp p | | ¢ a't

such as dispersinfgl.A&]gelsitgsniann dv aal dosroirzbaatdi tosmn,g wh

value to lignin | rmnisnosnnmesmeémil altpheo® celscleasl comm
of biorefining. Additionally, the Iignins frol
opportuni-pprn @cducftosr acso t hese | ignins witheexhi

tradictoimmeXIlcdaatgni n as a consequencie geo fg rbaocstshe st h

hardwoods drl&shaf tpwoaeks)si ng condi ti ons.

Numerousadvaoneeiments have been introduced t
biorefinery, i ncluding bioengind®@rliang-flignin,
bi orefi2O]l The | atter focuses on stabilizing
condensation reactions, which would of 2&fy wi se

These devel opments contribute to enhancing t

|l ignocellulosic biomass conversion processes.



Li g8tirnuctur e

The exact natuwvalt buye oaeft so rncaatbilvéed glniignni(n or
in plants remains elusive due to its compl ex

composed of three types of monomeric units,

coumaryl, coni feryl, and sieragpo | r aadicocalo | psa |l yTrh

form the phenyhydropxayphanwini tk8) ,o guai acyl ( G),

pol yimel,M&m®q4l i gnols and | ignin modhemerasi aref s|

subunits variesFarcriosst ol aen,t kprecwesds typi cal

S units, while softwoods are predominantly ma

hand contain similar proportions of G and S

comparoedd[i tRjesent studies have-lalg:o niide mtulicdt iue

seedcoat of,afuabhkelraewpahddng our[ 2a3der st and

~ OH =
OCH HsC
O

OH OH H
i "OCH HyCO ‘g ‘OCH
OH OH OH

Fi gar eMonodati g btdh eo pdleirg viemd moaob mehe ulmot som
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The lignicmnpbleay met eri zed by a variety of |
uni t shb:O-4€hédldarmkage i s the most prevalent, acco
l inkages withinThhe | i ghage s btlEcoaortbsorndledt gvreieme t

monomed the oxygen of another.i Otlh-ewbergnt Wb c
mononaerres connect &dat b o oas elaatbboanib-Bbopomedr)&-c & hb o n

of momomaer bondepostiot itohneaobld5 @nadicledtanbon | i nka
bet weamntowme Asldi ti onal l y,ji kenidgbeaxddii@oixmeed i n

' i gni h9] Ppesto its abundance, mo s b-O-4l elpioh ly an@ e |

aiming to break it down efficiently for subse
Lignin Solubility
The solubility of fldrghiepn etvegatomeapteneat alt r

removing biigmasans futoidh if Datidms acr oss v@ariinoiunsg i n
i nsight i nto | ignin isnovleusbtiiiltgsttys aigubwo ll v ¢ y mbeth a
applying theoretical framewor ks [t2Ma.tL 2dp@s air isb €
solubillikeg thati odndhaamg otedlkelryg catl s chemi c al str
sol vent Cc hAasi @ ot aglryidsrtoigcesn. b o nds owivtem t s glrivogpeetr s ,i e
pol arity dmodhdhndgr cqagpraci ty of sol ven[tx6 ,sixym]i f
Understanding these interacti omsefand ogppplmiizn
l'ignin'"s integration into biorefining proces:
environments.

The Hildebrand and Hansen tsheeloubeitliidtaylr pfaraa

commar it he suitabis$pegi foifd hssod Wietnd ssbrfaonrd t heor
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cohesive energy densi tex p awndidiedc ct ohedgdida s esmp ep & i
di poill pol e, amandhiyng oigrtner acti ons. By expl oring

can better design and i mpl ement|[ Z8]rategies fo

Hi l debrand Solubility Theory

ThHi |l debrand sotemié¢rn e¢etyha hewthluadlgpgsys a Gut e
sol vent jqmutaemntadtieadnoy the solubility paramet e
e ner gy Yhisparaneteguantifiesthenonpolarintermolecular interactionsithin a liquid,
andis defined as:
% V(2 4
6 6

whereE: is the cohesive energy/mol], andVm is the molar volumém®mol], 3 (v is the
heat of vaporizatiofJ/mol], R is theidealgasconstant8.314J/molK, andT is the temperature
[K]. Cohesiveenergyis the opposite in sign but equal in magnitude to the potential enéagy
volume unit of liquid and itrepresents the energy requiregéparate a unit volume of liquid into
individual molecules.

This theory aimgo link theinternalenergy of mixingto the solubility parametersf we
are mixing two components, A and B&e can describéhis relationshipby the Hildebrand
Scatchard equatidior theinternal energy of mixing

Y5 633 1 1 h C
whereV is thetotal volumedefined as

6 16 16h o
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where3a and3s are the volume fractions defined gs —— and3 — , with

1] andd as the mole fractionsvherena andns are theamount ofA andB

componentn moles

Scatchard derived this equatiby introducingthe concept of cohesive energhefined as

0,

<

~ O ~
A —nh
6 T

wherecaa is the cohesive energiia is the cohesive energy density, andis the molar
volumefor pureliquid componeni.
Using theapproach thathe change irmolar internal energin a mixture can be expressed

as

w

Y5 Ol 1l EEAAOCAAOCHIEEARAOAOAAOET T O v
and assuming sonsémplifications,this can be rewritten as

Y5 633 A A cA h ®
wherecaa andcss are thecohesve energy densés for interactions between likeolecules

andcas is thecohesive energy dengitor interactions betweeunlike molecules

Introducingthe approximate relation between unlike molecules that

~

A A A h X

the equation for thenolar internal energy simplifies:to

o % %r .

then the previously introduced
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¢
N

Y5 633 1
using the solubility parameters.
The enthalpyf mixing can be expresséy rearranging the internal energy of mixing to
Y( Y5  BYy6h w

whereb 3 & the pressurgolume work done during the mixing process, whichesas
we assumeleal solution behavior witho volume changduring mixing Inserting the Hildebrand
T Scatchard equatianto this gives:

Y 6331 1 8 pm

Mi xing is considered thermodynamically fav
i's negadieating a sgpmndhttame odiss o lowcdBaadnb so ff rtehee
energy ¢k JInminmsoil giigven by:

y Y( 4Y3 h PP

whe¥(is the enthalpy chamsged hef tmimpidqtuk &/
is the entropy change of mixing [kJ/ mol K].

Pl ugghaegal r e dd i d dibScaichagdequation ntt lmGi bbs free en
of mi,we nget
Y 61 1 33 4Y338 PG

| f we | ook doth¥l seemid¥3 baijm al wagas posit
mi xXing is decreasing the systemds order with
positiveFdo¥h tkelbvei meXfatée vmeds heo be smHd | enou

tenm keep the eTghuiast iiom wleyaitti ves favorable t

solubility paramemiemi yhioz itnhgsing the Hilgebrand solubility
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parameterghe highest difference in solubility parameters where miscibility is still happening can
be determined using the equationthe entropy of mixing as
y3 1201 B @1 D h po

wheren is the total number of moleR is the gas constant, axd andxs are the mole
fractions.

Polymer dissolutioin asolvents theresultof solvent diffusion and chamlisentanglement
of the polymer in a thermodynamically compatible solv@ime calculation of the Hildebrand
solubility parameter for a polymer is estimated based on the contributions of functional and atomic
groupswhen the repeating unit is knowis the determination of monomer ratios is complicated

and requireextensive experimentation, this calculation is proving to be difficult for lignin, a

polymer without a regular repeating unit.

HansSeinubTlHeadryy

Whitkbe Hildebrand 6sotlLaopelary ipatrdmaotiso nso
accoumtolinotrer,achtétaoas & n stohleupbriplgiatdyenor e compr ehe
appr.-dacnlksends model i ncwarmod ait ret®a & the leeec U lygre si
di spgradiswe known as Lohdodihpdpeptearsaontdi dinpd ceg ¢ n
bondThgse interactimudshewmarcyli mmontdise (g tahriec, CC
significantllyydastdsgoeamtiepoldéhmoohéer acti ons, and
di spdrog.icwee

AEAI BEAARDEUAOIAGATAAEDT ABRDET AA OA MGEEID AGBIOEA A O

Fossompe | yamed s s ohlyvdernotgse,np lbaoynsd iangcr i ti cal r ol e

factor i,n recliddrcicloigtayt 8 results when using the



12
which does not accolhmits fiog patd tairlc iu ¢gna iredr gancpt e doxan \s
polydi sperasali matoé viaaglgbkgt pohagoscadl hypdtnadg enrigt h
capabiFdrimmipgpdr boended clhenpWwe«m®s!| i gniins aaidu dihael s
overcoming intermol ecul ar [a&t4t,.r &c6t]i ons among |
Hansends thedrteothalealkis| idtoywnpa rccometradmut i ons

pol ar (di spern pioddirep p)dg , ampb-blandi(edéw o) s

1 1 1 18 pT

Hansends model @dmswepmadiodnices itheeracti on

sphervwhich defines the | imit for cuwmgpdredteanmdisrt
of solubility in various solvents.
2 T1A 1A 16 1h 1f 1r 8 pu
Theoretical et hbi di syanegqubeéseen tbe t wo

be smalleol tthads tihe2reltha st icam rbaediekplr assed e@Be

di f fezx%$ cdee,f i ned as:

2y
2 %% 2—8 po

Thidi |l debrand model r e p rda streemtss osnall u I ir lainteyw oir |
Hansen model expands this sboeagpbr eHitladethaae
solubility parameter considers only the total
of compatibility that sbumpli mi ¢s ssutblsubainloietsyp o
contrast, Hansen solubility t-demepgsiexmpalndspa

i ncorpor at idngiodiepg, @ leaensdi odmodhrdo gneggn i nt er acti ons s
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t hese c onmeppornaeanetask i s -dii mea si bonmeaé solubility spa

nuanced assessment of solubility.

/ Hildebrand model \ / Hansen model \

5 Polymer
*—0 - —e "> .. @
hd
Solvents Non-solvents

e Non-solvents &y
\_ A J

Fiugb5 Vi sualization of the Hil debRanrde ph&d Hames

Mol ecul ar Solwubility from Simulations
Solubilitygyasi mobaidensn efficient screenin
f or .ICiognpiurt ati onal tool s | i Ké eLicgomifntBhdr Igec & o,n v

pol yimerboth water and organic solvents[[2%trear
3QThis i nputcolmphune&nry geasgiracese f 9e t[] 30R]e chad mtma s s
advancements include applying machine | earnin
representian itvlei d igtnudy was a tri meb-O-dbfbagrudas ac
[ 2.68] mul ahowewan bei hi shothlea@d comput ati omuali nde mar
mod el I i gni, @ap rlogmprogusnrdésioxrita achay inmodltuhdce mpl e x

i nt erwaictlhiogmmsi n i tsel f addigtniionn a M yelrtaocttt lmaness.d lo ¢

valuable for initial screening, they cannot e
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Fractional Solubility

| €Chapter Two, our pdubslciutsesdicnigh@ma&in psebeht BT
uni que appowaclbusitahge as s umpltiigonp ot ki asi istassr s e
solubilittywnpdreamsta@amadremal di stri butrioom adfl stad
di f feeubssn&t gnin .$hrscheresogeneity is what | igr
advantByeiof. tdel kimiolwint y parameters of the i n\
a tol erfamrc es twew lcilalni tdyet er mi ne t he fractional S
integrating the WWaiusgi ahreaeadyyrdbuer mnned sol

l'iteamad exwrer i memt aalandgaet aof asgéniactsohwénwbl lutk

pretdheetan of dfient riHiblude mmreemgnamdsdanonbil ity par
A 6Sol\rent > A 650Ivent .
St -6 +64 SolventA: 3 -5,  +5,, SolventB:
5| ¢ wmp 35%of the 8 =% ?o% of the
g lignin is g ignin is
e soluble & soluble
e ©
()] ]
= =
2 80
v (]
= =
v [%2]
8 Lignin 8
b ibution =
Solubility Parameter (8) Solubility Parameter (6)
Fi gtFeacti onal solubility approach
Lignin Extraction
Pretreraktimanti butes plant cel |l wal | compone

structure and sel ect iOneel yc oswniowiliBeygdyrz ot lrygsgiesh mm @ n

t he mosthbQd4o mmomds [i8As | wdghibhaenuisd al processes,
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freqguenftory tunseedpesuolkesbng jdni lauctied a(coirdg)a noors oa lvk a
catalyzed hydr ol3XNS]elke ptreed r € tat anetehgiisse sd ipsasret rati anti

descri bebdelionw det ai |

Al kRRrd d e sksreaBifi:k pi nAY kaPrdenter e at ment

Kraft pul pit wg io$ipuwldpg dandi papeprl amn&,@ilhfearcet ur i
sodi um h(yNdarGaHR)d deodi uMB)su |l dp pllei edun de wolidgle hp pe
and high ¢tE2MmpedCdgttoLTI@ bel ase pfiebdecessor, the sc
omistosdiswmf i de thereby decreasengivbi HuahHesalil & o«
al kali pusdgleastameentpr i n g,ispuneg asso diowm hywd rpa xi de
solubilizing lignin aadadhempoélyimerozenignlilgai
pr et r ebaotbredn te,t herofl ilakgahgienst eremolnidgnibetavred hem
are c.| ebaweecdt eavr@4 otf her, Ipihreknaodes hydroxyl gr
' ignin is i nclretdisosad .hoRg metrdofaxply almgehai vhihneg )f or mat i
gui none met hiidse piordiseighmeddeadgieysnitrurreescover ed fro
i's heteracahemgoasdi veusetiramgle g@foups Ringheat r uc
mol ecul o mpair ghllt t o .ot Thleed enhseaememotdsf iidaitei on t
to the cleavage of et he¥rC Ibiopnkdadsg e Thaen &Sfeo rorha thii
guantities of sodium hydroxide in alkali pretr
and its byproducts remain as redi tdpheéti eatr gam

i's appliedofnthl s .dhapeetation
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Or ganbBrseotlrve at ment

Organosolv pretreatments use ayoor gaodivo |l ya
reacwi bhs!l i gnbQ4, ectlheearainmgnfkargreisng [ 8t6h.88Bywdggoup
acids | ike 3@ fcami deaaisced( s a Lteowifso rcna taanl yesttl

group preventing recondelmscTahllis so nc atealcyttiion sr d loe

promoting efficient |ignin extraction while a°
advantage of this catalyst i's that It i's not
However, ashomegemaéeatuygstiisis difficult to re:

The resulting |ignin has a |wiwehr Ineosl se caud md

structur esC almagla dfide wehrer Cpur ity with | ower ash
Ligninds stlreuscst umoediifsi eadl suessi ng this meghed, c
proportion ofansoireci phengpdowcphydr oxyl groups t
organic. sol vents

The ALCELL procedvmsiess pnedr ¢gdmis awlksveme tehh dich n
pul ping agent to break down | ignocel-Qubobostg, Db
fully bl e@a®®hlabhlies ppurlopcess i s advantageous oVel
| ower environmental i mpact and ability to oper
of feedst ocks, i nciwwodidn gnah ardwdcd | add, hapass
organosolv process applied in this dissertat

vari dtwoiromsrledegreat ment conditions.
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Di | Actibtdet reat ment

Dilute acid pretreatments atsehiaghi tAsnge rsatl
with the other methods srdiptutdedeadqildnpO&ttraattn
et her I imhkage sdiepp|l yenactii ons are paired with
formati orC dfonmdew tr ough c¢oingreinfsiad a mtnl yv eraacd ii foy
strufcB8a@arledOChapter Two -iwes oksoebd dt hree swatuer aft e
pretreatment and enzynaast itch eh ysdtraorltyisnigs noaft ecroiranl

Fi gosheowprtoltehs s mat er shAbwebgeweu f r wiontndt me | ar ger

bi or egrnaee ys.

