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Abstract

In this study, the properties of lignin-based charcoal materials made by
lignosulfonate (a technical lignin) through different process parameters were investigated,
such as pyrolysis temperature, heating rate, holding time and washing treatment
(Deionized water washing with ultrasonicator, acid washing by phosphoric acid).
Analysis tests include surface morphology and pore properties, chemical properties and
thermal properties. Surface morphology and pore properties include scanning electron
microscope, surface area porosity and pore diameter analysis. Chemical properties
include pyrolysis-gas chromatography/mass spectrometry, elemental analysis, fourier
transform infrared spectroscope, X-ray diffraction, near edge X-ray absorption fine
structure and zeta potential. Thermal properties include differential scanning calorimetry
and thermogravimetric analysis. Results show that after pyrolysis processing,
lignosulfonate particles would form porous charcoal spheres, caused by self-activation,
cross-linking and gasification reaction caused by high temperature, gas emission during
pyrolysis resulted in the porous structures for the lignin-based charcoals, producing the
more porous structures for lignin-based charcoals. Furthermore, the carbon content of
lignin-based charcoals has significantly increased with elevating pyrolysis temperatures.
As the degreaser, deionized water and phosphoric acid can remove impurity of lignin-
based charcoal increased the carbon content. In contrast to carbon content, the yields of
lignin-based charcoals decreased with elevating pyrolysis temperatures and washing
treatment. Acid washing charcoals have the highest carbon content, but deionized water
washing charcoals have the best thermal stability and dispersibility. The results also show
that the charcoal’s aromatic ring structure would increase and carboxylic carbon would
decrease when pyrolysis temperature was increased. However, the graphitized structure

could form only when the pyrolysis temperature was over 600°C. And the average pore
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diameter of the lignin-based charcoals washing by deionized water were decreased when
the pyrolysis temperature was increased, but the surface area would first rise and then fall,
the lignin-based charcoal has the highest surface area (688.5 m? g'!) when the pyrolysis
temperature was at 900°C. The porosity of the charcoals has no significance to pyrolysis
temperature, the porosity of all lignin-based charcoals washing by deionized water was
between 70-80%. The results of adsorption isotherms and pore size distribution both

show that the pore structures of lignin-based charcoals are micro-pore.

Keywords: lignin, lignosulfonate, charcoal, pyrolysis, porous material
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MEGUFH A AR - BEF R AR HE RBRAFS PR 1 8
B & ¢ (IUPAC) en® & > 3Vif ik % [ ¥ 4 5434 (<2nm)> ¢ 3¢ (2-50nm) v

A3 (>50nm) ;s A E T AT A LR R el FiE i 2 fop 5 (Marshand

Rodriguez-Reinoso, 2006 ; Toannidou and Zabaniotou, 2007 ) °

PR E 6D R RCER CHFERFREF BRI ERE (R R
R &7 > 2013 ; Gomez et al., 2005 ; Budinova et al., 2006 ; Ould-Idriss et al., 2011 ;
Danishetal.,2013 ; Heidarietal.,2014 ; Houetal., 2015 ; Shaaban etal., 2015 ; Yorgun
etal,2015)c % 1 7417 2 fp Rt ar @l S g 2 - ML DT> & 32 £ 6

LRELNE TR
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Amorphous

Carbon

Graphite

= #ﬁ sz 4] (8 p Marsh and Rodriguez-

Bl 6. *cFiBARY T &1Ly 4 ol

Reinoso, 2006 )

Figure 6. Model of structure change under heating process. (Modified from : Marsh and

Rodriguez-Reinoso, 2006)
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Table 1. Properties of active carbons product by different raw materials.

Raw Active ratio T (°C) SBET Total pore Micropore Mesopore Reference
materials agent /Time (m?g!) Volume volume volume
(cm®g!) (cm® ) (cm® )
B od AP H3PO4 0.5 500 /2h 1039 0.556 0.338 0.182 Danish et al., 2013
e 4 H3POq4 4 400 /1h 2806 1.746 1.196 0.549 Yorgun et al., 2015
# & #+  HO/ H3POq N/A 500 /3h 783 0.440 0.431 0.009 Gomez et al., 2005
¥ Mt 1.ZnCl> N/A 500/ 0.5h 1301 N/A 0.540 N/A Shaaban et al., 2015
/2.HCI*
e A H3PO4 3.5 550/1h 904 1.198 0.328 0.679 Ould-Idriss et al., 2011
1  1.H3PO4/2.  2/3.5 450/1h/900 2595 1.275 1.236 0.039 Heidari et al., 2014
KOH* /1h
& Fr 1.KOH /2.COx* 4 800 /1 h/ 800 2327 1.222 0.843 0.379 Hou et al., 2015
/4h
A H3PO4 with 1.5 700/2h 1360 1.026 0.485 0.541 Budinova et al., 2006
steam
T ZnCl, N/A  400-500°C /2h 1994 N/A 1.3476 1.0246 Pl Afeg L7 02013

1,2 3 LSER
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222, AP

4 4 & (Biochar) » 2 4= 5 ¢4 dk § & M5 i ™ S &M 2 (Pyrolysis)
BHMAY > BFE MR, B 5 BT R RIRILE PR TR G B A R G
B d AUt Skt e s AP RTFUEESALFE RITFDAE
FLAAREER ) RIFLERBTED AP REEL IR T F
N Aed E P peA FoodicE {ofisg o e B o4 £ (Matsubaraetal., 2002 ;
Novak et al., 2009 ; Dugan et al., 2010 ; Van et al., 2010 ; Liu et al., 2014 ) -