Corn Dilute Acid Enzymatic Lignin Extraction LF"‘{“:*:
— > . > —> Lignin Cake
Stover Pretreatment Pretreated Hydrolysis | insoluble “Lignin Cake” and Recovery tgo Boiler
1 Corn Stover 1 or Hydrolysis Residue 1
Biorefinery solubilized solubilized Low-Ash, Soluble
Process Hemicellulose Cellulose Lignin for Value- Chapter 2
(Hemicellulose) Added Applications

Fiug7eBi or ef i ne PYOES ¢ PSidg eccft Li berty biaoarefinery

LigRiriecipitation

Al kaline pretreatments aim to selectively
enzyme reactivity of the sekhatbtdsi mg pol psacclea
Abl ack | iguodrIghi st hper dcdegsusi di s us,ed tahrsanad H o wstc a

Chapter Two, -ugps fmprro Celeagpsteed adldh rceoendi ti ons from
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wor[k4,2]and as the feedsbwrikndg oirndclhatprtieal Fpuwlrpi
into black Iiquor, which must thempemvoceas ed

efficiency, prevaenmbas¢egeumpméaipakeotobnaly| y, reco\

enables its wutilization in valwuable applicat
economic viability[df3]the biorefining process

Il n i ndustrial settings, l i gnin recovery t\
bl ack | iquor, 2) acidifying it to precipitat
filt mMdtaicomd.i fpircoacteisosn i nvol ves coagul ation or i
intentionally induced for precipitation but n

Il i gnin sol upbrieltirzeaattinbenntposctondi ti ons such as ¢
temperature ar @oasdjtiesttod tthe towo ge nag pretreat
vary based on biomass type and processing con

be recovered using techniques [fAMdcllmdasr pt boouk

exchalnmgdeustrial met hods for |l ignin recovery
processes, that wuse high filtration temperatu
separation for improving precipitddt.ed 6l]]i gnin

| nf | udanrciianbg e s

Temperfad4,ulrpe¥,8 ]t ypes and concentraf 4,6 hamifonNa
typdahd ionifcSsft relmgt pbrocess andéaal lgovmpar tl a
coagul ati on and mfpialdttirigantgi no np rbeechiapviitoart,i on .and s u
Hi gher |l ignin concentration, hi gher 1 onic str

precipi t[abtlilwhy¥y¥eral dontent i mpacts particle si:
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shifting the size di st[rdideugadrochi np waao rdc esmtarl d teir
sal thigmer sodium i on (Na ) confcerntpradanognist d tei
| arger par$alctl et speeasffects particle formati or
oya phenomenon where solutes precipitate fro
presence of sespeéecktichstalided.Ploamtsi ¢ICé 9i £e oaeno MmN
recovery i s i-mpdrhanbopansi mlesoare challengin
stability and 529pu ifmilztienrgabtinestey par ameters ¢

efficiency and qualhi tFry8goad ®erme gaelhecacteedbvearnyi abl

i mpact |lignin precn pimppbeoeesad shgpsvithhe par
bl ue are screened in Chapter Three, and the p
FoWwru.r i nvestigation into |lignin recovery from

focused on factors such as fpH,t eaciindg ttyeprep,e rdartyu
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i

+ Biomass type : Ligninin
* Lignin concentration ! Liquor

* lon (Na*) concentration

'« Contaminants (e.g., xylan) |

S Bl Precipitation and Acidifyi

1 » Acidifying Agent i . cianying
« Final pH : Particle Growth Agent

* Incubation temperature | Aggregated Lignin

............................ Suspension
JEPSRREN /T LT | . Spent
- Centrifugation/filtration [ S Lodataiin ] Liquor
Solvent-
e . Saturated Lignin
i * Volume/kg lignin i X <::| Wash
!+ Temperature, pH i [ Washing ]:> Water
Washed
Lignin

ables Influencing Process

* Temperature i Solvent ,:> S
o | . ! . olvent
& | * Drying method/rate B Removal-Drying
m M @ e e e e E e e e e e m e e e e mm— e .
> 4
Granular Lignin
Particles

Figoeerview of the variables influencing | i gl

used in Chapter Three. Variables in blue have
red are investigated in detail in Chapter Fou
A relevhpbB8iphbtraes emmhmetclteod hteofi |l terabil ity

through acid precipitd@Ciohoat otwwe thp & yAalf. i 1Tehsi asb e
approach all ows for drying at temperatures u
undesirabl e | ignilhnsd ewi tohp tlionmma If iclotnedriatbiiolnist,y .f i |
to 35 %, reducli Adhdegrhgeneerdsestigation studi
' i gnin s[lushpladrhei dnd tration characteristics wer
precipitation conditions. Black I[iquor with a

to a pH below 10 at a precipitats omhatemperat
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filtered. A considerable increase in the aver .

temperature decrease of 10UC from the opti mum

however, l arger c¢cl umps ofl ulgigg mign pweorbd efnosr mend t

Lignin precipitated from black | iqgqguor by a
and its structure varies based on the degrada
[ 34, ®»mparisons between hardwood (sweetgum)
generally offer better yi el d, pur[iStdy] whed easas
hardwoods (like poplar) often | eave significe
acidification. -Wodd fegdsnhnecksom nlkba@a corn sto
such as | ow molecul acowe¢ieght , amidgimoir et viamsiadb i {
|l i ghb.B§

Ther modymgmr egadf onCol $tda b it g me f

Lignin precipitation can be [©KB&g argdodvde ranse dt ho
t her modyammadmi ks n elthiec $§ aLgauni dveeur Ww@we r b(Be¥X)Ot heor y
describes thermodwsgdmi ¢ nd @Irlpd iagy Dted lwieleint yat t r a
der Waal s, hydr op hotba «ck b)8rptaenrda crté ppwinlss, i ve el ec
(determined by Twbevelbktstaopoawe tleegean) iiodhenti fi ed
One is intermolecular aggregation of polymer
othesfraggregation of aromaticbgnodegsorbitalgnin
-"stacking of |l igqognegatctitoai I{ heandddoocdnartg oa) r e

spect ruasli nsyhssfpve c t r[05s8c]o p y
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f

2 2
As previ ousiloninco tstdr,redpgtt hrb@Bd rgantidriecant | y i m
alance due to the presence of weakly acidic

rom the interplay of these t her medpmntaem tci aflo

pl aying a keyThreolzee tian apsontéensiliraeby . de her mitmd i | it

c

S

ol | oi daAc oslylpsatiretimsc. laeilsi gsuwirdc dondédubd | ayer s:
trongly bound | ayer called Stern | ayesrel yand
ssoci apleane Tsheparating the mobile bulk solve
article surface is called the slipping pl anece
| i ppi Mg hplgaane.et a potenwith gommobaesndwhepebks
|l ow zeta potenti al |l eadhs thecedgueltatoisamt acd
i mi n[i5s9h]e s

Fi g@irlel ustrates the key steps, attractive
n al kal i nuesibnlga crke plriegsueonrt .&ti irwe , Gl umint 1 i s Idii ¢rs
i quor ataltkiagdh nei,eeindeft opalnnelt hoins Fsitgeupr e¢ he ph
n the | ignin monomers are deprotonated with
result, there is signifi nemtatelvedtyr ashtaatgied
he | ignin monomer s. I n this state, lignin fo
cid (an electrolyte) is addecdcknt ddit doenp &h egluk el |
I n this step, the protonation of phenolic
harges on l'i gni n, and the decrease of el ec
estabi kiotunhgobnhheforming |I|.oolshe rrdd we r satkb dmeo r aeg ¢

earing |l awoadda®d mpélaching the criticamostoag!l
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groups

Pugioom@gtuhiagthenhydr ophobicity

and

ar e

protonated,

huel at vi ymaet neol uyg hp rteoc ispeitttaltei n g

i s why | arger mol ecul ar wei ght
mol ecul ar weargeht mofrreacs olomis| e, |l eading
precipitation.
= B +
pH=11 OH H,O 11>pH>2 H,O pH<2 H H,O
H,O - H,O H,0 N
2 OH 2 H,0 2 H
+
OH H20 H
H,O
6 OCH; oy 4 OCH; 2 I OCH; r H'
O H,O 05 H,0 0
OH, ™~ OH, ™~ ~H
HsCO HsCO 0 co
Figardignin prec, pshawiimg tsitcé eiynmitteimalass taables u
the alkaline pretreatment (left panel),
paneltyhe aandi di fied | iquor with | ignin
This collofdlwagheawmsed fool lpogiodallcilniggni n
[ 5%vhere they zZ2bangotbati aheis strongly
' ignin concentration, with higher val
depedda the initial |l ignin concentration
particles) and antisolvent pH (higher
and ethanol c o ndcheyndtrroapthiodbnisc i ¢ ryh a nwcha | e

additiode hait epiiemamor e

hydrophilic.

f r[a3c3t]s ohewer e

precipit

influe
ues
(high
pH dar ke

hi gher
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Ki netAgms egfdnii wealaswd Gotaggul ati on

Whi | eprtehvei ously discussed thermodynamic pr
det er mi ne atntla e 6 h a b i hogcgcyuergsd tlhieo Mmat ¢ amy wkicha ni
parsagdrregatbed&gfnpei cdUndovVenggregptl aws in co
how themeahaoalBamhg ed iufnfdeeorre ditft6i.0ojmiss meanki rodt i c
aggregation exhibits a wuniversal behavior, i
partAtcl st h high and | ow temperatures, | ignin
that aggregate and coagul ate. Thandi ftther e recsaid
l ignin solids <cauanibwerastatlr itbwd eldi miot itnhge r egi m
aggregation |Iimited only by diffusion and sl o
bonds form between clusters

Diffdesimbomned Cluster Aggr egafpfioornma(tDLoGA)o fi nfv
struct ulroeoss@emipt e x , branched patterns. Aggregat
di ffusion of particles toward each other, | ea
proximity. As clusters beccdmavielrd Regarmo-bitondierd gr
Cluster Aggregation (RLCA) I's characterized &
DLCA. I n RLCA, aggregatsohooagntisnueacstamadi ar
more compact clustetushepesi sTHei gereawblg ohe r
reactions, rat herghtt harc alty ed i g udmiestrni.ondgsu i csahn bbee
these bhydgt eaienbghmrea 3 act al di mensi oompahbhe meadane
partj cheefwiisci entl y i,t afnidl lhowoutt sa maslsumeral es
DLCA, the fractal di mensi on 1 sRlal@mcurneda sli.n8g, fwh

di mensi on means more compact structures.
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Tempereat aces both diffusion rates and r eac
aggregation pThice siss dtohme ntad pisc of Chapter Four

on final l' ignin particle properties.

Lignalnlh@Gr acterizati on

Col or anaduyis@lelr £ aw nabheh an d h e | ds hcoon no roindpeFti egru r e
whi chcaoaest faeto-inmegguaatitatofcel measwseal |y use
compaf bgguoanl i t y heexmtm@lelmatnuf acturi dghtabonyg whnd

food i[ndWsitlrey a spectrophotometer measures t h

or transmitted by a sample across a wide rang
full spectr um, i nstead ibdr oeedved reeng,t hih@tminé&Esn s
us edqufaonrt li if g minlgb6 2 0AIs® 3d]i si cnu sCshEdur,teegwr i mary goal i s
col or c owrlpeaarecsood nojrs medaired abl e due to its relat

codt col ori meter measures col or Dbsya nigelXee r,¥ni nd)ng
which represents the lamphintaldonrkeed giTareaf | ant
these tri sarienud airsv evratleude st o t he CI ELAB col or sy
system to mimic human col or perception. The C
val ues: L for | itghe nebsaoniodtait@le2480 0t)og 1axn&8) f or
uni que colors of humd&dn Rasi 9 nrashesvsnbopdmFgee

baxis ramgéesut to yell ow color.
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Fi gwWr eCLELAB ¢ o6laintd) ssphaecenandbei dhtpl ori meter

Differemlcessimeasured in the CIELAB col or s

bet ween two points in the color space, common
w0 o W 38 P X

Anot hercouneeasuudn € Br own{ Bgommodeaxy wused to ir

browning of sugar c opnrtoad udcdhehagn o oiotd ipsr oddeufcitnse d i 4

purity, calculated as:
6"Opn~ﬁ—88ﬁ oY
wher e
0w 0
~ p8( , p W
VO TW W o8t pw
using empirically. determined coefficients
UV treatment of al kal. lignin in tetrahydr
' ignins, with decreases in the content of aro

groups, while the contenté5dqAddiarboxgl i g, gtrloe f
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l i gnin decreased foll owing UV exposur e. Li gl

representing aggreghoehaod whidchi deatebhsgai wis

Aggregation significantly affects | ignin
typically exhibit Il ighter col ors. Lignins rec
structures, l i ghter c[o6leojiThe anmadrloomewephbubkyde

its colorapewéeshd ataynicaet i on and precicwiltoateidon | ot
bul k density lignins that can serve as &effec
without signi fi calnét#]esrt aii md uwmgt roinalt haep pslkiicnat i on
affected by harsh delignification methods | ik
organosolv processes yield lighter l i gni ns. $
bright 86.8l]i gn

Variations in color are due to differences

scatt e[res9 , IMifgdhltscattering, which occurs when p

wavelength of | ight, can make |l ignin appear |
white, as water vapor particlGoslvearcatat eonlsi g@hi
both the physical properties of the surface (
compodi7tlii€@hr omophor es, which include conjugat
si-dkbain doubl e bonds, are exampl e$ 7@€QfOxiheat ic @
can |l ighten |ignins, and studies have shown t
by blocking or functionalizing frexe @®hemnl ic
hypochlorite [64]. Lignin bleaching and oxi dat

' igninh7,8pwWwhoirch irreversibly |Iightens | ignin.
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Fl uor eMiccernocsec opSgat Ramang

Mi croscopic i maging can provide a uDuieque p:¢
t o t he presence of fluor@pbmatei$d i on ntghse e xlhiigot
autofl uscmesilceramda, agalfV sibs esicse npcoes/shilclitebs bapybe
reported that this i-qgnagntnigt atainv éb emaitstead ifnora |Is
predicting the type of monol ignol (1rifgw®iln bu
Confocal malcs @scdDipg mings ecde lilh Mda,l | Whleal amali ng
technique used to increase the optiouaff oceasol ut
| i Ahthrde emensit o mal ucroen sctarnu cboteed wi t dkit hgsmailecihmpl
di mensi onal i mages (slicEBp)fbtiones aampftel iagnncidm
iisntrodiucChdapt eirtt alsh rae emaGhoarg treari eFhauhrh e addi t i on
mi cr oRamay s oat tteirei MR mairen elf & etcitc s ¢ atutseurailngy o
from a | aser) that interacts weshl tiheg moh es i
energy of the | aser photohe, cwWwbmcbhafbi hesdsnhta
t he saampl ed pRa ma iRasgn@prya gtiencgh nciagnu ebse appl i ed to
plant cell wal | ctohgepad diieasit si b 0t idern eo mimiiep f @m e n
cel | Mwaaplplisnng of aromatic ringwas ademmhiysiter atnadd
stimul ated R@®R[®) 8s,Rat@denr iimgarg i adv a rsc etdh atte cchanni g

expand on our findings in Chapter Four.
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Lignin Applications

Some processes where |lignin c-darbeedsedtems
are briefly introduced connected Her avowek pmromwei
more badlkdgrooumad i on on these potential I ignin

Carbon fiber Iis made from the precursor pol
is complex and expensive, which makKeasmithaegr
applications. The automotive industry is a pot
due to this high cost. The estimated gl obal de
[ 802] Phenol formaldehyde (PF) resins are creat
with formal dehyde. Phenol and phenol substitu

petreadeagumed [ dsTdletsare used in many indust
(for bonding plywood), automotive (brake | ini
grow with the rising residen[t8ida]lPodiydr ebmmaec.i
synthetized by reacting diisocyanattexwct hbue
they are produced from pl aitdtoemsicvhee mprcad ess 3 .n
used in furniturdedi nagut ovmeorbn il seh ,s eaad hse s ibvee s , f o
consumption of 1[28 1mi 182H 0 b8s5met ut cngoRAN, pol yol
' ignin opens new, innovative processes for the
significantly decreasing the toxicity and cos

A novel application where the color of | igr
As lignin has chromophore functional-4@®mups i

[ 9,0J]and has synergistic effaermntsi opiezha m&kiljecansu
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prove to be a natwural and renewhbB¢ galitnhercmatoir:
i mpor toareeprplni aast wehd$ ke paper maki ng, cosmetics

compositdge6ridgteri al s

Overview of Research Goals and Obj e

I n Chapter Two, we are investigating the
solubility approach in a range of organic sol
This biorefinery residue i gnedhlwjdesctifeod tio gtnh me
Chapter Thrseea,l ea adkal i ne pretreatment met hod
l ignin for coll aborators workingbasded prnagduant

variabl e scredmi ndigetier mé¢ med umhtiech recovery <con

variability in lignin physical properties. I n
the variable screening in Chapter Thr eadliys cl
i mpacts |lignin color, exhibiting a transition
di fferent colored |Iignins are compared by the
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1 Three approaches for lignin extraction from lignin cake are compared

1 Lignins low in contaminating polysaccharides can be recovered from the lignin cake

1 NaOH extraction results in more than 80% lignin recovery

1 A novel approach for estimating solubility parameter distributions is demonstrated

Abstract

Lignin utilization in valueadded ceproducts is an important component of enabling
cellulosic biorefinery economics. However, aqueous dilute acid pretreatments yield lignins with
limited applications due to significant modification during pretreatmewtstdubility in many
solvents, and high content of impurities (ash, insoluble polysaccharides). This work addresses
these challenges and investigates the extraction and recovery of lignins froaritgnimsoluble
residue following dilute acid pretreatmteand enzymatic hydrolysis of corn stover using three
extraction approaches: ethanol organosolv, NaOHjamdliquid. The recovered lignins
exhibited recovery yields ranging from 30% for the ionic liquid, 44% for the most severe acid
ethanol organosolv condition tested, and up to 86% for the most severe NaOH extraction
condition. Finally, the fractional solubikts of different recovered lignins were assessed in a
range of solvents and these solubilities were used to estimate distributions of Hiddafmlan
Hansen solubility parameters using a novel approach.

Keywords: Biorefining, solvent extraction, lignin recovery, dilute acid pretreatment, solubility

parameters
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1. |l ntroduction

The carbon contained in the cell walls of plants (lignocellulose) has potential as a
renewable feedstock for biorefining processes that can yield biobased fuels, chemicals, and
materials. Plant cell walls are comprised primarily of polysaccharides (salubnd
hemicelluloses) and the complex aromatic biopolymer lignin. One lignocellulose biorefining
strategy utilizepretreatmentollowed by an enzymatic hydrolysis of the cellulose and remaining
hemicellulose to facilitate the biological or catalytic cersion of the cell waltlerived sugars for
fuels and chemicalgl]. Utilization of lignin in these approaches remains a challenge due to the
irregular structure of the polymer, its modification during pretreatment processes, and the
difficulty of converting lignins to sets of homogeneous products with high yields asaligies
[11, 92] Due to the many challenges of utilizing the chemical functionality of lignin in higher
value fuels and chemicals, many process designs propose utilizing lignin as sdll@fuetom
both an atom efficiency perspective and an economic perspective, extracting more value from the
lignin is critical for the economics of a lignocellulose biorefinery as 15% to 25% of the mass
entering a lignocellulose biorefining process is compraddaynin [3]. Additionally, the lignins
from lignocellulose biorefining processes may offer novel opportunities fprantucts as these
lignins will exhibit unique properties relative to other commercial lignéeng,(sulfite and Kraft
lignins) as a consequence of both the feedstock souecafasses vs. hardwoods or softwoods)

[18] and processing conditions.

Integrating lignin utilization into biorefining processes ultimately requires lignin

solubilization, which can be performed at different stages in the process. Examples of different

approaches include extraction of lignin during pretreatment in alkabrashosolv pretreatments
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or incorporating a simultaneous lignin extraction and depolymerizgtBjnAnother approach is

to utilize |lignin extraction and recovery at

lignin-solubilizing pretreatment. These processes such as an ethanol production process using

agueous acidic pretreatment produce a nateri k nown as fil i g fnsatublec a k e 0,

hydrolysis residue at the end of the process. For a dilute acid pretreatment, key compositional

features of this material include unreacted cellulose, a high content ehadifled lignin, and

highashcot ent . Furthermore, the lignin is substar

modification during pretreatment. Acidic treatments of lignin can result in depolymerization and
repolymerization with the introduction of new carbmarbon bond$94] that can impede further
depolymerization and alter the solubility in many solvents. As an example, prior work subjected
corn stover to a range of dilute acid pretreatment conditions and found that increasing dilute acid
pretreatment severity reduced thdraction and recovery yield of lignins using NaOH and formic
acid extractiorf95].

Approaches for lignin recovery from biorefinery lignin cake can include extraction using
lignin-solubilizing solvent$96] or potentially include features of delignifying pretreatments such
as organosolv pretreatmeif®s, 97] alkali pretreatment®5], ionic liquids[98], or deep eutectic
solvents (DESs]99]. As examples of solvent extraction, a range of solvents were screened for
extracting lignin from lignin cake derived from ammonia pretreatment and enzymatic hydrolysis
of corn stove96]. It was found that aqueous ethanol and acetic acid could yield 51% to 65%
extractable solids, respectively, from the lignin cake at high lignin puritees<{6% total ash and
polysaccharides]96]. Ot h e r sol vent s, i ncl walerolagtona coulek o u s

achieve high extraction yields but contained significant amounts (38% and 55%, respectively) of

ol
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contaminating polysaccharides. As an example of an acidic organosolv extraction from a
hydrolysis residue, extraction of lignin from corn cob residue following furfural production from
xylan was performed with acidic dioxane:water (85:15, v/v) to achigwénlrecovery yields
ranging from 45% to 55%100].. Ethanol extraction and recovery (and the associated lignin
modification) was assessed for the hydrolysis residue of liquid hot-paeated wheat straw
from the Inbicon A/S demonstration cellulosic biorefinery in Kalundborg, Denfd@dq. This
work screened a range of temperatures and found that when a homogeneous acid Eatalyst (
toluene sulfonic acid) was introduced along with a fatty alcohol as a capping agent to prevent
repolymerization the lignin solubilization yields increased from 35% to 72%.

While lignins have potential value for bioproduct applications, utilization of lignin
extracted from lignin cake introduces a unique set of challenges due to its poor solubility in many
solvents and contamination with ash and unhydrolyzed polysacchandks work approaches
were investigated for extraction, recovery, and purification of lignin from an industrial corn stover
lignin cake and assess the impacts of extraction conditions on lignin yields, purities, and properties.
Specifically, the three tferent lignin extraction and recovery were employed: ethanol organosolv
extraction, NaOH extraction, and extraction with thendthy}3-(3-sulfopropyl}imidazolium
hydrogen sulfate ([§SOsHMIM][HSO4]) ionic liquid. Lignin chemical properties and recovery
yields were assessed as a function of extraction conditions. Lignin chemical properties were
characterized and solubility of recovered lignins in a range of organic solvents was tested. Finally,
Hildebrand and Hansen solubility parameters for selecteesgVignins were estimated by fitting

distributions of these parameters to lignin fractional solubility data.
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2 . Mat eri al and Met hods

2.1 Material s

Lignin cake was generated from dilute sul f
of corn stob&M Rtojtbet POEBerty demonstration s
[ 102n] summer 2018 and was kindly provided by |
South Dakot a, USA) . Lignin cake was dried at

a moisture content of 1. 3-or by mass su 9 aé¥dh, e wtahwea t | e

cake was manually ground with a ceramic mort
dei onized water per unit mass of | ignin cake i
rpm fmMmomube interval s fASrt ea ttdtealwasfth, 4 tthiemdd g
temperature in a fume hood for 24 hours, then
2.2 Extraction and Recovery of Lignin from In

Three gener al approaches for l'ignin extra
empl oyed that include ethanol organosol v with

and the i@GQxGHMI M| uHE@®r [t he et hanol organosol v
was heddriaed | ignin cake wésesl méasMER@3Esamal pnt Me
a reactor with 20. Gvamlerofs o8 :u2 i(owmo Ic/owale)s potn@H n

l oading, with or without O0.5% (ve3d@wgolb) osnalsfsy

together withlianesdt iarutboacrl.a vieefrleoanct or s i n stail
reactions. Heating medium wa4280BPi §tconengi hoth
The sealed reactor was placed in a prehea

reaction temperature (120 AC, 150 AC, or 180
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cool at room temperature for an hour. The rea
mm ashless filter paper then washed with 25 n
temperature overnight. The solgeat Ydmatmo tDei «
RE200 rotary evaporator, using a Yamato Scien
vi scous gel was obtained. The gel was dried a
day with 10 vol umeshoour daeti orno ozne dt ewnapt eerra tfuorre .1
dried at room temperature overnight, weighed ¢
were determined gravimetrically.

For the NaOH extracti ondsr,i edd. O igg n(i dr yc alkaes iwse
reactors reactor with 20.0 mL NaOH solution (
solids | oading and a stir bar. oThe baedl ead rdeag
After 1 hour at the reaction temperature (85
bath to cool at room temperature for an hour.

What man 42 55 mm asbl eds fwelrteedrpadent Thbhem t

vol ume and pH of the filtrate was measured, t
pH of the solution was below 2.0, then incubat
The next day the precipitated solids were sep:
pH of the filtrate was above 5. The washed s

wei ghed and characbédH2@28. bYyi eelhdd N\Rdn & TAReti me t
ThdmetByBul fopmopmlz)ol i um hy &Srabllyle M] [gHISO at e
ionic | iquid was syrtolBdrsoirz etdnh ea sl Li ne xptrriaccrt i voonr, k

l ignin (dry basis), 0.295 g of the I L, and 10
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glass pressure ti2aad)e. (Arte tGUms swaB6d8B8pped and

preheated oil bath for one hour while mixing
temperature and filtered (Whatman h#4az) .addhd iio
mL et hanol and dried in fume hood for 24 h. T
105 AC while the total mass of soluble solids

rotatory evaporsadloeb | Tgei gi whd okl tul ated fro

filtrate corrected for the mass of the | L use

2.3 Solvent Screening for Lignin Solubility

Using 1:10 solid to solvent ratio, 300 mg
3.0 mL of the examined solvent. The test tube
bath for 1 hour at the predetemmenadut empwealt
(ethyl acetate and DMSO), 60 AC (THF and met
filtered using Whatman #42 55 mm ashless fildt

remai ni ng sdoliiedds oweerréne agihe r att u r @@.0 m

2.4 Lignin Characterization

The comprehensive biomass analysis, includ,i
l ignin (AI'L), and acid soluble Iignin (ASL) c
wi th t-dhteept wroydr ol ysi s me5t 126 1 8 0 4 tIThhe MRBLO/MER
carbohydrate and acetyl content were measured
1260 I nfinity II H-RBR & & muh eSp7EH] HRoX tuhmna oBiea a't i
0.005 M sul furic acid muolb/imien.phTalsee adi ca §dlounb |

was measured by Ther mdVi Scspattfoph®&i omat er 3f 1L
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wavelength of 32CAnmn Shemptestwats déter mi ned
foll owed by HPLC o6GAl gsiesublfii sd.bb@dlprzrpar mevatr
chromatography (GPC) was wused to determine th
the extracted lignins, with acetyl at e[dl Osbamp | e

'€ aHid€ correl ati on 2 B uhaentteurno ncwchleer aern csei n(gHISeQ C)

et hanol organosolv extracted lignins at diffe
[ 105]
3. Results and Discussion
3.1 Characterization of I ndustrial Lignin Cak
Il n the first part of this wor k, the 1 nduc

pretreat ment and enzymatic hydrolysis of cor
simplified process flow diagram fat mehéesmahat
corn stover undergoes prior té&igexm®revalgngswit
the placement of the lignin extraction and r
operating at namep-D8&8 Me d eobsh ecc iettyh a ntoH e pR GET CC
tonnes/ day [olfOndi]i yni heciakieti al target applicat
yields of between 50% to 100% of this lignin
would add product wvalwue of US$12. 5M/ yfroltad USS
grag er than the value of the |ligniAa2asl@863%olid

The lignin cake contains sevdr avdammdalsskelse c
corn stover residue compri 8e ionforgalnli cwaldler s tv

i ntrines.g @edslswailalt ed § id0ii’nt ag rpahsysteosl )i & .hexd aiilns
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and dust that are collected during harvest an
® bound cell ul ase enzymes and yeast andl from
solubles that remain entrained in the I|ignin
wi || primarily solubilize xylan and acetate e

the enzymatic hydrolfyrsactisoh udfi Itilze sc eal Isulgms € |
| nor gamntircosduced to the process:S@ayeti neducents ul
addi tional pH adjustments prior to enzymatic I
is recovered during analeXI®d] d ndiodeadbti ieomodf ds
fermentation and the beer stripping stage of

are subjelitgui d osspanati on by first dewaterin
foll owed g yi élt dat[hledr2l]li g nti me carkiegi nal design,
to a solid fuel ®doicherdiwWhirla¢ethe ceganitos anace
l ignin extraction and recoveFyga)t gips paonerpdtoe

route to adding value to the process.
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Rich Liquor
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Fermentation
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to Solid Fuel Boiler

Distillation;
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‘ Ethanol: To
Dehydration

3
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Lignin for Value-
Added Applications

BIOO-

- @ Unquantified

380' B Acetate

E @ Arabinan

9360 @ Xylan

g O Glucan

= 40 -

2 BASL

g- 20 @ Klason Lignin

S ®Ash

0 -

Original H,O Extractives-
Free

FigWwreSidlmplified overal/l process flow diagram
' ignin at the Aback endo of the process, (B)
extrafcteeetrasi s, ande(€) veamkkpegosferdt hew adhi s wol
soluble Iignin. Error bars represent data ran

The |l ignin cakeFiugBat tCh twhss awesekséd and
treatments on both an fAas r ec eisvoelduob | bea seixst ramnc
From the composition analysis, the -onsgioalel
(Kl ason) ligniomr (&8s Meéd)orwidtlh 726 1 gni hi campohe
including unhydrolypedepblulyeasaechadi aes mal I ar
(16. 9%) . Lignin cakecmaeywzgimes oonmnhai n ohwdreol
enzymatic hydrolysis stage. These enzymes wou
extraction solubmeveowmpbeents, the compositio
mi nor decr-saleeldliigmi aci(ASL), acetate, and Aungq
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as removing solubles that were entrained in tIl
oligosaccharides) . The ash remains relatively
watienrsol ubl e i norganics, igkr asthmdbloyn dxter ibn ©ima s

maj ority of the mass of tlhiegnliingon swoaltcerk e ©©t® mpo

(cell wal | polysaccharides and ash) such that
appl i cateisonas pruergufiircati on step.
Extraction Approach
Extraction H>SOx Loading NaOH Solid Recovery
Solvent Temperature | (mg H2SOs/g | Loading (mg | Loading Approach
biomass) NaOH/q) (g/mL)
120 :C 0 (1) Precipitation
120 °C 92 by concentration;
Ethanol:HO 150 °C 0 0.10 Water washing;
80:20(v/v) 150 °C 92 ' Filtration or
180 °C 0 ~ (2) Water
180 °C 92 dilution; filtration
85 °C 100
85 °C 200 Acidification to
NaOH 180 °C 100 020 | pH2.0; Filtration
180 °C 200
30% (wt) lonic
Liquid
[CsSOHMIM] R Filtration; Solvent
[HSO,] in 100°C 0.10 vaporization
80:20
EtOH:H,O
Table 1. Summary of | ignin extraction and rec
This lignin purification and recovery <can

' ignin cake. Additionall ymotdhfbecatoillami bf zatieo
selective solubilization to yield ae.sgublsewermnf
mol ar mass) than the |lignin in the original (.

l ignin extraction and recovery from |lignin ca
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Tabl.e These approaches include extractions usi
acid, aqueous NaOH extraction at extremes in t
(100 and 200 mg/ g@sSa@Havi dM]t[4HeS O oni c | i qui d |
3.2 Ethanol Organosolv Lignin Extraction and
Et hanol was tested as a lignin extraction
addition, and recovery approach on yield and

as a solvent may be advant agaedcslaitnl tbdat kit boa
and (2) is volatile and can therefore be reco\
advantage of ethanol extraction of lignin is,

et haracloveredkhowmine kawee [[1dve wahsihc hc oinst ecnrtist i ¢

applications such as pol yaiO&{Adadniet i omes ionfs aocri
extraction and recovery yields of ' ignin whi
including (1) additional l' i gnin depol ymeri zat

groups, presumabyy ampgrt@@phgered!| hhiyidlriol ysi s/ de
recalcitrant cell wall polysaccharides to i mp
we l | known that acidic beahreymi settrhieerss riens uléitg niinn
i ntermedi at es are simultane®4alsMgr ecoavpearb | eb eacfa
repol ymerization reactions have an activation
form the intermediates, condensation of the e
cannot be preventbad bpamindnO@haddes awmtse tof nAc
reagentso to trap the intermediates before th

prevent significant repolymerization. For exa
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organic solvent in the pr esé¢ndadclhafe vtelde hd agphpicn

obaryl ethers without repolymerizati on

100% - A 100% - B
90% -
H;50s for 20% - T
5 80% - -
< Lignin Cake Source |Extraction|Recovery Approach E 80%
— | [original + Water Precipitation [m] U
70% —
> Original + Concentration-Washing | @ > 70% - “'
560% - [H:0 Extractives-Free + Concentration-Washing | O T 60% -
> H.0 Extractives-Free| - Concentration-Washing | @ >
§50% 1 8 50% - j
o 40% - g 40% -
S 309 £
c 30% 1 " 30% -
o0 [
- 20% A = 20%
10% - 10% -
0% - 0% - T g
120 150 180 85°C 180°C 85°C 180°C :g 5
Extraction Temperature (°C) 100 mg NaOH/g 200 mg NaOH/g g -§
L
EtOH Organosolv Extraction NaOH Extraction 5 X

-
wn
®

(@]
O

n
w
L]
2
=
g 5
E 2.5% -E. 30 _I_
S s B o5 o |
E 2.0% ]
2 £
e S
8 15% c
o 2
o c 15 4
5 10% g
5 g
B oo 2
30,5 5
&
0.0% 0 . .
120 150°C 180°C | 120°C 50°C 180°C| 85°C 180°C | ss°c 1so°c| 3 § 5% [0 w0 woc [ st o [ s
No Acid with Acid 100 mg NaOH/g | 200 mg NaOH/g ﬁg §,'E EtOH Organosolv 100 mg NaOH/g | 200 mgNaOH/g
EtOH Organosolv Extraction NaOH Extraction | § & C8 Extraction with Acid NaOH Extraction
Figu3eRecovery yields of lignins from (A) et h;

di ffering temperatures using two approaches f
H2 SO4 duextnrgactthieon and i mpact of acid during e

water exteactigyeasn cake. Lignin recovery yiel
extraction and ionic |liquid extractialn. Compo
polysaccharides (gluc-aoppumaybéae, canakbnhankfkErand
range for duplicate measurements.