ﬁlﬁ%i#ﬁﬁj&'#ij\/@ lﬂﬁfé » 53 Kﬂ'\% ?%‘ﬁjf" &V}ﬁ 7ft’ =
B G A AR v ofE s (B4 (Rajkovichetal,,2012) %389 £ & 17 Rp
@i'F‘«\'“l«Jf”ﬁ\}@’*it Eea b o

Demirbas (2004) 1% % ik > 2 of S+ {rEff & MW T2 & R Ripe
EfsBRF B IATRZE A5 FER RSB P2 FFUSP
TR FRAPRAF IR~ FZEFEEFHE AT R EHen 12 2
FEMAZZEEFOLEREFBIPROEXGFRALIP A KBS KL
PR oo His éfgi&"r‘;fi’ﬁ # 4%% (Di Blasi, 2001 ; Wang, 2011 ; Muley et al., 2016 ;
Klemetsrud etal., 2017 )« # ¢ » Klemetsrud & ~ (2017) # R » *F % 7 £/ 17%
4 7] 22% & 7 500°C fid £ 2R R B 2 Fid enA 3 g K_T3%T % 5] 65%>
o P2 4 R EIRE A SORLT.S B 4 3] 27.2% o

23. 2 FHFRHRIGF S B
2.3.1. v 8L v

CEE R P EEREEFE LR SR HRRA I EERY R
AR F I F o A RICHAIHR o A I E R & B B & §
GE o NFFRLENEL o LT RHRE SRS WARDERF 8 D A8
AR T Prl B A S MIL IR R TR S A A A A B Ao B R DA oo
@B T BB T8 R o e fra? (Hayashietal., 2000 ; Marsh and Rodriguez-

Reinoso, 2006 ; Ioannidou and Zabaniotou, 2007 ) o

doi: 10.6342/NTU201803515



BEEALY 1A e Sl doiE AR e o B E AR b SRR
FREFREMEUFFEMAS DEERET 4ot 25 ff 2 fo 3 A 30k S
% o F it 7 % (Hayashietal.,2000 ; Laine and Calafat, 1991 ; Cao etal., 2006 ; Marsh
and Rodriguez-Reinoso, 2006 ) o i& & i* A|faF 7 Ip > S48 4 F A5 34 s
Fld F T £ B (& 2)oFph o BEfifo# 4> 1 & ¥ (75K (dehydration reagent )

(Hayashi et al., 2000 ; Myglovets etal., 2014 ) » @ pfi47frd § “ 4o P E § Fo &
| (dehydrogenation reagent ) ( Hayashi et al., 2000 ; Huang et al., 2015 ) »

AR bl o R RO R EH AR AR RIS R

o

Suhi

=hg
s

WH S B REHPEZEREF A RF R SF ERE R R
BE T HE R F S ME v &G f 2 A (Laine and Calafat, 1991) ; F %
o B A RARG MRt AR iy gR S 0 R FER SR E o § ARG
RE A pcgleng FE o £ IR A > RIS I P
# et £ & ff "% 1 (Hayashi et al., 2000 ; Cao et al., 2006 ) °

232,  HmiEi

PREM S FHMEAT I REI D F 5 FiookEF FRA A A
BETEMREFE CFREF R DRI AR Cfog Lt §
e f (PR EARE o S0 et AR S o B R AP R o AR S AL R
(Hayashi et al., 2000 ; Marsh and Rodriguez-Reinoso, 2006 ) - = ¥ * g fr-k & 5 i
&% 4 % i £ & (Rashidi and Yusup, 2016 )

22 M FArF I e E A

Table 2. Mechanism of chemical and physical active agent.

Active agent ~ Mechanism Reference

CO2 C+CO2,—2CO7T Rashidi and Yusup, 2016

Steam C+ H;0 — Hx + CO?T Rashidi and Yusup, 2016

KOH 6KOH + 2C — 2 KoCO3 + 2K + 3H,  Huanget al., 2015

H3PO4 4 H3PO4+10C—P4 + 10CO +6H,0 Myglovets et al., 2014
10
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2.3.3. B &

p & it (Self-activation) £4p 2 4+ F e fllid S5 a0 2 5 RS a8 T i
FLPES R de BB E T Ao it B T RS L R AT LR S B
FaBiEl o pisltaE AL R A L F R RIS PR AS e § 1
s (R 7)o pisi Al hie s rn-H;,%p??Z * Tﬁ Hofs E 4 H > JED E
Mok ko TF RS 1B E RIHIRE TS R B B T B R

i* { % % (Xiaand Shi, 2016) -

A green process

Activating agents: By-products:
No additional| . Useful gases
agent | ‘mainly in CO and H,

Activated
carbon

Biomass

Waste chemicals
Zn?*, HCI, etc.

Bl 7. p S fridiis gt gl (Xiaand Shi, 2016 )
Figure 7. Comparison of Self-activation and Conventional-activation. (Xia and Shi,

2016)
24 RARHEEHAHPET LY

BABRER FEPFRF A EREFEY BT O B A fRE
BA%% > 5 E 483 (Demirbas, 2004) & A4 € € 7% (Guo and
Rockstraw, 2006 ) » 4§ pF FF A% £ > #4448 22 % 3 (Montanéetal., 2005) » & 3%
BEPFTEE S § W EHM A HIEF > £t 2o T 'K (Gomezetal., 2005 ) -
o R REREBESRAE > A PR AN ERETERGE

(Montané et al., 2005 ) -

11
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C MR

i

3L AFRAARDRMA

WAEATERBEBAARH RS BEHAT 2B (lignosulfonate, LS ) 3
g;mﬁ:@lsr]%;; g ‘,ﬁ% kB & B A S 0 d ¥R Borregaard © & 1A A 0 Tias 3§
5 8x10°%gmol ™ gEd F4pF 4 oA K ARG WA F %N 5 CoHs2031S0s