I n the first set of experiments,-cahal ympdc

et hanol organosolv extraction was performed u:
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l ignin recoverly werecctcompacepdiit d4eiosebygf wavbtee
antisol 2encto)ncaemd r(ati on of the extracddaroinvdd qu
solubles for the 120 AC condition up to 30.5 |
precipitate the l i gnin foll oeldd@dmp awaetde r | iwgan
precipitation using water dilution versus con

of hardwoods and found that the concentration

contents and | ower arlomathe mryadsenxtyl waearok,t ethh e
from the organosolv black | iqudr gBgsulwhedei nh
concenwasahimgp approach resulted in slightly h

(20% to9o. 3MoB8%Wvated by this, subsequent tests

maxi mi ze yields. The | mgpaqtd 2o0fmgt lye ba ddniatsisg n d

extraction was next tested. The results show t
with increasing temperatures and significantl
additionFidfd) aciPdi ¢r work with ethanol organo

pretreated wheat stradv dtydrloé ylsnmnisi cesi Au® de&md
in Kalundsborg, Den#aralkhdusiecep ve0d y5 b yEtp@OHK: cH pi t
al so found increasing lignin extraction yield

20 (6% t{d 023 %)

3.3 Al kali and lonic Liquid Extraction and Re

NaOH and t hle&SiGdMli M] l4H i@ d8 0 :2QWe rEe¢ OmMHe Ht as s e
for their ability to extract and recover 1|lign

solvent for lignins and xylb&®®d 43 nkalglesasvi &a hf a
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el evated temperature. This depolymerization F
increasing the phenolic hydr oxyl content . T h
solubility of Ilignins in aquebuoemat kal iignidne
resul ts for al kal i extraction show the tren

temperature increase the I|HiginB)n &otrdbdtyiosuds

more |lignin couldlbetbhabhrasted ubené&i BR)k,0l oOr ¢
with 89.6% |ignin recovery yields wusing the h
al kal i | oading (200 mg NaOH/ g | igpretcaekhéegpd P
stover |lignin cake used iimgt Heé Op rmygs eNrmtOHwW ar K i wo:
a lignin that was a suidf{abmal pepéydke repl acseme
a wood ptihe&Preei ous work investigated the 1 mp
on the extraction of l ignin from corn stover
NaOH/ g lignin at 85 AC and obtained &«\erictty o

pretreatment) to 71.5% for[ %51]eOtihmediwomk 3 awers
NaOH extraction of l'ignin from |lignin cake
enzymatic hydroll ye4)st ovassheat esmiraeawd t hat usir
mg NaOH/ g biomass and temperatures up to 100
could be recovered with temperature and al kal

The wutilization of aqueous NaOH adeanverdtr
chall enges and benefits. One challenge is pot
estimated NaOH cost of US$800/htigrmree,t tthegnaddaea

yieids $80%) at thei .lepwledO0 anhgk aNa OH/og dliinggni(n c a
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US$0. 026/ kg lignin recovered. A second chall el
i norganics that can accumul ate in process wat
facilities with a goal o fc had Hieem\gien g sn dth ez @rod e
p-c oumapCat)e e(sters that may be an i mportant re.
using [ ObAdv ant ages of utilizing NaOH are pote
yields and that I f these lignins are used for

solvent and catalyst during resin spwvEehgsiun, t
operaftionh]j$ oni ¢ l i qui ds have shown promise as
solubilization [dUa5S]nwgelplredas eatmanalsyst for <c¢h
' i gnins by, for exampllelldlacithéeéatungedepwowbyhkn
extraction performed at 100 AC gawd) a wbidebti !

similar to theaneaduwylztesd fedrh atntod aoddgriingd3 ol v e xt

3.4 Characterization of Recovered Lignins

I n the next part of this work, the recover
assess how extraction and recovery of the [I1ic¢
puritgonftent of contaminating polysacchari des)
the | ignin. First, the |l ignins remaining in
l'ignin in untreated corn steveacidngrehaeat men
i ncreasi-higkiggpnfilmhsarwi t h decreased extractabild]i
sol vfenGG®BJResul ts for polysacchRirg®e sthprwi nmahraitl y
recovered l i gni ns contain only bet ween 0. 99

Furthermore, these |l ow polysaccharide content
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of the total polysaccharide content of the ori
the xylan was | argely solubilized during the
as the lignin cake FomBy. coheaunkdydBobW%zegl aal |
the |ignin cake would be expected to remain i

Monocot l ignins (such as corn stovef) ar e
hydroxycinnamipCAaklidlsi,gnine |l sstdii ngbi |l ity as a ph

formal dehyde (PF) resip0A ddaarptlehrtes\ |i isn keexdh etcd ek

exhibit higher reactivity with formal dehyde ¢

as it should cont aomtplosso ti @eamctoinve hei tae ® mianm i tth
pPCA content is impacted by both the pretreat me
stg@®@dbH]so for | ignin applications such as PF r e

presepAd itgme n ester bond.

The espgceaunmap€aie content of the original I i
was next determined and selWiegB®I|. kFd pC#tecsounlhtesn tc
in the original l ignin cake is 35.7 mg/ g | igni
than in the originapCAbLhgneat edteor bosdover hagtl
catalyzed hydrolysis although the exact condi f
t he inittdavadr ceorren mot di scl osep@A CPortvemiusofwo?9 &
l'ignin in a commef®badsudgygdstiidng otrmatpf vheans c h
already been solubilized during the pretreatnm

t hat for the conditions tested for t hei .aeci di c

61l. 4% to 8EAS®Wptef st ke §B)p,r eisediveat i(ng that th
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both recoverabl e aRi @3¢l athii vgenF ypduB)ii,g haengolC AH idg h (
content s. T6A cestuémntss foor the NaOH extracti
est epUAf liesd retained I Ri 3IBe rwictohv eornddy [1~i3g0M s t(a
temperature extraction (85AC) and <15% retai
extraction (180AC). This is |pClhelepgtdue bbadt he

catalyzed hydrolgshas(baponondbcuomeéenbedd BHar aqu

recovery of lignins fronm9d&bi]lute acid pretreat
3.5 Solubility of Recovered Lignins

I n the next portion of the work, the sol ubi
of organic solvents with the goal of understa
l ignindés solubility. Themeothaeol 3 best edl ancla
ethyl acetate, acetone, THF) solvents at a |
' ignins included (Lignin 1) the acidic ethanol

cakrFe §(B) , stahmes condition (Ligninfrge ulsiilligg n hea k
13) , and the most severe NaOH extraction and
extr afcteeselsi gnin cake (F2@®®) mg NaOH/ g, 180 AC,;

It should be considered that the recovered

and can exhibit distributions with respect to

subunit s, as well as contamipmapiengypdlgsacol
i mplication for this is that sol ebisloiltuypl @f vle
insoluble) but wildl be a be a percentage sol u

be effectiwgyecertaohuliubisztnof | ignin polymers
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fractional solubility of | FggiaAge fimomi whHiec ke ng
interesting trends can be obser veexdt.r akitredt ,| iig
(Lignin 3) exhibited significantly | ower sol
extracted | ignins.diPfoffemdnaads rma)y olnes d wa ttd edsie
of the recovered lignins. These differences i
during thepeatesaséeés o Further more, the |l ignins

the extraction and recovery yieldBi @44 .a9n% f or
89. 6% for theFNBBH eAxst rsauccthi,on n( addi tion to th
undergo during extraction, they also represen
Il ignin cake. Slight differences in fkeaktegdin
' i gnins usingetrisarsr dvwe( wiag eien kit guaichi FA&s! i gni i
Potenti al explanations for these differences
the extraction process that resul.te 137 . @i%f fveerr e
44. FY%HpAB). These different yields may potenti a

properties and resulting solubilities.
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Figu4eSolubility of aandiNax@Hrlaarneld dnganonsoliwn
organic solvents, (B) Pearson correlati
properties, and (C through F) sBleseoltubibntyi o
et hexdlracted unwashed |l ignin cake (Lignin
data range for duplicate measurements.

To further explore the relationshi bet we
solubility was regressed against several

descri bsopawoleynmer nteracti dcnsfyBandThpe echost

§ §

@ Recovered Lignin 1
E Recovered Lignin 2
O Recovered Lignin 3
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Dielectric
Constant

Recovered

Lignin 1

Recovered
Lignin 2
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0.57 0.62

Recovered

Lignin 3 0.77 0.82
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are correlations between solubility and

Fi g€ , di polFi g mermtnd( t he di pol e

Hansen sol ubFi §&y plahriassmettreernd( of i ncreasi
polarity with a maximum sol ubil itxgtraoct &®MSOi @
including a commerci al sof twood

[ i gni nbi(nidP@)b]t ohi s r

esul t

has

al so

Bot ab
descr |

f g¢ cd oi rmther ;

k r avfoto dl isgmian

been pred:]
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simulations to show that model l ignin ol i gome

solvation in solvents wW3.GlJh pol arities similar

3.6 Estimation of Opti mal Distribution for Hi

Pol ymer dissolution in a solvent <ceaen ghe pr .
Hi l debrand or Hansen) to the solubility para
Hildebrand solubility parameter is shown to b
FibE). A similar | inear correlation was.ebseryv

the distance between the three components of
fractionatetil&Hatvevergni i a wider range of so

these curves would be expected to go through

trdmd]

One key feature of these results is that t
the solvents and that these differences in sol
chemical properties. @asissffractimfomadt isomnalbipn e

fractionationo approaches to fractionating |
within this distribution. Notabl vy, prior wor Kk
have ausheadhary soluble/insoluble assdgddowdna f or
gualitative assessment (insoluble, slightly,
the Hil debrand [s204 ]|Mitliivtay epatbhamethers, a fr amew
predicting Hildebrand and Hansen solubility p
represent a range of values rather than a sing

of lignins.
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For the Hildebrand solubility parameter, 1
par amet erilefves@ahde bibigghilni gnankédy term deter mi ni
sign of the eweraglyl ofhimb xAhge#igti cal val)ue for
can be defined for a polymer solute in a solwv
FIl eHuyggi ns sol[Wt2i0gh h&tldygr ¢l ds a neggdhiiana or Z

comprises the feasible region for polymer dis
| | ¥ (Eqn. 1)
Since a positive and negative solution sat

this expressiiooh Bodyueben| bowendébe( feasi ble re

TR 1 T F (Egqn. 2)

Wher e

T h ¥ (Egn. 3)

T r 1 Y (Eqgn. 4)

Pol ymer solubility I S typically treated k2
solubility parameter 1Is treated as a single v
popul ation of pol ymers that I's Imohadcspenati
However, for a heterogeneous population of pol

be both polydisperse and exhibit substanti al

l inkages, monomers,alandexhe@oonasleqgudeaemtlty,onman
solubilize a Subset of l i gni ns whose sol ubi
functionalities, more closely match those of t

it i s atssaineidgnihna padpiytimat oins exhdibstmsi Buti on r
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Many probability density functions could be u:
normal |y di str ihgsieesdc rpiobpeud aktyi otnh eg Hpoaprud adti aomd a
deviation i(s assumed. Using the analytical S (
function (CDF) of a Gaussian distrliibeuwst iwvan,hitnh
feasi bl e reigison for solvent

00 7 1 1 & — —
" " c, Vc, (Egn. 5)

Next, the gemdydest faotr best fit thesekpent mer
with solubility data for |l ignin were estimate
di fference between the estimated fractkEegna; of

(],,:_fgﬁg"ﬁc)/‘é/‘and t he actual mass fildctwieore dfi rsdl dkelt

YYY 01 of 0 1 n  —
(Egn. 6)
A nonlinear optimization can be Upgratnodr med
dLi ghimat mini mi ze RSS:
[ ET 'YYY (Ean. 7)

U egdrer “a
Using this met hfodrosdcpod, that venl oemi ze t he
gi v®mwere esti maftmidn sdesaimcghi ome i n MATLAB. The s

parameters is completely empirical
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0.18 4
05 .
A A& (MPa®?) B ¥ Recovered Lignin 1 c 03
- 0.16 1 4.5 35 9| emmmRecovered Lignin 2 0.8 -
2 i 5.0 —_ igni o
u:) 0.14 N 33 Recovered Lignin 3 8 07
3 ——5.5 T 2 s
g 012 1 MeOH: 90.8% £ 206
s —6.0 @ = )
w 01 ~ 29 4 —
o £ © 0.5 A
o DMSO: 97.9% o7 | £
5 008 - ] & 04
] IAcetone: 52.6' 25 — &
= 0.06 4 @] b S 03
& g 23 =]
% 0.04 - THF: 46.0% b= 3 0.2 4
= 821 -3
0.02 19 4 0.1 -
o] T T T T T ! 17 . . . . . . . . ) 0 T T T T T T T T
10 15 20 25 30 35 40 35 4 45 5 55 6 65 7 75 8 35 4 45 5 55 6 65 7 75 8
Estimated &,;,,,, (MPa"%) A& (MPad5) A8 (MPa®3)

d i atlL iognifmy demonstm@ani (@)t hbdei mpacimaocked di
i gnin, for Lignin Gl,gni(;891 itdel ieses)madmred snteamd
(i gni n, dashed | ilbiegni mofoma @lblpul At eenl odgni n:
of squares (RSS) for each of the three | ignin

FiguseExamples of parameters fittedntiost &@nddel
ev

Using this approach, popul ations o)fegHsil deb
were estimated for(Fagp.anhse aorf exadmpelse ftoa 1 1 1 uc

t his appdgdg/asah,i butions for Lignin 2*@irgB)pr esen

Al so shown dretteisg iprladtedarse | ubil ity js/addges f o
3) fory)=a MP&&nd the mass percent of the |lignin
to il lustrate hewcenkahtec hdeiss ttrhieb urtda mgne fofr sol ubi

sol viring B) ( This approach is applied for each
esti mat edegmeeasgdé from °2Bi §B)t owh2i9c.h0, MPoat sur p
close to the values for Hildebr a%)d asnod unbe tlhany
(29. P)>MPavhi ch exhibit the highastl9brRaQdhamrr r ¢!
reviewed prior work that demonstrated the sam
in the range of solvent Hiel.dgebpyymiddisto@uitid i 29

ethylene glycol) for a diverse range of l i gn
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hardwood soda | ignin, a hardwood Il ignin deri
organosolv hardwood | ignin, and Anat iwoed& har
esti Mmatddbrand solubility par a’mtdreras mamge nagf
using group c pa.7fnicbruetaisoigmrgte lveadl tuyeggener al |y r esu

RSFi®B) since a breas nhacéssarythe achieve par
Wi gshioi/i 20 . 0. TMPavadgepeads on a number of othe
pol ymer si ze, the polymer volume ial segpuodi on,

i ncl ude® [228p MP.A7"° 1IN2P23]

3.7 Estimation of Opti mal Distribution for Ha

The Hildebrand sol ubuisleidt ywiptahr aswed tea s sh afso nb

hydr&dgedi ng solvents and has been shown to be

success rate [f25]Tphel adranpeelnyseorlsubi | ity par amet
to the I imitations of the Hil desbl aedtappteaak
include three components: enegggydopol ege,nimel a

and hydrogem|[ DdAhlJdinng hEe next par t-ofod n ctehpet , woar
mat hemati cal framewor k for estimating popul at
devel Wpiemdg t he Hansen solubility parameter ap
solveanh be descrdiimedhsaonal tled ¢ehpBioaddcent br ac
radi e rRin t he di s)p)erdsiinoenn Sfuoprpcle¢ s(eet ar y Bsf orn
recommend by Hansen (2007).