(OHpn) 055 (OCH3) o (Rodrigues Pinto etal., 2011) « &% 4 5 % £ it B ek £
BRE AT
SOH

H;C0
OH
Bl 8. +f A AR YA (Nimz, 1983)

Figure 8. The monolignol of lignosulfonate. (Nimz, 1983)

A AR R AT o R A W G B-O-4 ~4-0-5-B-B 5-5 a-O0-4 Y
(Rodrigues Pinto et al., 2011 ; Shu et al., 2016)

SO QH
S0, OCH,
H@
HyCO H3CO SOH
OH OH
(Nimz, 1983 ) (Shuetal., 2016)

B9 ~FEmpRSEd Cross-linking 7)== R & ¥ i (Nimz, 1983 ; Shu et al.,
2016)

Figure 9. The monolignol synthetic polymer by cross-linking. (Nimz, 1983 ; Shu et al.,
2016)

12
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32 AFAREPRHUR

A FREHAND ARSI 80°C Haz- 2 0 PR Z T AR AR
BEBPIVGRAS « 2R BELEAREF AT EZRABBORAIEZ AT WA=
AT EABBRBAMAR > & BIE T A% & BFA5L S Thermolyne™ Single Zone Split
Tube Furnaces 59300 (Texas >» USA ) 7 ZifA2® 3 » § # B 2§ U AT R

BB A ¢ i A F o 2 EiE R E A4 5-30°C 28 1 110°C 5 #58
15-60 A 415 & 122 g i & & A 48 5-30°C <38 1 300°C » 4538 15-60 A 415 12

R E 048 5-30°C 2R3 P AR ER (5 400-1000°C) > 458 15-60 4 48
«+'\’—‘ I% P

LSRN s S R
EET o LRE S RARERHAMET LR

WEHF R AR KR ME -MEIYP B P R13 0= BlERE
oA FLRFERLEARERZ BRESRAR A BRERE SR
iz B3 A g fE T d (Montanéetal., 2005 ) o * ji 2 }I?c?r}»'%ﬁ N
FRBROREIL B BEABE A 110°C~297°C » i B34 & & 200-400°C
2. (Lemesetal.,2010) s A F k= BIFERGTEEERER 2 5% - AR 110°C» %
= FEEC300°C 0 % = FE £ 400-1000°C o

PoHPZ A2 - £F G EPRILE B

BARRE R Mt @I A B A F 2
RFRREE A4 = A 7—€‘T'Jq+£}]§:ﬁ’;3'§ﬁ

BELIT = A 7—g‘f rﬁﬁ.
ﬁ’ﬁ./m lv-ﬂ Av\’ﬁ JE A vt ﬁ"» J\/’DE\‘ ﬁ’;’t mi—%— > A P\?’/’D/"$@~ d‘?%ﬁﬁﬁ%f’i‘i
AL A B R 5 m o 5IT AR REA AT AR BRI A R

kiR

AP BE P 02~ 3 35 -k (Deionized water » DI water) & & & 3
WA AT IR EY BT OSCHIRT- BB RTEREEN A
F1* A GRLEENF BR (RATE S Advantec 1 BT R0 248 5 90mm>
s 6umo B&R 02mm) £ LI RFEAER o LR £ RES I WKL
EPRRT AR Ly AP ki ia 80°C i 2 - FIRAEATERBR R
A -

13
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fe i L

AR I E P > L~ 80%FEp: (Phosphoric acid » H3PO4) » M Bikfk
HAFERF A4 L RE- P AT FRERER T FRIR AR
ErV - Ay 2 okaEgY o LI ARl AN F @ CAIIELR
RERRIZZ gl ) PR AP B I R VHBEFY 8572 ) FORER KA = F
Wenpipa s o BRI E A £ OfIr B AL L AR f Eh 0 e
12 80°C ic— % > FRBAATERKBAAMAS -

14
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9

i

Table 3. Experiment parameters: Holding Time and Heating Rate

Initial First order Second order Third order
Temperature Heating Rate Temperature Temperature Holding Time Temperature Holding Time
Number (°C) (°C mint) (°C) Holding Time (min) (°C) (min) (°C) (min)
C1 25 5 110 15 300 15 500 15
C2 25 5 110 30 300 30 500 30
C3 25 5 110 60 300 60 500 60
C4 25 15 110 30 300 30 500 30
C5 25 30 110 30 300 30 500 30
15
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Table 4. Experiment parameters: Pyrolysis temperature

Initial First order Second order Third order
Temperature Heating Rate Temperature Temperature Holding Time Temperature Holding Time

Number (°C) (°C min?1) (°C) Holding Time (min) (°C) (min) (°C) (min)
C400 25 5 110 30 300 30 400 30
C500 25 5 110 30 300 30 500 30
C600 25 5 110 30 300 30 600 30
C700 25 5 110 30 300 30 700 30
C800 25 5 110 30 300 30 800 30
C900 25 5 110 30 300 30 900 30
C1000 25 5 110 30 300 30 1000 30

16
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Table 5. lignin carbons code

Third order Carbon without Carbon washing by  Carbon washing by
Temperature (°C)  treatment DI water Phosphoric acid
400 C400 CH400 CP400
500 C500 CH500 CP500
600 C600 CH600 CP600
700 C700 CH700 CP700
800 C800 CH800 CP800
900 C900 CH900 CP900
1000 C1000 CH1000 CP1000
33. WA

A R T E MR A AT R AT RN T A G R EI AT

3.3.

1. S -RA O

£ Al#F H 2 ® F R ikse (Scanning Electron Microscope » SEM) - i@ * A5 %
HITACHI TM-1000 2 TM3030 ( Tokyo > Japan) » SEM ¥ * ** g% A i % & ik
ARG EHE G o B SR AP AR S R o RS A
PRPELRELTAFH AT IHAEY  REZTEITRLBRRRS -

-k 4p)3¢ % (Mercury Porosimeter ) - %] %L 5 Micromeritics AutoPore® 1V 9520
(Norcross » U.S.A.) » & # K43 » & 474 & & Bk B3t & + o -R43 £
Bk BRI R MG ENATRRARP AR LIHA T

SR G 0 TRIE#F S 3nmto 360 um -

Wk omofg 2 3L A v 4 45 & (Surface area and pore size analyzer) - A5 %
Quantachrome NOVAtouch (U.S.A.) ° fI* § # % = § “ s ®e iz £RIR

M2 2 e fF2VEAT P AHBEE N HESEY  Fed 5o (Degas

17
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Port) ¢ 4c#idh B 74 HHl P g g2 o e RIE A % 300°C » #c# 10 7} p= o
WF S E NS4 (AnalysisPort) @ 4 45 o

332, NERFAHE

1. # 2 § 40 k& 47 5 3% & (Pyrolysis-Gas Chromatography/Mass Spectrometry > Py-
GC-MS)-d #HfE&R~F 11T RE ¥ Rore s a & BAMBRIGE JHP-
5 Curie Point Pyrolyzer (Japan) » % 4p & +7 & 2152 5 AgilentHP 6890 (U.S.A.) »
Ta¥ k315 5 5973MSD (U.S.A.) ° Py-GC-MS 5 P-ig & 473 & F v & $ e
oI ATE L e MR EE N RABER) 2 EE A 10°CminT
MR L S00°CHR R TEARS e R RBHBIVLFE N LT
FI% F AP B AT B o RN AR > £ R R B e e[Sk e enle
SRR £ S

2. 7% & #7 (Elemental Analysis > EA) » & * 4]%. % Thermo Flash 2000 ( for NCSH
&O0) (Milan, ltaly) ipl T A 54 2 AFZREAARMDIR T > F > Fivt b o
BEL G EEES ol EUERREE RS o AR AR
Flr £ 4 5 » Py > S et kT VR B i 1800°C A R RS ER D

G BRRAGET 4 2 CO2 N2 SO 3R &4 » Al A S5 A BEN A

FerulplEz g

3. & E 4k Ak ik (Fourier Transform Infrared Spectroscope » FT-IR)
7% 5 Bio-Rad FTS-40 (U.S.A.) » 1% 4cF &1 = ¥4k 2 L A 47

( Diffuse Reflectance Infrared Fourier Transform Spectroscopy * DRIFT ) #z_4
TE2 AT EREB A MO EF i A h# B 5 DTGS(Deuterated Triglycine
Sulphate) - 247 & % 4cm™ Frpr=c#ic i 64 =t o k3 P ;a@ + 400-4000 cm”

11@”}%;’%%-@/%1Lﬁm(l‘<8r) M/.‘EH ’::\'7,?'7:

4. X-8+# 45+ 4 47 ( X-ray Diffraction » XRD) - %] %L 5 Panalytical X'Pert PRO
(Nederland) » Bl A FEZREBAR B OE LR - P HREFES KGR
PRI RERE PR ERFF S 10°<20 <50%¢ 1 XS AP P
SESTIL > REF S5 1S X-BHa 0 5L i o 1452 FL( Wang % 4 (2014) =%

18
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R o ki XRD BlF# 20 & 23°fr 43°p ¢ D IE B > 23°5 F T
(Amorphous carbon) - 43°: % 5B ( Graphite structure ) o

i X kejziTif s B4k ¥ (Near Edge X-ray Absorption Fine Structure
NEXAFS) » 1% B 7 i & ¢ ch 24A £ L | B~ {F C 1s K-edge > 4~ 17
aromatic C {v carboxylic C % it - 4345 < /I% Solomon % 4 (2009 ) = Heymann

£ 4 (2011) chB % A o i B 1 284.9-28556V L % 4 et i B 288.0-
288.5eV % % ik et o

B @ & =4 ¥7 (ZetaPotential Analyzer) - %|%. 5 Zetasizer NanoZS (UK) » Bl
TAFTARBER R OSSR LG T 4B~ 0.005% A TR AL B R K
ARtk&E oA~ cell ¥ oo 2xiE Nano ZS £ 47 - B w 7 e #HE>30 mV £ 7
e F AT <BOMV £ A RA TR FIFEIRE S AG R =0 Tih

pH & » 3 & &% 7 =2 (lIsoelectric Point » IEP) -

333 MEFAH

T £ ¥4 #1492 ( Differential Scanning Calorimetry » DSC) - 3|5 52 TA
Instruments Q200 (New Castle » DE) > 4 47 & F % & fa B s a2 7 f2
HipH %2 «my 20 FR0 RRAEERFF S F T 20-400°C 2B iE F 5
5°Cmin™ o §s $f SF7 B A B f=F 6% b- T PaurfEsEd > Ly R Y

PR WARSLE B RSS2 RN S R
1

BE RS RERY et Bl SRATHEREREE - R
D

# & & 47 ( Thermogravimetric Analysis » TGA ) % i #c#. & 4 7 ( Derivative
Thermogravimetry » DTG) - 4]%. 5 TA Instruments Q500 ( New Castle » DE) -
ARPREMPEAEERAERRLFE B LR 2 gl S 0 REAE
PAABEREASF DR TR REFERFR S 30-900°C - # g # F 5