To determine values for Hansen solubility

feasi ble regions, a multivariate Gaussian di st
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the distributions for the three jgiomprenecnsis of
,Ecidiescribed by theg;p®wpieiptsiep ameamst apdard d
G F h, & h, 5 ). This popul at-diomercoimpmdls esl| lai g ha

axi s assumed t o DbTehe ipirecabrd byi liintdye ptetnadte na . mul t i

Hansen solubility parameters I|ies within the
00 # 1 7 TR T R TR TR R TR T & (Egn.8)
or:
00 s 1 & TR 00U R TR T r 011 5 15 T & (Eqn.9)
where:
1 oy OV (Eqn. 10)
16 Tog OV (Eqn. 11)
1 h Ton Ve (Eqn. 12)
T % Toq Yn (Eqgn. 13)
T h 10y Yn (Eqgn. 14)
T h 1oy Yo (Eqgn. 15)
Using the same approach outlined in Egns.
deviations for the |l ignin Hansen solubility p:

the ValgpeWoreWereEcier D & h that minimize the
gi VRemer e esti mame ch sfewmirathi e« mei n MATLAB.

Using this met hododiomgensiexraarp | gar aorhe ttehrr epeo
into two di mensiFamadBanddlBpr Esesneedesnl ts highl

range of solutions for each of the three sets
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with a particularly wide range of sol)gdtiadns o
the | argest NodlRbdaylfweast gr e at’ehet hmain i 8nudn NRFSaS i
to zero f or aundiquueer s$eo lis@tti odAfrsi fon wor k has sugg
val uRks rfoar 2°-01 MBla 1 3% PoMPan al kali [i1d®8iTmisol u
same study, using a binary soluble/insolubl e
par amepfser sc/ B/l . % 35MP &ci &4 . °1,° Minad, 2¢7 276 . %9,° MPhai ch ar e
contained within the estimatkidhBSenldB) of Oselat il
this was inteftdendeps &Homprobfs approach and n

i ncorporated such as different distribution f

O [ R, = 8.0 MPa%>

& A ;‘?22 B wetna IRy = 7.0 MPads 1'C.
7 SN [JRy=6.0MPa%% [
Qg 16 - E’IS O Bsotvent § 08k
= & (-3 [
g GBIG' 2
© c 15}
g5 ‘Z’ L £ =
6 S 5
2 = o 12 v ®
@ 10 Acetone — < © 04
° CIR,=8.0MPa%5|| & 5
s [JR,=7.0 MPa®s|| O =

[1R,=6.0 MPa®5 'g 8 O THF Q 02| ®
6l THES | O Bohent = Acetone OEthyl Acetate & = ®
Ethyl Acetate
4 41 . . . 0 *—0—
5 10 15 20 25 30 5 10 15 20 25 30 45 5 55 6 6.5 7 75 8 85 9
Dispersion Force, 6, (MPa®3) Dispersion Force, 6, (MPa®) R, (MPa®5)

Figu6eGraphical summary of select solutions r
esti mat éid mainBly,(n)gnamd standidrdLdi@wi bt gone, (
aH , Lignin) for Lignin 1 as a funct il nverfsuws ze

P, OBy ewHsusand (C) the impact of RO on the mir
circl ess rtehper essteenntdar d devi ations for the mul ti
solubility parameters.

4 . Concl usi ons

I n this work, lignin was extracted and rec

the dilute acid pretreatment and enzymatic hy
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of I'ignin from the Iignin cake was possi bl e wu
' ignin precipitation by acidification. Besi de:
di fferent approaches osl eghtadtfibdbareaoandsti onesl
l' ignin properties, and solubility. Fractional
be successfully predicted by assuming | ignins

to hlkeeierogenei ty.

5. Supplementary I nformation

51 Suppl ement al Met hods

51. 1 Est iOméai Diasht roifbut i o nSofl airb Palit iialtniedt berr asrt ch e

Hi l debrand solubility parameter, the squared ¢
i(lsolvientand tihieghilni gnadkégr menimng the magnitude
Gibbs free eqg@idgy Aofcriitxicmg ¢ d)ueamormet Wied i die
pol ymer solute in a solvent at t RHeurgngo dnysn asnoil cu te
t helpI¥0,t hlazl]yi el ds a negGaitainde compzerse sv dlhee ffe
for polymer dissolution:

1 1 ¥ (Eqn. 1)

Since a positive and negative solution sat

this expressiiooph Bodyuebedn)l boendébe( feasi ble re

TR 1 1 (Eqn. 2)

(Egn. 3)

N
5%
N
e
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TR 1 N (Ean. 4)

Pol ymer solubility S typically treated ks
solubility parameter is treated as a single v
popul ation of pol ymers that I's Imohaoadcspenati
However, for a heterogeneous population of pol

be both polydisperse and exhibit substanti al
l' i nkages, monomers,alandegshe@onasleqdemtclty,onman
solubilize a Subset of l i gni ns whose sol ubi
functionalities, more closely match those of
it 1 s atssaineidgnihma paoapytilat oins ex hdibstmsi lauti on r
Many probability density functions could be u:
normal |y di str ihgsieesdc rpiobpeud aldy otnig e dpfaprud agtianda
deviation i(s assumed. Using the analytical S (
function (CDF) of a Gawussian distrliibeust iwan,hitnh

feasi bl e reigison for solvent

00 | P e P JE\H_ ), EciEly, J;‘ﬁ_ 1, Eci EV
S g, G, (Eqn. 5)
Next, the gradytest fotr best fit thesekpent mer
with solubility data for |l ignin were estimate

di fference between the estimated fract i@/ of

(7,5¢ﬁgfﬁgg)faénd the actual mass fr a(dt iwer e ff isrod tu bd eet
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(Egn. 6)
A nonlinear optimization can be Upgratnodr med
dLi ghimat mini mi ze RSS:

T Ywyy (Egn. 7)

Ng

u g

g(_\
T m.

Using this met hfodrogdlcpod, that venl oemi ze t he
gi v mwere esti maftmidnsdesaimmcghi ome i n MATLAB. The s
parameters i s completely empirical. Feasible 1

could be estimated fromd4group contribution ap

A B C D
%= . T T
) 2 "
i a::.‘: DMSO g <
Acetate Acetone,
Ry =5.0 MPa®s Ry =5.0 MPa®s R, =8.0 MPa®s R,=8.0 MPa®s
5 10 15 2 25 ) %5 o 0 1B 0 25 0 B 40 i & s % % 3 0 15 220 25 30 3B &
8p (MPa®3) Sy (MPa®s) : 5 (MPa®$) 8y (MPa®5)
FiguTeFsei bility regions in each of the three d

for the five sol ventRsoft eesitted® (AamB)h iddP aBo Y0k MPsai
(Can .

512Esti maOptoinBiagdft r i b iHainceIe h & bFalriatmeUseirnsg t he

Hansen solubility parameter appr oacihc,ant hbee f e
describedlianenaitommée el Hhpf odrdd cveintt e Re® dRwa2chi u s
in the disperdimendioocrceay recommend by Hansen

tested in this work, these feasible Feguoers p

18.
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To determine values for Hansen solubility
feasi bl e reigatoemsGawmasssiuanidiast rwmalsu taisesru merd tthor e
the distributions for the three jgiompoeneews/s of
,Ecidiescribed by theg;p®pseiptsip ameamst apdard d
(.r hs Hhprg ). This popul atdiomecoimpmals eesl| lai gha

axi s assumed t o DbTehel iparecabrd byi liintdye ptetnadte na . mul t i

Hansen solubility parameters I|ies within the
00 # 1 7 TR T R TR TR R TR T & (Eon.8)

or
00 7 1 7 TR 00§ 7% TR 01 R T g 1 & (Eon.9)

Wher e

1 log OV (Eqn. 10)

T % Tog CYn (Eon. 12)

T F 1oq Yn (Eon. 12

16 1o Y (Eqn. 13)

T v Tog Yo (Egn. 14)

T 5 T, Yo (Egn. 15)

Using the same approach outlined in Egns.
deviations for the | ignin HansUesn nsgo Ituhisl inteyt hpo:

the JValgpeWorecreiBciesr h v h ok that minimize the

gi VRemer e esti mame ch sfewmirathi e« mei n MATLAB.
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52. Supplement al Figures
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the lignocelFlrwlnasiea sbiioomaCshse.md.cal Engineer.
He, H.PRhyesti aallogi cal and ecological signifioc

Trends Pl aln@3)S:c4i7pd.. 2106164 .

GossellLngni R.as a Renewabl e Aromat.ic Resoul
2011.

Shuai , L. Tawdr Bygi &8adal i gni n mdrneoeme r Clpa midtcen
201170.16) : -3p7.583.752

Sturgeon, AMMBchaat sai c, I-Qateaslty gead | @®lne aof a ;e
Et her Linkages: | mplications for LACESni n De
Sustainabl e Chemist2r3) &-48Brbg4d hzering, 2014.
Shuai, Ror,meltdelhy.de stabilization facilitat
bi omass dep8tyerc8pdRIDIDB).-33B. 329
RossbergEf€Cectenbfabpbrpcess parameters in pi
organosoBivoReasgonurnc.e s, 2019.

Kal ami , Re¢p/l aet ngl 100% of phenol in phenol i
| i ghouwr nal of Appliedl3pB8Dymep. Sdbaeade, 201"
Zoi a, WNVal] oet zatSitgreaanfs Sirdben a SSF Biorefine

Lignin PuriBiiacrags coonrl &e u,dyB@8BD.

Singh, Wnderestt aandi,ng the i mpact of 1ionic |
' i gnin via t herBioocnhaesnsi c&a | B idonkan @us@3s7..6 201 3 .
Dutta, Slur,veeyt -8aflr ,cgnre@ Changes and Depol ynm
Liquid PrPS eaausnteanitnabl e Chemibglty: & Endh0 hkE
10127

Hat fi el d,GrRasDs ,| iegn tarb uamay logytli dm:anp f erase a
wall characteristiPdandfa2 ZT®B PO 7C4 2hr3asses.



76

118Duval, ®&ol,vent ascreening for the fractionat
Hol zforsch(Qhp;-2@0161
M

l119Hansen, C. : dme Al tBjastkman ure of Wood fr
Point Kdl i ewschRap.; -3#4949.83 5

120Bart o@RC Ahgandbook of solubility parameters
second. e20-2F o.nl

121Lindvig, T., M. Mi c¢c h Al B EHou gygai nnds Gno dKeol n t boagseeod
Hansen sol ubiFlliutiyd Parasme tEQBsapl-2 ®W4i7a, 2002.

l122HanseHan€en Solubility Parameters: 2B1Bser ' :
546.



77

CHAPTERREE

SCALE UP OF LI GNI' N PRODUCTI ON FROM

CORN STOVER AND HYBRI D POPLAR

Il ntroducti on

This chapter focuses on the dehWebapiment 20
scdliggni n prsacduwc tainonal k anheitnheo dp rfedrr eaat pneajt e c t i
researchegroppg2alPlehe goal whaisgh olpipgnroivry,dec oncen
l iquor, afdel iwvgantier ciakseo | Wbhodo @l hybowdtysi s fFesifdl
i n |firgaaag tniAdLnPaHAI oprf b8 & &¢n d tbiagreidn pr cdhu dtodb elrisk e
[ 126, Zxhdiavrafptdedi8land pol y urle2athaen ep rfoodauntcsed | i gn
contributed to biochar re[ske@datt aor dMbnpamar St
Ref[s1.A2 5, 129and30lr work has Heers, doclkamtddwl eesdsg e
the fluctuating physical properties of the re
identindygovdry dempekagnufrecbati ng t oi nvhestei g atce

in detail Jin Chapter Four
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__(moms: Hybrid Poplar / Corn Stover) B Ash @ Glucan@ Xylan @ Arabinan O Acetate @ Lignir
100 -
N
» . 90 A
Alkaline Enzymatic
Pretreatment [ Cellulose, | Hydrolysis —~ 80 -
Lignin %
Solids Lignin g 70 -
- g 601 28.45
Y = 21.74 :
5 S © 50 4
Lignin > ALPHA Lignln-Ba'xsed =
Concentrated Black Liquor S;E:;N:"e aticdicic 8. 40 1
S £
Lignin 8 30 1
20 38.82 36.87
Lignin-Based Lignin-Based
Activated Carbon JMed MW Low MW\ Polyurethane Foam 10 -
Lignin Lignin 0 . 73,64 |
( f] E S( )N MICHICAN S .
M l.“\L! S( ,A.\ SEA.IE Raw Hybrid Poplar  Raw Corn Stover

Fi g22 ePrso mma(tlyef t a padonnedos,i t i on (orfi grhatw pba noema)s s

Corn stover aweduehgdbrhdk ptoipdaraps eanebhéembate
and a woody( Ibe fotmaasmsd tmipkeA B e Nmd radll eordi Fif gureenc e s
on a darye bamowme riFghh@2ewneh hgbrid poplar col
t han cor m2 6s tSdv8emB BHCawdn% st ov eascHhoang ehhiygolrdnr@n popl a
5.36 w3 %w&yd t al so has a highert &¢Ilvwith% caonndt e n-
21. 74wttt pazpThea nmoFiisgtumaee & lond editf f erent f ol
b i osnsa, not shownraw thhkberidgpopl aFprthe moi stur
and it was 8. 4%WH®se ravvmgosint isdadmalerdi fference:
|l itefaBpuanddd]i n Chapter One.t Daeapgmwlitehde sree aa tfif ¢
varied between the two types of biomass. As ¢
bul k dems iytr wes st rsuecviewreed,i tlieomnss wer e used than
a har dwhdwédhs suppl icehditplisat wrheagtusihweerdi t iedm$ cf ent
penetrationThendtcicalacetti @ams f or therebhgadi na

previous wor K 1f3ridm t he group



Fi gWBrHey b2 i d popl(are fwp opdaonheifl phs tdalv eer padeb ) aack | i g
a bucket .(right panel)
Al kaline pretreatimegnhi wasexsehetcitend mst h be

di srupting the complex pland earucatuie 38 di se
Cellul ose remains intact wi,thdutmexciegnuisfciesantbl|
Ssubsequent enzymathiec bhuyed eliijymemgh e bi omass fi be
the surfAdter atbe. al kKbl iac& (rriegthie apgameghldandn Fi
pretreat meanrte bo bdimesganser . i s commont lyacrke dlyiveu @ d

acidi ffid6dwhioah i nduces tthieatprigma kpgosstsd tbll iceg ntiooh rlei

c
n

i ngl ispdiidd separ atfiiolnt rmettihgrdt ]mamltheaser ess, u

[ 133tc.) or centrifugation.

Fi Pabcess

On Fi2gtuhree basi c process diagram for | ignin

Q

kaline pretreatment in a | aboratory digest
feedstock. Af ter the reaction, t hlei dorhaascsk. | Ti hge
pretreated bi omhsst her gpeanbzeyersastéidcr endy dorrol ysi s t
cake. The black |l iquor i s either evaporated t
acidified toepgwmecipghabhe Bhdall vy, t he fdorri ed p

further. research
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Project partners

Liquor |
Concentration Concentrated Liquor
* ALPHA fractionation

S/L Recovery of Lignin - + Carbon Fiber Research
- Separations by Acidification * Polyurethane Foam

Lignin-Rich Lignin

Black Liquor Powder Research
Pretreated * Biochar Research
Biomass (Pulp)
Biomass: - Lignin Cake
* Hybrid Poplar Enzymatic
+ Corn Stover Hydrolysis

Figa4eLignin production process diagram

Fi gus botdse i fzipmalhe gh | keht eg@inglenteanit! ed st eps
l i gni n nrogc svheorwyn i n tThhei sp rdeevtiaoi ul se df ivg oetwe dj micd u d ¢
separoatliaocnk | i quor fromipgetar paktsd . bé&dimegneiamci i
sepafabedt he aci dbiyf iceedn tbrliafcukg altiiqouno,r aft er whi c
cysl ¢ o r emoveea ilampluowead elsy, Toewtpt i mugat it hmoughp
or troubl eshootrwgnt emoht isglag &1 iuaMabasttibcdtoew at i
processeveweomped using hybrid poplanhgaescanty

for the second half of the project.

\

Alkaline Pretreatment Acidification Centrifugation
=

CLEMS®N

,
Concentration /

FigabeFinal fl owchart for | ignin production
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Process Development and Optimizat.