5°Cmin™ o $h S B B2 5% E ALY o s Y T~ f F

=

FhBiti REY DEZER AL ERERESLETER L AL -
19
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R AL H

2 5o A Bl 4o @) 10 257

A&
BB
ARE - {4 o 4
o - ALY b2 R Atk
@K%k @ 8% — | R@W R N L ) | LSRN ey
K KA K Ny
B Bt e Bl N e E T B ey
and pore size
analyzer FT-IR o it & "ﬁ' ﬁ'é, &
= B R EEE
[ NEXAFS | 8 45 1 9 1t
Zeta
Pote:nial o RE T

Bl 10. §F i A2 B
Figure 10. Experimental flow chart
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T~ R
41, AFERBEBAHFZ HBTLH

411 *FEARBEPE AT

TR AT ARBERT S A SEM Bl g 0 > AT ARER LAERR
B e AR ST BB AR O AT ARBRBARL? T8 2

Lemes % 4 (2010) e % 4p 02 o

Bl AF2AMRA TS A AL SEM B

Figure 11. SEM images of lignosulfonate.

412, AFABBEACELTLH
1, A A

dAFAFRTRNATEARBRB AR T~ FEER - 6977 > WD
R (e R 0 B A RN T ARAE R b R A LB g B BSR4 5T 40—
50% - 7 % v L’vnjﬂ']‘,é’fi") 1% 0 7 vt 5 5-6% (El Mansouri and Salvadd, 2006 ;
Myglovets etal., 2014 ) » & Zhang % % (2015) %= 3 &7 > %R %7 AT 3 A
PR G R DI AT B A R e R AR 0 = g Ao § et BRI R N

o )F*J% ( E1 Mansouri and Salvado, 2006 ; Myglovets etal., 2014 ) > 7 % +“ H|P]4piT o

21
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206, AL ATRIE AT AR A G AR BT AT gt

Table 6. EA of Lignosulfonate. (This experiment and reference)

No. C(%) H(%) N(%) O((%) S (%) Reference
1 41.51 5.29 0.32 N/A 6.20 This experiment
El Mansouri and
2 44 .84 5.15 0.02 44.14 5.85
Salvado, 2006
3 49.50 4.52 0.17 N/A 6.19 Myglovets et al., 2014
4 25.74 5.00 4.85 46.83 12.83 Zhang et al., 2015

2. #pfREAL S

d 277 AFARMBRNBEAFRIASE IR AR
FRAAAFE T AREEE BRI AT EARMRBIOLE LIRE F BT
A 2 (Suzukietal,2006) @ 4 = % % p LS ¥ B-O-4 474 “7 & 2 (Brebuand Vasile,
2010) -

# 7.Py-GC-MS + & % m s 8 & 17
Table 7. Py-GC-MS of lignosulfonate.

NGO Release time  Structural Compound Oridin Area ratio
(min) Formula P g (%)
HO.
1 2.12 Acetic Acid (fis it ) 7.01
\L( ;
Q
2 2.53 “°\/|k 2-Propanone, 1-hydroxy 2.5
3 5.19 Qi]’jL Furfural () He?;;f”“ 0.78

4 5.72 HO\,Q) Furanmethanol 2.33

/ H

)

5 9.62 [ij Phenol ( %7 ) H 0.72
6 12.28 [if

AN

2-Methyl-phenol H 0.46

2-Methoxy-phenol
( Guaiacol ) G 10.52
(g £I»p)

7 13.55

22
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% 7.Py-GC-MS » F2 @~ 47 ()
Table 7. Py-GC-MS of lignosulfonate. (continue).

NO Release time  Structural Compound Oriain Area ratio
(min) Formula pou g (%)
8 15.64 Q 1, 2-dimethoxybenzene G 0.59
Release time Sirouctuorgl . Area ratio
No (min) Formula Compound Origin (%)
9 16.76 o 2-Methoxy-3-methyl- G 0.46
phenol
10 1794 /@ 2-Methoxy-4-methyl- G 159
? phenol
|
: 4-ethyl-2-methoxy-
11 20.21 ]Q/\ ohenol G 1.6
2-methoxy-4-
12 21.5 :Q\\ vinylphenol G 6.54
\ SR YR
= fJL--.
13 24.27 T Vanillin ( % %) G 1.93
14 24.54 ‘ 2-methoxy-4- ( 1- 2.17
\V@W propenyl ) phenol S
15 2598 S (Eugenol ) 11.37
(T AWp)
o Ethanone, 1- (4-
16 26.99 D\(/ Hydroxy-3- S 1.36

\ methoxyphenyl )

23
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3. B ERFEREHEST

LS chit 7 it 57 1 d & 2 ke oh £ (FT-IR) @40 4o FI#77 o

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Bl 12. A5 Z A s % FT-IR £ 3% B
Figure 12. FT-IR of Lignosulfonate.