Scal e

A | aboratory digester was UuUsEBli § orezotmamucg
capabl e of easily swiyt clwiitnhgehbh eigpppeh tt wanmodde s
2 h The eftuspsts mabul eswirtelacd @par at e dchhnezadibiresgsd & or
intermedi aTki chsebepswriadgtilhees steam in the int
i mmedi attehtepaaft enpot hegeby down fast. The sec
mostly in this2fArejapector( cibq@atbema2a!li Gghmn sFic § amé
can onlkcy od emda phvter as only the hazardous bl ack
pressura@uand ohe¢ dte Ida cakt eo fc haanmbienrt. e r me

Originally, foums®mal Itérre rde.ghetcdagea owdirgdh eaa clh
setup would enabl e wus tcoonidn v eextrasglaaned alg tf d re r @ «
ti melsat wadsonae significant OmLsp aifseeaim Ghhaep tperre vTiw
howebecause of ghdhmmandharaogfe the coll aboration, we
t reeact ianf wrdtaflesdt dien di vi du afl orh efacddwsrp arcetahcatno rfsori s
ontkicghambhad) pltodweces from only one set.Tof cono
achieve this, wer-usevwaisteohuepd tlfor atintged h2e@rh i s h s mhb @ rc.h

i ncreased W dtewbabatvartstdisaner eact or needed to cool C
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Fi gR@Dd g ewsittelrr €aat orl itch a b, e pabnede dt)fgrecsm etrhe si de
wi t houtr itghhet. Ipiadn e(l )

Scaling up the process -atabeneqesdmagmgtegdsa
containers and mixing apparatuses, to accomm
efficientt hadgwsiimgdi mamncwaanlt | abor to prepare s
transfethéhdmgeéest er, |l oad and wunl oad, and th

| aborapoeynul t heme ti mewe tiehieghhtascumdddrygr aduat e
and uviwoietlienngginy s c howmdnttre abcuhteerdswtid ht lgireapr cjae

dedi cati on.

CorSnoMiequiSd] Radt i o

The |iquid | oading needed to change for <col
significantly more | iquid than the wood chips
to seven, then finally tofhiwceéeeastladyrhea trbastei noe sas!

it burnt on theekrsiiglkey of the digester (
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FigareCorn stover burnt on the bottom. of the |

SoliiLidguwe pdar at i dingsu o Pl eatrcrdd aotneads s

Dur i nign itithtiearlat i on, bi omass wawi ampalrlat ®ide \ a
from a s(leevfet tpav2@gT hi 8 mMeatgbhocd ow and bot her s ome
|l i msted of the sieve ahd itrher dnegihth brri sscku codd shpr
mesh bags for morAs ¢fhfee @t vawen | sl aapbggnmesdtsisare nt |y e
|l i ges®epar ation relied on gravity, with the mest

andanually pressed to aid extraction.
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‘ A = \
Y > h F
b Y /
\ \ “
" b
.z\lg 4 ¥y
RN S

T )

Fi g2a8Separ atih

u'si‘lng”wsieves (Ieft panel ), sep
bag (ri.ght panel)
Due to the inefficiency of {AAdasnfiBonNietriea l m ¢

recover ed@ol Fgachi was obtained directly from t
whil e fBohcgnion was <collected by soaking the
resi dual l ignin adhered to the biomass surfac:t
l iquid could be extracted by handnpréessuhby ¢t¢t
and | eft to sfoalkl cowiemgnidepy,. tThhies soaking | iqu
fAol i gni n, i nvolving acidificationr ecevilthriisii Bg al
ABo Imagdrei up roughly 30% béoeatlyrprcovengddl tbae

Until t he sfuBmelri gonfi n2 Ow2absh er eacpopvl eet ecdigdhet rh pparnee
i n Fi gaurrrei v2e8d) i, n wSrdguileevrebde rmuch more | i quid fro
original maektihnogd " B0 .Thgnappredsndartapkeds pr es

cylindrical drum, which uses a screw mechani si
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the solids in the mesh bag. Using this final
13.6 L initial | i qui drue chocvhegreye s h gy ar mpnov BB go

recovery which aofasblaaokinldi duor

Aci di fMectahtoido n

I ni ti al pil bBaecsi diifdlcmdadn of bl acwhiltadgoukor u:
houwist hout reachingantireertearwad esli pmii f<i cant f o
di oxihche needed to be controlled with an ice b
the I(seeoFRAgsurtehi s proved to be sl ow awd i nef"

changed the acidifying agent to concentrated

e

FingSBAe:idificatih sing carbon dioxi de

SoliiLidguwe gdar aRri eoonispii g mit Adfi doBh a kiklg uor

Il ni tilaél pl an lwvearsc httecob puwda corwm f i | tr atthheon t o
precipitatedacliidgrdiirdf{itbétctkhbé BdfjnowertvBegueeover
wawsnsuc dassfswlowwh é cl bgaghdoayentod atlalitfagl detdierrg pape
with differnWhhnatrmpot®@0B5meE sWat man OhF4Gh%k0d b8 and

09803%Cm land Fisherbrand @mh aasnsonfg. boshrhpdrésg& G4t B0 /
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was put oh aswpmedidhecheusts wel coul dasonotfaftliteed f onrd di um
(cloth, paper, met al meEisiht, evi@inihdg ae weobmibd anlak ¢ omf
cl oggitoire eqwo plmeak axloomgeAs i bhinslielmperdogr ess of
entciorlel abor at i osnhi tween tdeeicfi Wgeadt it conf oirn sttheiasd soefp afrieé

The first ¢€ent t hi ghgasde pas etdottiaoli ,c awpideb t spLo f ]
centri f(umgieddlud emah®Wi tihn aF ibgluarcek & 1 o u old o8ustS oovie r
t hieni ti ali dBi.® ILoaded, t her usetxi me§ ugaesneéded:t
separation,30wimimeazrcsmad yr yfwa rt hoecauerht | B ganrudp
decanTmthinsggme was wnmudhtdiptliicemal Twhaesdp anrga tsitoenp sst e

i mpr 6o-@0l dt wet pur c-bhaisgla p dcceattw(irfi gdhe padlel i n F

Fi g30eOriginal (flielft,r g2sGmemn)ls ectéurptr r it hegd . Sulhe cen
after |l igemhnddepaspdt6dibbdiglpaccentyr(irfiugdhde panel)
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WashinPgr ang

Il n an iprud pdgtnrgi alrp rpa gadsshe & & meobhieomi cal s 1 s ef f
recovered and recyéel emd, % rl eosw latsihn gc oint eanrto U n dy n2
without [rl8ddQ@uerr yprocess does not i nclude a ¢
extremely high ash contentwa sfhoirn gt. h eWhrae c onvaekr ees
challenging is that |l ignin yield decreases anc
steps, maki ng centeaspgegiaaliloyn ftad rMbesscoarluns rg teoofv eg
particles r etpadiamed iinng tcheentlriiquwigati on, the sep
moi sturleecawseeret aref fnoctds yd wmrgi, n ga nade matdrdii ft u gantail

steps introduceamoueadandempretlicdeisd

DrviMaeghods

Careful control of t he dr ydaommngs ilngetgehinoyads i pcraol v e
char ac.tFerlil sogweimtgr i f ugati on, tphued difientge v sudbdd t hngae
hi gh moi s ({sekeieg &oWatcaurutm dr yi ng proved unsuitabl
due to the closed environment of the wvacuum
evaporated water. This |l ed to water recondensi
Th eared, an-diryi omgalswasr i mpl emented to remove

foll owed by a second stage in a vacuum oven t
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Fi g8ilegnin recovered from.centrifugation befo

Tr a

mat

pr a

esp

ope

ma i

per

per

i niSaffeand

Given the addition of -pealseoonegui pvoearkti ngn d

erials, It wasssestmabhswr eonadiuetyramsded c omrg
cMoséespersonnel working in production had
ecially at thigaismead aablTdhheegpereendeaennd

rati on ad a fpanogc ehdatinhdel sienqgu i p me nat atnlde snddtlleer t @ | s
ntain a safe working environment.
The safety measures were primarily built a

sormcelroer t rtaiima nlgabdriatsdry users under we

son training, followed by close supervisi ol
nsitioned to independenhsuwenrivdquietshain@omst i n
i sltfa npcges.sniubb it e pl e personnel were present to

ndard operaPshgwpr ec sdhodvmsertddsSiox A
Personnel wpr & d ngd tdafra migl i ar wi th all aspe

s ulrthees .f opbkeowionagl pr ot (P P)BhMavse pe cheva pdyeedbintgy
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chemical resistantlgboffeeatsghepbdanied apaphns,
f ofri ne powdefitgmage and proper | abeling of al
essenti al for working in a shared | aboratory,
in progress tasks | i ke drlya nfgactihlei traetceo vtelree dh d
heavy materi al s, physical ai &9 | loighamt baltlcahes
processingilecatgomnsesmi eehsupports, such as <cha
|l ong hour s.

Emergency preparedness was eprpsgradebynfgampl
suclprassure 1 elzenalseet yv aslhvoewser s and eyewash st a
per soGinveeln the hazardous nature of the materi e
bl ack |Iiquor, and concentrated sul furic acid,

These practices incbudgtderaegabandohsgtiewawasng,

Mat er i Md tsh add

Material s

Hybrid poPéogul  NMGi,gr a) xwBs mdxiameawidc £ iriom |
University. It was harvesyealtdntdiaeesawyth020e
of 15.5 ,amd 2WeBe cdnebarked, chipped, and dri ed
Commer ci al hybrid corn stover was obtained fr
corn stover was harvested i,an@cwabkbesubpedstied
first with Vermeer BG@4-ii0Oclhasieege, ndelr| dwed eldy
Bl i ss Hammer mtilnlc hf istiteevde .wiTthhe aallk al i ne cooking

site DI water and NaOH pellets from Millipore
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Al kaline Pretreat ment

Corn stover and hybrid popl ar-Lwas asstonebeple st ¢
tumbling pulp diges®26r wi( Ra@2e diPmbdeb«AUPERUI O,
bi omass moisture content was deter mimhenr tulsa n ¢
bi omass was | oaded into the digester and mi xec
was 2.5AC/ min until the target tempeTablue el w
shows the different conditions uspti29RAhRtdepat b
reaction, theodligestetri waasataospheric pressure
fell below 60AC, then unloaded. The black | i g1

a In2iocron nylon CONIE mésh okihl Appl b a @ggadeldonr B

stai-ntlesls basket. The pretreated biomass was ¢
the black | iqgqguor was acrhafi fDetla icotre ds. tSotraendd aa td
Procedurfesr (tSlOsgl kal i ne pretreat meanrte opfr obvo tdhe

in Appendix A.

Approx. -
mg Liquid Startin V of V of Original | Approx.
Biomass| NaOH/g | .. qud | Reaction | Reaction . 91 NaOH pH of H2S0s
) i solid o biomass . black
type biomass . t [hr] T [°C] solution - black used
: ratio [ka] liquor :
loading [L] L liquor [mL]
';yb“d 180 | 5:1 3 150 3 13.7 12 13 200
oplar
Corn 130 9:1 0.5 140 2 16 14 11 185
Stover
Tab2 eReaction conditions and bl ack | iquor pr o

Lignin Precipitation

Black liquor was acidified to below 2 with 96% %, to precipitate the lignin, before it was

placed in the 4C fridge overnight to let it settle. Then lignin was separated from the liquid with
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centrifugation at 8000 rpm in a Beckman Coulter Avanti JXNentrifuge until the phases
separated, resulting in clear liquid and-lijgd lignin. After the first centrifugation cycle the lignin
was washed two times with a 1:5 wet lignin to deionized watto, using centrifugation to
separate the lignin from the washing liquid. Lastly, the lignin was airdried at room temperature,
then dried in a vacuum oven at 40 °C for a few days. The dry lignin was weighed and characterized

according td104], as inChapter Two

Lignin Cake Preparation

Lignin cake was prepared from the alkaline
enzymgtdiroml ysi .1 eWaodamwllpciom nFisgoversmnaddloespan
in Fipwuwe f32 st washed by | oading pulp and DI
speed. This was repeated wuntil the pH of the
remove the wadtreiredantdo t5h% nmoaiisrt ur e Icysnite,ntwa Fioe
wood pulp wagalaldde dbuwokeat 5al ong with DI water
Cellul ase enzyme blend/ §CeBhgsvEBid¢c2DeNmaokym
mg protein/ g gl ucanci tarlaotneg bwi ftfhera (Op.HD 55 .M )Na a
the sample weight. After mixing, the bucket w
at 50 AC, satnidr rmeadn ueeMrdiryy h t2 pherue.ls poHh wWa sy umesa s3W2r) €
adjusted back to 5 wusing sulfuric acid I f nec
l ignin cake was washed by adding 4 iLs o&dt D80 @

rpm, decanting the supernatant, and then repe



i AT R v % .
Fi g32ePretreated biomass of hybrid poplar (1 ef
hybrid poplar during enzymatic hydrolysis (ri
Bl ack Ligquor Evaporation
Bl ack | iqguor concentration wawWwi gadlrme8t ioluk

(right pa3Begl eigumiifptiphguadarre Edwar ds RV8 rotary vane
Series 275 vacuum gauge.-l iTther bil rmccrke nhei ngtuso ra nnda
mul tiple times until evaporation stopped. The
from 10. 4%, while corolisdovent édntackoglk eqfutoo m s

panel i33. Figure
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FouisTi @amsihd m @ eadt roscopy

Fou#tiramsform infrared spectroscopy (FTIR)
Thermo Fisher Ni col et i S50 FTIR spectrometer
refl ectance (ATR) accessorajsliimiSpedtwiat lara dioh
the wavenumberttroa d4goéOndotfchmi®d Or esno’.l uDatoam arfe 1f iclm
MATL AB wistnho otthhedfatt mct i on u-&bophgyt hel Bavi amkdya m

of approximately 32 cm

Foldinnc Andlewsi s

The phenolic hydroxyl co-@t ental t  uLmBebdRsi brosdtd
t he -Ebbcalteu r eafgoelndt, itshedni Isuotdeidu i Ocar bonate s
g/ mL concentration. The standard solution is

generate the¢ settaiagmdect hee sample solution, |

70% (v/v) ethanol. A 0.1 mL aliquot of -the sa
Ciocalteu solution and incubated for a few mir
i's dddegti and the mixture is incubated at room

measured with a Ther avada sScipercttirfoipcd oBioanmedtee A tU

Fi g34r eF-61 ooaaclatleiabsreatt i oni ncreasing conaerdtrati o
one | igninfsanphlte on t he
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TotFdluorescence I ntensity

The tot al f | uoreepsicfe nucoer eiscteemasemo cofoakopy
particles airte¢é Deramicmaicht ysing the histogram dat
intensity values are extracted and averaged

thresholded using the same threshol dsplsheevi ous|
equati opcatltsetthadv@®@megge aliaaew%—ii—g,lwherdies the selec
t hr esamdlli &, ntuhneber of pi xXDeeltsaiilrede &dmnlbdiamd Oper ¢

(SOPs) for itmagmngraseopeovided in Appendi x B.