H ¢ peak 1(3358cm™) crms izt i % BB 0 5 #p-OH 3 e @ 3R % > peak
2 (2940cm™) 2 peak3 (2853cm™) 5 7 e CH 2L4tfidrd 2 7 R CH $
fiymd> > peak 4 (1603 cm™) % peak 5 (1508 cm™) % = 4 Hat & 2 4= 8> > peak 6
(1213cm™) % G 41~ % # (Guaiacyl ) = 4 % «riring breathing (Liuetal., 2016 ;
Liuetal,2017) - peak 7 (1042cm™) -~ peak 8 (650cm™) % peak 9 (525cm?)
LAY S-O 4wz (Wangetal, 2016 ; Liu et al., 2017) -
Hepy i Wacd 8 40m o

24
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28 AT EAMT FT-IR L3 % 2 2 4 eh o J
Table 8. FT-IR Assignments of Lignosulfonate. (Chu et al., 2013 ; Chen et al., 2015 ;
Liuetal., 2016 ; Wang et al., 2016 ; Liuetal., 2017)

Wave number

Cem 1) Assignments
3358 OH stretching
2940 CH asymmetric stretching
2852 CH symmetric stretching
1740 C=0 stretching, in unconjugated
1718 C=0 stretching, in conjugated
1603 Aromatic skeletal vibrations
1508 Aromatic skeletal vibrations
1420 C-H in-plane deformation with aromatic ring stretching
1374 Symmetric bending deformation of methyl group
1213 C-C of guaiacyl ring
1190 Typical for HGS lignin, conjugated C=0 in ester groups
1139 C-O deformation in ester bond, Guaiacyl C—H and syringyl C-H
1086 C-O deformation in secondary alcohols and aliphatic ethers
1042 Absorptions of S-O bonds
866 C—H out-of-plane in position 2,5 and 6 of G units
806 C—H out-of-plane in position 2,5 and 6 of G units
650 Absorptions of S-O bonds
525 Absorptions of S-O bonds
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413, AFTAARBBLTLAH
1, T AR BT

TEAFHBREL T RT AT AT ERBR ORI T L pE
TEEF R CF R AR {oic g o @) 13 A7 0 B R B 60-120°C BF o Gk
BEA 0 ARAAKREFIRBEEF 5 0-0-4 fr B-O-4 H C-O 4R 4o %74 -
158.86°C 5 & % A it @ e 8L » B-O-4 1 C—C 4&fr C-O 4474 > 4-0-5 > B-1 B
BT 0 LS sk SR ET S £ aak ( Parthasarathi et al., 2011 )

@ 192.87-280°C % 300-400°C & x4 f-3) - pl4da's f3 (B-O-4 %74 ) {6 > @
Aoe Ao A fre GAGAIAREAL > 550 P50 B-1 HC-CHEHFEH
His LS K4a& 72 MF & (cross-linking) % 2= 4k 24 (Brebu and Vasile
2010 ; Parthasarathi et al., 2011 ) o 3w A TERKBGgSUTHTE 2 Wi T R

BAeii £ 4cB 13404 9 #7 o
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%9, AFER PSSR 2 Y475 B A foiv £ (Parthasarathi et al., 2011 )

Table 9. Temperature and energy of lignosulfonate bond-breaking. (Parthasarathi et al., 2011)

C-C C-O0 C-O-C (ether bond )
Temperature (°C) kcal/mol Temperature (°C) kcal/mol Temperature (°C) kcal/mol
a-0-4 N/A N/A N/A N/A 106.48-126.25 48.31-57.28
B-O-4 158.81-176.48 72.05-80.07 N/A N/A 118.89—-152.85 53.94-72.3
4-0O-5 N/A N/A 181.35 82.28 171.35-181.93 77.74-82.54
a-1 190.15-205.71 86.27-93.33 N/A N/A N/A N/A
B-1 142.61-365.44 64.7-165.8 N/A N/A N/A N/A
B-5 275.95-281.24 125.2-127.6 N/A N/A N/A N/A
5-5 253.25-260.96 114.9-118.4 N/A N/A N/A N/A
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2. #E A

KO 14 AFARGERPRESRIT T ATEAMRDATRE L EFA
AFHER L 26 B RERE S - TIE S00°C B8 § 4 % - X > 900°C pF &
30% » %% & Chen v Zhou (2012) e % 4pif -

*\%’“%F BEEAL A LT & 200-400°C 2 ’7%‘?1’\?‘)]% (Lemes et al.,
2010) hg % B AT EREKR . 200-400°C ehde Fl 7 B~ hdp % > DTG &
B g i A W% B 208°C 2 297°Co & """ “"VS ke CO2 e 41 > H =2 208°C 5 SO2
S0 297°C A AR o (EE OB @ E 0 R BAREA S (1) 30
160°C ; (2) 160-400°C ; (3) 600-770°C - H ¢ 30-160°C 2 & & ¥ ¥t K edf £
160—400°C % CO > CO2* SOz > Fifig 2 B R F Jidf 2 5 600-770°C & AL B ik
fE 731 CO fo CO2 idf 2 (Lemes et al., 2010 ) o

foAF ETE N Beg o B4 BJE & 201°C 2 258°C o 3% EehdeF] 0 T P
BRREFAL (1) 30-140°C ; (2) 140-400°C ; (3) 540-900°C -

Kawamoto (2017) 3= & F 2 #2325 ¢ > 200-400°C 2 13 %5 & - B #t
BiaF oo <22 400°C e B A% 5 5 - BB B EF b o