Lignin Lightness

Lignin samples were subjected to color me
colori meter, with the measurements conducted
col orimeter under went calibration usiidngigt lae
bl ackboard and a whiteboard. To measure the
window was placed in close contact with each
cleaning of the colorimeter wagsodarridad agut elp
the L, a, and b values, were recorded within
|l ight ness, ranging from O to 100. These meas
wi ndow, a standard A6 5IIEIi gghtangdaurdc @ biseirvgera b

system wit harar apyh Ddtaoeldi doralé was pub[ll3Zehled previ ol
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Prodegssics

FigBsBdows the cumul ative |ignin pPopgluarti on
feedst ock WwaemsivPophad afot etro tihPeo pfliarrs t2 0f ew i n
l i mited afmmBRophadirl Ldy bfifgnin i n | iagsuoar prmoenadnesr |a
only black | ifpuorr eiseaprcddudedddhd eidniitni adh acpa peac
reactor quitchkfleyd d nftc r.emcsieadmibre rls Lt oc hamb e20 The
addition-pwad oaMmangle @€@entrifuge to maxi mize tF
and |lignin cake were also generated. To maxi mi
one for hybrid popémarbidmdagpae®ceess obr mnet o un
aftertarhaeti ons eaphbaewWietdh itnh ededirayiilng ti me and
becomeweek Process. The togali mwer phtnadtet@dd k g,
FigBbewith mkrgelatighminn 1ppfowder supplied Thoer t he
reason for the high demand for | ignin is that
as it has been shown i n acheaegtetdrB |t pwatp% r200fu so g
produced | ignin is | ost during aPplpPHA aft 4 @aat i or
4 Wt % of l ignin fractionated [froeMFahet A& PRA |

application, the yield of Iwitdgrmmi2®]after ALPHA
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Fi g8reLignin generated over the course of the
The lignin yield showed high variabfidrnty d

t he gricncad=edt pan3EBThoen fHirgsutr ef ew b,aatrohuenyg, HaOd |

during the opltiigmiznmtr emno voefr yt hfer om ac i) diiBfoi ed b

l ignin was produced until t he summer ofr n2020,
stover has | ower | ignin yields, as the amount
| ower | i gWnhien ccoonmpt pgdrotit.d tonr ef cbpwbend popl ar and

di scpseediviughty PpPiagZ2ehoen t henarxe thidvagani hr gm & g d

ohybrid popl ar i saraocwmud d3 Y&gg gyf, ® saonvde hiet fiisn al [
t he | i gnian owkod fhdyrbwaisda rpd pd4@ad ufnalr cpracsobdbonmEerng
i mpuritXytamtamd ash contdest safptleirg@rsamdod hi ethhetdy
decreased to a&d&ovmratctbephaghiloe dlegaphittdhrami h@oé e oofumk

mi ddl e and rightdupanel tdare Kimpuoeeadds arntown wds ha



98

pr oceRarr ecorn stover, Xyl an content stayed <co
washi mgut ash content.was successfully | owered
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Fi g8reLignin yield,duylag pmddascthi comntent

Reactofil es

Il n FBdhreet emperdautrurng pirheet irkeealce ¢ toedd,wbahches
a steady climb to reach t hemarrekaschttaigoi nn gt ecnopnesrtaatnt
As the digester is a tumbling reyvwbdeomawi mhomu
10Chappeceasiduttahky diigrecsdresdsmpemeaseendabs e
3 shows thetgpal andbrematsson Tloe dti d mpeirsa tf wrre er

nearly identical for both types of Dbiomass.
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Temperature profile
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[
Fi gadeCol or and texture inconsistencies for h)

! : /
NHKHOK/MNOK/TIOK/TOKMDP K

4K FMOP| FMOPE| F MOE

- ef 0 PH M, n oo no®mo:
Tabsl el mpurity cont.ent of shown batches

Var i&xbleeni ng

Building onthesl gheveatcwmeduct ed a variabl e
factors contributiphgsltiogantihne pvraorpiearkticlailsteyi Inii rgonuil
recovery from hardwood and herbaceous al kalin
solHiidqui d separation typefsi mdfli |dcird ngsaddf @rentf
drying temperature, Tahnids fvialrtiearbilneg stcermepeenriantgu r
comprehensive evabsatubh bmpa@uwrhofscad hsa bpaeo cers

-

properties, particularly color, as it was o0bse
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Fi gadbdolwsws achiedi fpiroagtrietss easmd ogener al appea
bl ack | iquor iirmi tcihaln gstnegp s Igrif otlehodi eld fd rceat fi @rnmil n
bl ack | iquor (“4llefThégmmehoitf oatd hmlgeeas more and
added (middl dlphhebandiindg Fniogturper oduce fWwoiuikc hs we lul
indicate sul fur fSomtraR%® mgrp,g aibtabi §i ker Bsul t
overheating of #8addsedll fawwrki d i ggauiod, wdart hitdheapraci
surfact anhulpbloeanoftFoimmlttliyphh . < 2 most of the |ig

resulting in light brown aci4di,fied black 1 iqu

& .’""’~' 1 . X A i &
Fi g#rSe art of pr egl p bluibgpiaom (il tpd meEgpreedc)i pit ati o
significant f(wmaddhenpbeelyadi dified black 1ig

SolLi dSepar Meéi lhod

Filtering was quicker, and it removed sigr
washing | iquid twhan ecepnrtormbftuvgmgnigdr pienga.dvant ac
filtering as a recoverytmetpodeinotridmggeg wa
because of | arge scale filtering Complaremgedg.h

composition bifghhesrétopepadel s on Frigaulet @)
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Drying Temperature

The initial idea was that the color differ
during drying, but the drying method was al wa
airdried for 2 days then vacgulm gimirmdsdmnpl €s m:
temperatures shows how hhgmged @otruroe, yl1xHhAd ges
which was never reached for productorndabDaoke
with aher mal decioomp oasnid i Manioffolfadd b gdriade i mpL
possiThige findingolionrdiwartieasbitlhiatty ci s a resul't

process.

70°C

Fi g48rLa grdirnsed at different temperatures

Oxi ddém@nhh

Thadditional oxidation step dect eppdredl tdfe
Fi g#raendi gni ficantly 1increasedédi thhoto xmadshse nyg behl d
(right panelheofp H idmicnee #s4@® mi $bhlea cokr il giidgtuablp5 p H o

the finalkigbt78®&oafrser
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Figure 44. pH and mass.yield of oxidation exp

| mpuritgidonboenstay consistent throughout
For xyl atnhec ornetseunltt,s ©a¥%phg eviftrhomnd o3% gtholra rakt t h e
with 8.7% »ylhamcmondaretnegntshows the same trend of
for most oxidaheosamenguhdiigaotimbt kt twet i aal 8. !

content.
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Fi g4brlempur ity owmnttepeafments

A slight dar kenisitga retf if rehgot tarwsa sefo dasxel rdvdetd on  (
Due to the nature of the expfdercikimdhegaboxsdatupol
probabl y ainme fi fnicoinesmltsyt ernesul ti ng in significan

mass yield and i mpur-hoyrcoxtedatian the final
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Fi g4r eRecovered | igni.ns from oxidation ti mes

Aci diAgyinnBre&mrd pi tation pH

Wecomparcadli fying agents . Thoere-etshtea btvh esline dp H |
incngadiignin yield with decreasing pH was ob:
Figurf sdi7gini ficant jump in yield happened at a

acid preciegli tsatiigdhn |lyu tenlodhee Idigfnfienr,eence i1 s only
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Fi g4i/rMes s yildlgmdmfff;newtelﬁHusi ng sulfuric acid
hydrochl ori c aadviodbel olpi mg gdhur ipragnedydr ochl ori c
(bottom right panel)

Hydrochlgpeneaersatgenddf i cfamadrny cgpenspear ed t o sul f
(bottom pamndeylBoarh Kiugdrue i ¢ and hydrochl oric a
sul furic acid is diprotic whdilfef ehyadwavec rrildow ti &
t hfoami nas hydrochl orciocmpd @ine |loyhjes sedidalpet etsh e S ¢
deprotonation hafppewli mygr ifd cancitdhkeiysht oga@anysudlepart
which is a much weaker &adigd &thhoaws ethileeserryadd & ¢ h |
from the original black lisquofdepgedmiinle Tlé of i

above pHumnat tsybki ds, i buhobebowughthe | ignin i
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| ower pHhé¢ evell err di fference is | ess pronouncec

the final pH during production is stildl a | ik

Fi g48r eLignins recovered at dilfdfetr emanelH) |anwvdkl
hydrochloric.acid (right panel)

Was hMendgi aamiRb t i O

Washing the recovered | ignin wseimogvel oavs pnHi c
i mpuritiesppasngomerbleffective at solnuebutlriazli nc¢
pH watercan al so I mprove t hCeurcsoudlotrs oifn dihcea tree cto
the filter cakenwrodupBEs2mbdewadaerd a btyH aotfrde caavde
| i ghop pakieddspfeoor t he 1 mpurity cohteeoppososut er e
we-ebkt abil mgolveedneWa s hi ngc wwatheracriedsul ted i n sl iog
coannts for alThewaswasgnoabbserved color diffe

or medi a.
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varilatbllreecame i mmedi ately @l ggamptaftdteothhiigsnirne hce
(left panelDidonf eFiegureemphle)at ungwor dstfeedntnt e x
col dhewaa distinct transition temperature aft

becomes si gn,i fmocraen .tplloyv daeidgyh tt @ ro n a | reheatismg st
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The tfriamsi ti ohdeainpé&i 80ur e orbne tsweoevne &5 iagnndi T
(left parél. odrmeFifgdrta at @p pats odicfofaenrgeerdt f i | t er i
(middle and ri 8t pewceimi ag El gudg at high tei
di ssol ution baAfkt eernttohet hienilhieqaufiidealpei nmest | g

temperature w&sbadjpuseeodoft oh&0increasing evap

22°C
Fi gblrCeo |l or di fferences for corn stover sampl es

panehy, compari son between filtrate appearance
showing cloudiness for high temperature filtr
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This experiment was conducted multiple tim
bl ack liquor for accurate validation of t he
temperatur e. Corn stover gave t Ise wianme ar etsrualnt:
temperatur 75t wWeeht 70amp.l HWWbrFiidgupepl ar exhi
temperature as wel |, but a4t GMCl olwerpad®@peont B
This phenomenon, along with the differences

expl odetdadihlra pitner Four

Fi gbr eLignins recovered from detuasiilnegd cfoirlnt rsattoi

(left panel) and hybrid poplar black | iquor (
Preliminar ReBMutbttescopy

Prel i mipnarlyyor escencewvemiec obaskceonp@ar smagéee sd a

di fferent fil®GekigoggRd EBmpenat yr ¢4 Bf6r]osnh etdh ew og rko
used fluorescenceaviemdadgwerog e s oercavdnpin ®ern.ni tpiaerst
Epi fluorescceannc ealistoaghengi mpl emented for measur
met hod wasanddevaeplpolpieedd i n Chapter Fouwn.enAspgaryt afl

parti prloevsmddezee opportunities for comparison of
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The lignin samples are not subj daot ad et ani mirlolsi
slidé&o thethekeddr&yeol ored | ignin(lief tnopgadrmrcelas
FigbRethe particles areéeiglot «siywdamd ihsa rndo,r ew hpiol
crumbl e(sr ieqahsti | yan®2 R Ba rokn dHa xglirlseis t moreefli sednc
indi viduwl t pbammeslbobhbap .sullif@ltte ss anop Ifeosr ma papgegarre g a
particles, wiamb urat se,fg nfsrirdagrennttsecdat g arr teidc | tehsr o U
However, these I magrspiasydei cloe siana bouter stfdolbtuh e
| arge onfunpbeers i and t he | atThes€& plebhr mboangar mag
gualitative insight into dlihfifserienoes Iiiang hCdm ptt
samples were resuspended sierpiaa it egld udhtgmamt o sl

iol ubl e ih waesrnosei paretrifere mot pholhogy.
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Corn Stover

Hybrid Poplar
Fi ghB ePrI i mi nar §r1i eprbu.;Bm)édhmgsajsover (top par
hybrid poplawe(fRotatmnamhyzanelags) | (0248 ,f idarek isnagmple
| eft @omdhelhisgh fil t e nfgort ecnoprer asttuarveefC (f7brt op r
hybrid popl ar iwsibmog tlo0dw rmadrti fpiametli)on.
Preliminary trials fsiholw&udmi tnatiinogs ganayteit hee b
for |lighha dompéaot parti cl dss thaenidmg .dd @wneglretrti,enl gy

this methddbe maigrbfrfaomr ctohdhois tipEergb X eand hybri
popbat p@meRli gbhitsshowege!l | ul arofs tbroucht urygpses4xioig bi o
magni f.Coani c€cmoperi si ngnat omacabus$r actexohnisbiotfs t
a range of pBhéeimgdretistch emipraaregrsoed s oino asrsmiuc ent
sheets to trpaonsssliubcleyntc olraryeesrpsondi ng t o decreas
part.l ol esmpari somw,o0ldy kerhii @ sp apraafrrnusathd wvmgmmgef i e d

dense rnoodrse wirtahn salluotnbga t . Mbgtearsough 1 maging of
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typically cdroemsess t sib magdh orfatthhesr hmlhaminde vi ews |
Sshown. Théemessesct s bnaglésso et hemi hasae of | imited mi
field, which often causes parts of the i mage

thickness of the particles.
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Abstract

l nconsi stent physical properties in recov
advanctivmg uhei gaghpp bi ocaeifomergnefficiency. This s
temperature during lignin precipitation and f
achieving more homogeneous I|lignin recovery fr
andybrid poplar. Our findings highlight a tra
changes in lignin filterability, chemical, an:t

propose a correl-at mbnethetlwehedetl Easuuebar aggre

and DLCA) regimes and the resulting lignin pr
into optimizing lignin recovery by refining
suitability foaticomsmer ci al appl.
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InNnt roducti on

Transitioning to renewable energy is <cruci
Bi oenergy i s t he | argest renewabl e elnzlr gy S

Bi orefineries process biomass[#dqQq Bl keyce eadowa

this transition 1is |l i gnoc-ebbdl d=iedsbbokasvh, c
agricultural resifdues 8Tldhred pwoondhy ycrcopnponent s
bi oMdaed | ul os e, hemicgaldé uluos éj zadhdi mi gnibn or ef
priorities. While cellul ose anwalhweenilkrtiedHd aud eods ep
[ 3] i gnin, wh3C% afonpir®)maessalids underutilized

heating valpédOasDaelited fivesl compl ex aromati c ¢
many solvents, pragdadinlyyadeamgapmnoent{ 9hi glhrg hal
addition to lignin's variable chemical struct

on the type of biomass. For i nst3amn% el édiody |

whil e herbaceous biomass I|ike corn stowver, an
20% Il ignin and hi ghedrd,h etmildceerlsltual nodsien gc otnhteesnet d i
for refining |lignin recovery methods and ach
Despite these challenges, | added hpbdscammens

polyurethdre , facambpph26j, bbb HABA] s

Consistent l' ignin recovery is necessary f
i mproving process efficiency while su[p$pdrting
This reliability is also critical for produci

value applications. In industrial settings, |
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designed to Iimprove the accessibilityd4dfilocel I
this study we used al kal:i pretreatment, which
from the biomass into the black | iquor. The t
bl ack | iquor involves herrleieqgunar ,n asdiedisf:yicroq ciet
and filtering the precipitated | ignin.

Precipitation and subsequent reco[ved]ypH s g

[ 48]t ypes and concentratfiddinanif pMahyg ope omwitdh es t m

[ 5.0] These factors influence | igninds coagul at
Hi gher l ignin concentration, hi gher ionic str
precipitfab.l1jomarytiiecllde si ze contr ol dur4danngd reco
nanoparticles are challenging to recdwe&r]Adue
patent ed][ 5Admphroadv e s filterability of al kaline
temperatures below 60 AC, and filtration abovc¢

up to 110 AC while preventing the f ermatiildn yo
Under opti mal conditions, filter cake[ 4s70]l i ds
Advanced recovery te¢Hhabdobi g[rdobFhovkee eblLei egnn oi Bhot or so
to optimize this process, -adalng 3veé d ke ni gnnneohv alt
Recovery Prjox3®,ssl13I&S|LRP)

During lignin precipitation, t[tbe ,g deaallusiisn gt
the particles to aggregate into | arger <cluste
aggregati ohniimidiefdf usli ot er aggr e glaitmiotne d ( DA-ICLAY

aggregat if[oen0 {LRUBMOR)y evi ous studies demonstrated
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are applicla®»0,e 1bbBt]l itchrei d,i rect i nfluence of te
' ignin precipitation has yet to be thoroughly

Col or changes can serve as a macroscopic i
properties, |ike how processing conditions dutl
color pBO6EIHamdmel d col or i meitnewass ipvreo vimedteh cad gfuoi r
apparent [I6i8ghignéeéaml ool or can al so serve as a ¢
[ 62, 63Mi 6&ffdscopic iIimaging techniques, such a
i nsights [Mt4o . Addphas 8 6s natur al autofl uoresc

analysis without fluorescent [dp¢Bhesusutaddlynieqr

particularly useful for characterizing |ignin

of biomass I mpact its particle properties.
Despite significant advances in lignin rec¢«

l ignins with consistent physical properties

hinders the devel-wpmeert appl redandbihmpdde ght lge i

efficiency of biorefinery operations. While v
studied, the specific role of temperature in
has not yet beeasttihpatoaud.h|l Yhi s gap in under ¢
opportunity to improve the consistency and qu
effects of temperature and solid contemitnon |

recovered from hybrid poplar and corn stover
l ink cluster aggregation regimes to | ignin g

assessment and microscopy techniques.
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Experi ment al

Bi omass

Hybrid poBbpul g&NMBi gr a)x wR.s madxiamaweidc ZAiriom
State University Upper Peninsula Forestry 1 nn
harvested i n Januayreya t2d0 2t0Or eferso nwiltehs ss ttehna nd i5a me t
and were debar kkeade,d cahoi pappepdr,oxamhatel y 5% moi st
hybrid corn stover was obtained from DuPont v
harvested in October 2044suiulmj Sc¢toeyg tCoumitlyl i h @
BG480 bale griqndeh HKitetved wiol hoave?d by further

fittedi wechhsihette.