AR - sBARE BT A BE 4 R RYT4 2% & (depolymerization ) s
A2 60% > ¢ 35 B-0-4~4-0-5~0-0-4 % » H ¢ 0-O-4 ¥4t 57 % ic £ 5 M0 B 40—
60 kcal mol ™' z B - H s 4 7 £ & & (Re-polymerization) % @léasrikde (side-
chain conversion ) ( Parthasarathi et al., 2011 ; Kawamoto, 2017 ) o 2% # 7 42 2 %74
JRE LTS R REZ PN EARY €25 > G A AT REREA 2%
B E > v i 7% & (radicalcoupling) %2 £ B &4 L FH4 A4 (Char) &3
4% & 35 (H-Donation) 25 =& ¥a4a fi% » 7 % % = # 4p ¢ H 8 (Monomers ) & i
# Quinone methide » x££ & 2 = FM A $ o I fpfiex ¥ 118 (7 RIAANE )
ARIAPEAF AR R~ EWNA L RG2S AMAY -5 BARE RAALE
350°C P> & A= 4 5 5% S b ta g o Hde 0 F AR E MDA 52 Rl gk R
B % A A F 7% (Kawamoto, 2017) o
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FosBHBEF R LEF AT T EE Hang > A LA (Coke) fv i %
% % '3 (Polycyclic Aromatic Hydrocarbons » PAHs ) % > % 7k c1"% & ( Degradation )
R FRAY (Gas)e B RPN A LA BRE ¥ -HEZ"F A HY T
FoEBET IR TS ANEAART AL EIREDE R B RE O FIRA
A3 550°C BF O MEFARE S RARAD T AR RER S S (AR5 CO) Y
SRR TRE ST R AR R B RO RAL SR F 4 ¢ 32 CHe
H~CO 2 COx» 2 ¢ Hotng FRE R engd & b o 38 B i 7] 600°C pF » PAHs
€ Bapakd & 5 @ F & B3 700°C pF > ¢ 4rig PAHs e04 = (Kawamoto, 2017) ©

A 2 550°C BF 0 TGA & &4 P AF4hT % > 2 DTG # 5] $ M Af e
B JaplEF F WA 4 o 12 Kawamoto (2017) enf & v d > 3P 5 7

S A A A RER S CO % i A @ 700°C-900°C ¥ DTG i & T 48
Ao AR A faplieREREIFEY A2 CHi~ Ho~ CO 2 CO2 2 PAHs ©
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Figure 14. TGA and DTG of lignosulfonate.

30

doi: 10.6342/NTU201803515



42. AFAREBREZ BT LI

421 FEFE2APRFIHATEIBARBAHZBRBE
R 15 ¥ 8515 A dperfd B R E A0 4 530 30 A 4afr 60 A drdf 4
30 4 45 ﬁﬁO& m&iﬁ%ﬁﬁ’“dm%&ﬁ(%lm 7 30 & s el
BhF D AR B ER AR R HAR S R E R 30 A4

W15 e 60 A4 S o L REF 2 G 0 5°C min! v 30°C mint s £ IF 4 @ R

#otn 04 (B 16) » 15°C min e & #F% . 150-350°C £ [l b v+ 5°C min™! 4+ 30°C

mintesx > ¥4 5°Cmin' ehd v 8 = B P B e (£ 11) &iFLTERisES

nsmnmeﬂﬁﬁ$°§J%ﬁ NERPET L 30 A4 LR S L 5°C
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Figure 15. TGA of Lignosulfonate charcoal product by different holding time (pyrolysis

temperature was 500°C).
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Figure 16. TGA of Lignosulfonate charcoal product by different heating rate (pyrolysis

temperature was 500°C).

% 10.500°C # AR AT P FHFEFF 2L AT ZRBBARM~F 447
Table 10. Elemental Analysis of Lignosulfonate charcoal product by different holding
time (pyrolysis temperature was 500°C).

Holding Time (min) C (%) S (%) H (%) N (%) H/C*

15 55.504 3.5585 3.3025 0.497 0.714
30 55.7025 3.683 2.794 0.409 0.602
60 53.239 3.509 2.941 0.428 0.663

* Atomic ratio

% 11.500°C# A RAT A LR F 2 AT EZRBEAAM~F 247

Table 11. Elemental Analysis of Lignosulfonate charcoal materials product by different
heating rate (pyrolysis temperature was 500°C).

HeatRate (°Cmint) C (%) S (%) H (%) N (%) H/C*

5 55.7025 3.683 2.794 0.409 0.602
15 56.6195 3.4535 3.176 0.45 0.673
30 557985  3.797 2964 04785  0.637
* Atomic ratio
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422, #HARERZAFAEHATIERBRH L FHLEE
1, R A TE

AT ERBBSEFERAFER A A PR R 1 2 FH ke
BicgLea P v g AT ARBBRM LG FRIFIIF R DR WK
A0 (B17-19) @ AT 2RMEBAARERY F2 0 3R % UE
A F MBI AFERAEF T pELG M Eedih g hh v % 424 F o
AR 19T kg s g R ek AR A TR R BB R g
B RS TR AEATEARBRARM LG A F SRR R
AT ERFR R A G PR o R R FIAL B RREARY 0 2 S ko e
R T EABBEA YA G - LR A AL ;ua;frufﬁr (Liuetal.,2015) » i
AT AREER R A5 F8LF -

x1.2k 50 pm

B 17. ~ ¥ %/ pt® R 112 SEM B (CH1000)
Figure 17. SEM images of lignosulfonate charcoal. (CH1000)
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x300 300 um

x300 300 um

x300 300 um

Bl 18. 2 PEHFERZ AT AR ER R 2 SEM B (C400-C1000)

Figure 18. SEM images of lignosulfonate charcoal produce by different pyrolysis
temperature. (C400—C1000)
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x1.0k 100 um

XT5k 50 m 2.0k 30um

B 19. 7 b iRisRdz » F A AR 2 SEM Bl (C: a2 5 CH kit
P : feik e )

Figure 19. SEM images of lignosulfonate charcoal with different washing treatment. (C:

without treatment ; CH: washing by DI water ; CP: washing by Phosphoric acid)
2. AFZ AR