Al kaline Pretreat ment

Corn stover was subj elctsetdasittrm eedsedt iugnbil fi inga tpiuc
(RegMed me2die IwiA-RPhO BEa7 TIR d, S«o Paul o, Brazil).
was determined using an Ohaus MBNQ mails tkyr e fb
(dry basis) was | oaded into the digester and
bi omass ratio of 9:1, with an al kal. | oadi ng
ramped up at a rateedftBeS5A&GFmeh tempkrature
mai ntained for 30 minutes. Hybrid poplar was
equi pment , but with -t3@i0o rkags so fr abtiioomacsfs , 5 :al |ada ma
180 mg Nan@HK/sSg HOhe temperature ramping was i de

150AC, maintained for 3 proavi§ali2®]ysi mi | ar met h
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After the reacti-comnol @d eurdtiigle satemo swoalse raiia pr
the temperature fell bel ow 60AC, at which poi
from the pretr eatnmidcrbono maysiso nu ®K0riNp sEg nke2sth & | Ma c
Appl e Cider Pretsesewibadshkhest@a@aPhéasant Hill Grai
bi omass was airdried and stored for further a

refrigerator.

Biomass | NaOH | Liquid | Reaction | Reaction | Starting | Approx. | Approx. | Approx. | Approx.
loading | T solid | time [hr] | T [°C] biomass | volume | volume | original | H2SO4
ratio [ko] for of black| pH of | used

NaOH liquor [L] | black [mL]

solution liquor
[L]
wC 18% |5:1 3 150 3 13.7 12 13 200
CS 13% | 9:1 0.5 140 2 16 14 11 185
TabSl eSummary of alkaline pretreatment conditdi
Bl ack Qongcueonrt r at i on
Bl ack |l iquor concentration is caé&rirlimdStadotl

equi pped with an Edwards RV8 r ot ar yCowmanree twacu

vacuum gauge, BriskHeat CorporationexbaiemeFLE
DC motor,-CahdPa3GRapower contr ol unit. The bl
pretreatment process -istéedbanctibes heTkke apol iad
popl ar bl ack | iquor imiclre atstead dorom sltOo Ao t ol ad

rose from 5. 6% to 30%.
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GPC

The nawmkeermage anvderwgiegmtol ar masses of t he
determined by gel permeation chromat qdrO0ébghy (
Acetylated |l ignin samples are analyzed wusing
Waters Styragel HR 4 column (7-08 alde3 Q@& tmm,hyMir
( THF, Mi Il Il i pore Sigma) serves as itnhe Trheebislyes tj
operates with UV detection at 280 nm and a
polystyrene standards ranging from 484 to 65,

reference.

Lignin and Biomass Characterizati on

The comprehensi ve anal ysis of bi omass, p
including ash, carbohydrate and acid insolub

accordi ngstteop thhyed rtowoy si s me t5hledd 6 BO U Moend miem i NF

carbohydrate content is quantified from the h
Il nfinity |II HPLC sy-Ra&ae@ mA miqgmueésvie lecPoXy iutmm , a wB it
sul furic acid as mobile phase at a fl ow rate

Color change temperature/ Lignin Precipitatio

Corn stover or hybrid poplar black Iliquor
using a met al mi xer attachment on a drill, an
Erl enmeyer flask. The sampl e i s ttehde ns uvalcfiudriifci e
causing the temperature to increase from the

23AC. Heating is achieved with an oil bath, a
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temperature up to 80AC Each sample is f
er funnel and washed with 100 mL of dei on

Iy, the solids are remowedvferom tdlag sf i ITte

ring time, final mass and color are recol
dure is modified to a smaller sample si zc¢
rr liquoeh 49 il dteednwzed water, and 30 n
r liquor is diluted with 30 mL deionized
ctively, and stored in a refrigermhdatredyv
iltered similarly to the dilute Dblack |
shing water for effective filter cake fo
ity

Il l owing the methodol ogy[ 1o4uSt]lwWé nedv e it ioguat

ility differences between | i-tghdl vaenrdt draatk
mpl oyed, where 300 mg of Iignin was diss
hyl sul f oxi deres d@lwec teexdt rteane s e porf e sseonltu bti | i
ted previously. The mixture was incubat et
ation, the undissolved solids were filte

X0 fmle soh s dalrvendt ovendigiht at room temper e

i metry

ignin color is determined f ¢IlLI3®Wisn g go wrn =r

col ori meter. Col or data is recorded in t

and a* and bl*2 8v atlou el1s2 8r.a nTghien gnefarsoumn e me nt |
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di ameter window, using a D65 standard | ight

il umination system with a photodiode array s

Transition Temperatur e

The transition temperature was deter mined
|l i ghtness values of the samples isolated at
parameter was <calculated as tadasuraevderlaiggeh tonfe sts
which serves as a threshold for distinguishin
transition temperature is defined as the poi l
l' i ghtnessThparempetat.eres from interpolation ca

Material s, in Figure 66.

Fluorescence Microscopy

For the microscope slide preparation, a sa
Then 1t was acidified with concentrated sul fu
(v/v) with deionized water. Atk dOlonaloi qquonti ca fo
making 10 drops and all owed to dry. No obser v,
to a video recording during the drying proce:
temperatures arersaspandedODpODD Wwwtw) ratio,
pi petted onto a slide to dry.-FIl magesgensepd@drH
Mi croscope -QIM83UBHDFLWVR t h an 18MP camera (A3518!
excitati(da4®0i Intmgr, and a 515 nm barrier filt

magni fication using the TouplLite software.
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Particle Size Distribution

| mage processing i s perfor med using Il mag
preprocessing steps (excluding images containi
sample drop, calibration, threredshehdidrd etr oni mien
software, excluding smaiblouadt ipfaadcti | €s9 Ppioxel
heavily aggregated | arge particle images are

processed using da PRyt hgoenreNuanipey psacrrtiipcl e si ze

hi stograms, fit Gaussian curves, and to calcu
Confocal Mi croscopy

The confocal mi croscopic images wer8 obtai
confocal mi croscope (Leica Microsystems). The
and MATLAB. The Il ignin particle cont,ouSurefxcturta

[ 146]The average rougheswmsafRayoughdesbe ( Rgdt

descriihdd]in

Results and Discussion

Al kaline Pretreatment and Initial Observation
Prior to this work, we produced al kaline b
popl ar using a standardized alkaline pretreat
experiments in this study. Thi soseéituporsnaibheld
l ignin properties, addressing prior observati

work indicated that some-l iblae chegniymel detdh figdao
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nded filtration ti mes. Dr a[wa,n]jgweo nc ofnidnuctit r

ri

0]
—

as

uc

t e

rr

ct

ments to test the effect of reheating

ature had a pronowrbc @ e mpmepadtu.r eAsv asrh caw n

ences in the <color and physical charac
i fying it as a critical variabl e. Dar k
i ve, celsu mypi etdh psamrotoitchl sur faces t hat subt |
e rt hcealrordarlkne contrast, Il i ght l i gni ns,
i ve, powdery, and crumbl[eddr/gddmaesntl ¢gd dndief

finding that I ignin isolated from mixe
atur es. Hel ander et al . observed that u

h temper attu[rdet FJROs AL c Ip reaed {Pthraintgu ted s atl h e

of lignin to conjugated structures form
ize that while drying can affect col or,
i al rol el,i gansi nl ewsist ha glgorweegra tbeudl k densi ty

n already redocdvgmeadslitirganieds t hWand i gtni al
adiation in tetrahydr odwxirdiinz gdl HiIFgt, o waleir

ures foll owing disaggregation and depol

Cheng[ @adu%sdeld deep eutectic solvents to isol at e

' ighter lignin.



130

|

v

—r3
I il

B= |
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Fiug5. Vari a texture of AB)grinms hiyde o
poplC®Y 4t AL el evated tempeBatdAGC f(ark ACy b
popD)ar

|l mpact of pH on Precipitation

Fi gbregendgld |  ustrate the effect of pH on the
hybrid poplar alkaline pretreatment | iquors.
proven as an effici ¢enlth Olwigtnh nl csveerar@il i m&s unlett ih
yields, as confirmed by our results. To demon
epifluorescence microscopy to visualize | igni

common terchpl @gnute ¢ios s ue[ TT6,mp7dn,e mioSdlejn a ll y ins n ¢

anal[ylshi2zspbut it is seldom utili ze®&6sfhorwsi msaediercg
i mages to highlight the differences between
acidified black | iqu-pH bpHCcK 2)50AuTTbn@&) ¢ Eogiumaais,
fine, dispersed, fluorescent particles from b
5B am@) , di stinct morphol ogi cal changes occur

from a dispersedodhtest et palraigeér,s mhrmoevs how a
aggregation, facilitating its separation fror

soHiidqui d separation steps.
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Fiugbhe6 pEf |l uorescence microscopy I magdédB) odndl ac
hybridCpopdtarl@x mag nal)di <laaw onol i(ds from origi
bl ack | igwBpralogHBéhow) solids from acidified bl a
is 100 Om, magnification is 10x.
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P N IS I W I 1o e
U boiecedpariceAeaumE  propctedpaicenrea et evectatiompn
Fiughé. Pasitzel&i stribution of acid®d) faed bybckdl
popBay With characteristic @Garticle sizes at ¢
We used the microscopy i mages to deter mine
characteristic particle size across the pH r
defined -wei gheedarmaan of the Ppibgmn e&€d een tssi zsee Ide
particle size distributions at different pH | €
neutr al pH, and at the final p H. Il n both corn
size di stlraiybuwat incomr mhilspdi stri bution. At | ower p
|l arger particle sizes, indicating the presenc
decreases. The characteristic parptairaglie | eisz e aq
Om for the neutral and 30 Om for corn stover
slightly |l arger particles for the hybrid popl
Toget her these results emphasize the role

mor phol ogy. Acidi fication initiates |lignin pt
formation of | arger |lignin pafacclesaté&bBi tigal
and suggests potenti al for adjusting pH to op
l ignin characteristics.
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| mpact of Filtration Temperature on Filtratio
A 45 1 BIGO - C13 E
_ 401 P 140 __ 161
) ] by T = g
E¥lg. @ @ e £ 120 | = 14
™ 30 |®oe @ E @] £,
£ @ 100 - ® e
370 000 00 Ewl @ o s
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> ] ee - © S 60 (=]
a £ o® T 67
E 10 1 @ Hybrid Poplar ° = 40 % 4 4 .. °
5 1 “ 09 2 1 o 0%
(]
0 T T T T T T T d 0 ‘_I_I_I_Iglm_1—o—l 0 T T T T n..’ T ]
20 30 40 S50 60 70 80 90 100 20 30 40 S0 60 70 80 90 100 20 30 40 50 60 70 80 90 100
Filtration Temperature [°C] Filtration Temperature [°C] Filtration Temperature [°C]

Fiug58. | mopfaclti quor filtration t eAN)pearnadt ufriel tornatrie
foB) (corn Lhyowngbraddpbpl ar

Quantification of lignin recovery yields o
decreased slightly over the temperature range
| i grFiigst hugh ot hers reported a more prohjounce
This decrease can be attributed to the increé
temperatures. Due to the alkaline pretreat men:
in significant quantit{( B8B&8Q@ ,i ndetrhevefdorfm omf tshced

sodium hydroxide (NaOH) and 9@ . adsiodi fuyn msgqul 4

solubility intokdses pauoendva8eb from rodm t e
Her baceous biomass | i ke corn stover is known
form of arabinoxyl an, consisting of a xylan
solubility in water i s a ipsrowlpweenty itrh ddaleiatl]ldionws
maki ng water effective for l'ignin precipitati

l ignin have | imited solubilitylbb,wabtéi, but
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FigBBead®@ show the establi dHé&d it hlastBdf ii Int rt ant
time decreases with higher filtration temper a
stover filtration time appears to follow a | i/
a more exponentoisalr ttroendc,e &9 niatt ifds I dleri ng tir
the | owest temperatures/room temperature. Li g
exhibited a t+#fangietriieim |ftreac BBYlcKvrti greb6i hpbawy
was at a significantly different temperatures
ACc). Additionally, the filterinfg Ittienreisngo rl itdre
substantially | ongen RlUfs6o0( 4tOhne) croerlna tsitvoev etro It he
(44 min).

Findings from ¥hmdn 8nphddiet e amlderi mpomr@al anc

ow pH (< 3.75) and washing procedures in im

—

il tration, and reducing final sodium content

eason f or tihnee sl ofnogr fciolrtne rsitnogv etr .

=

Ot her findings from Fbb®Bénp harsd zTeh @lhiea n drepro r e

—

emperature for effective |ignin filtration.
Hennemahleéi®gwdsti gate how the characteri st
the particle size distribution and fine part.i
t hat mai ntaining high particle wunitfroatmidry aar
significantly improve performance. Il n our wor
di stribution suggesting mor e uni form particl

Conversely, wide partiovVversiegsuldi sini baoweonti |
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indicator of microg®&@pi &rqihf fthree mbes e rivre dl icgn iol
to structur al variations in lignin particles
physical properties. Lignin's <color i's al so
conditiaosnst,hesuec hused in Kraft pulping, result
Il i ght €gr6.6l]i gni n
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Fiug5. CI| EloABr parameters for |l ignins recovere
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We measured |lignin color in the CIlELAB col
fil ttrempemaaantpar @ameters are I mportant to det e
to compare the recovered lignins by their 1|ig
a similar transition temperature wherestshe | i

values to that observed dur iFn @9Af i5] Foat itohne foc
parameter s, hybrigheompadvarl HeiggB()G s shidseghent | vy
saturated color tFha) GoAddistioovereal Iy gnwe se X ami
|l evels of black | iquors, denoted as HS (high
temperature decreasesFiagS) sbolThe ¢tomanhsenti onct e:
determined using interpolation, which for cor

12.89% solids, while for hybr i0d AcComltar2,0.i9t6 % s

Here we propose a theoretical explanation
bet ween the different solid contents. Hi gher
increasing the | ikelihood orfedpuacritnigc |teh ei net neerragc
reach a point where |lignin particles aggregat
strengt h, that can reduce the repulsive force
solid content ftasvmoper atLWCrAe a,t d o wtelre di ffusi on:
hi gher concentrations, so the system requires
aggregation. Conversely if we discuss | ower
farther apart and the aggregation is more inf

hi gher temperatures to overcome the repulsive
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Properties of Recovered Lignins

FiugbeOEpi fl uorescence microscopy i mageAB)of reco
and hybrDBE ,pamprslia@am (2a883nAdC i gh t emper aBur45A4AC5AC
for hybE) datpobO0xarmagni ficatiorCF.and particle

Il n order to show the morphol ogical di ffere
epi fl uor esc ewictelu ndeAc@nals ¢o gsyhroevi6nC t he hard t o f
i sol ated at | ow temperaturamd{ B38AE€ H656B hothFt
showing the quick filtering |ight colored |igt
45AC for h¥hgteda pmipguarreh.6Ws8 t he corn BEtguee sa

60C Ringlur sh6wb t he rhydampml epso.pl Tahe same mor ph
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bet ween different colored |Iignins are observe
i ndi vidual particles with smooth surfaces, w h
brittle particles with atekitghtdsheagmomr eDlae eldi
expands on previously shown observations of p

these differences can be proposed using unive

At | ow tempaeaRUCAsdwomenates, the resulting p
result in smooth surfaces at a | arger scale, T
the particles become | ooser and mor e rmaeaenathed
| arger scal e. It should be noted that the 10x
directly imaging cluster aggregati on, and is
more i nsights on thermocglsol ogi cal particle d

Prior work showed differences in particle

pH 9.7 at different temperatures with 80 AC
centered at 25 Om while at 7108 AXQn awarsh floBb8sje r dvies
Three lignins from different sources gener at

di fferent part|[tbé&]size distributions
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Fiugega.Di f f erences in impurity compositAon as a
corn stBverybana (popl ar

Lignin filtered at higherntemperadavebedhloi
bi omasdi®ypeThere are significantly more i mpu
because of inherent differences between corn
content is relatively stable acr asngedi fsf @rne mxty
and ash content, especially for corn stover.

i mpurity contkatddecoma2@d92% to 13.66% comps:
filtration to the higliFeg®@) temperhbybriedopsesplrae
smaller, from 3.87% to 2.55%. As explained pr
solubility of impurities in |lignin increases

tempefabBreih®frefore decreasing the impurity
























































































