ﬁr%l20513%-‘3=”'“r7'ﬁ’*?%Fﬁﬁiﬁﬁéﬁﬁﬂé&'g“if%“%f@éﬂﬁé‘;ﬂ}iiﬂn‘vT“%’
S RIE A T AR BB A A F & 500°C T pF > A F A2 50 % o ok A
Rt e B BT A F A ACiE 25 % (Muley et al., 2016) » @ 5K ik & il ik e
Wk FARBRBAH PRV L EBAIL AT ARBRB AT K B > g w@
ATk ARG R AN A SR R B AR R

SRk SR PR R T R P AR IR G G ek AT
E‘hﬁi*z";}_’- ’ ;Iyg_,? i/m‘f\? }\/7\;33 f.-\'E;u\ A 7 "I%m}}% r_] ES j./m‘f\? }\/,‘;jﬁi\:’ s ;}u }'i,\
B4 & o ﬁﬁé?&r%@éﬂﬁ?—i@ﬁ“’ “TE 2 G fek s 4% oLin £ (2015)
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Figure 20. Yields and carbon contents of Lignosulfonate charcoal product by different

pyrolysis temperature and treatments.

36

doi: 10.6342/NTU201803515



1
=& C400 - C1000
0.9 1
~&— CH400 - CH1000
0.8 1 CP400 - CP1000
0.7 1
§ 0.6 1
0.5
0.4 1
0.3 1
0-2 L] L] L] L] L) L) ;\:

400 500 600 700 800 900 1000
Temperature (°C)
B2l 2 PEHAFFERZ AT ARERRAM2Z 3 5 (C400-C1000 2 2 5
CH400-CH1000 -ki% ; CP400-CP1000 f4i% )

Figure 21. H/C ratio of Lignosulfonate charcoal product by different pyrolysis
temperature and treatments. (C400—-C1000 without treatment ; CH400—-CH1000

washing by DI water ; CP400—CP1000 washing by Phosphoric acid)
3. T ER O o

B 22 e 23 4 w0 7 R RAFRER T 7 kb LigAIZ 1 TGA 2 DTG £ &
Ao ofRESLA T EARMRRAHNES (B 220 2 B 23b) ch £ 4 Pl E >
FRFRE AR R F v BN RERARR > B EF A AR o B B SR IL
% (B 22a % B 23a) fri5iBpeie g2 enit % (B 22c % B 23c) Pl iE
e E B b B P BOHAR 4 kR do] 24 9T o KR e AR A T A R LR
R EAE A FRARBARERS A BARERRF AL ARM A g
MRS A A FEPRANRER S I P BA R RARE 0 = BRI 2
AT A AR B fRIER 5 400°C B = F B E A4 A W 5 C400:55.6%
CH400: 57.1%; CP400: 61.9% # 2 f2i8 & 3 1000°C- = & s# £ 47 % A 3 > C400:
80.7% ; CH400: 28.1% ; CP400 : 52.0% ©
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Figure 22. TGA of Lignosulfonate charcoal product by different pyrolysis temperature

and washing treatment. (a) without treatment ; (b) washing by DI water ; (c) washing by

H3POa.
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Figure 23. DTG of Lignosulfonate charcoal product by different pyrolysis temperature

and washing treatment. (a) without treatment ; (b) washing by DI water ; (c) washing by

H3POa.
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Figure 24. TGA total loss of Lignosulfonate charcoal product by different pyrolysis

temperature and washing treatment.
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Figure 25. TGA of Lignosulfonate charcoal product by different pyrolysis temperature.

(Different washing treatment with same temperature.)
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Figure 26. DTG of Lignosulfonate charcoal product by different pyrolysis temperature.

(Different washing treatment with same temperature.)
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Figure 27. Zeta Potentials of Lignosulfonate charcoal product by different pyrolysis

temperature and treatments.
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Figure 28. FT-IR of Lignosulfonate charcoal materials product by different pyrolysis

temperature. (a) without treatment ; (b) washing by DI water.
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Figure 29. XRD of Lignosulfonate charcoal materials product by different pyrolysis

temperature and washing by DI water.
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Figure 30. NEXAFS of Lignosulfonate charcoal materials product by different pyrolysis

temperature and washing by DI water.
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Figure 31. Zeta Potentials under different pH value of Lignosulfonate charcoal product

by different pyrolysis temperature and washing by DI water.
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%12, 2 P EANFFERZ KA IE AT ERER R 2 HET
Table 12. Porous properties of DI water washing lignosulfonate charcoal materials

product by different pyrolysis temperature.

Charcoal  Porosity' Average Pore Total Pore Area'! DFT Surface Area’
(%) Diameter' (nm) (m?g!) (m?g!)
CHA400 78.2 5206.3 4.6 3234
CH500 76.0 1068.0 10.3 417.0
CH600 77.7 1833.5 7.3 459.0
CH700 79.2 1958.1 9.3 535.1
CHS800 76.1 2100.9 11.0 582.6
CH900 79.7 965.7 16.4 688.5
CH1000 72.7 435.8 30.3 512.7

! Results from Micromeritics AutoPore® IV 9520 ; 2Results from Quantachrome NOVAtouch
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B 32. # FHRARERZ KEATERBED R CO x5 ER
Figure 32. CO; adsorption isotherms of lignosulfonate charcoal product by different

pyrolysis temperature and washing by DI water.
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Figure 33. CO; adsorption and desorption isotherms of lignosulfonate charcoal
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Figure 34. Pore size distribution of lignosulfonate charcoal (CH1000) product by

1000°C pyrolysis temperature and washing by DI water.
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B BT @ MR EA DT RSk o AP g
A RADEE T A e a AR LRGSR AT LT LR e H
4 27 (cross-linking ) shig @ HHFE B i B R4 2 3 g Rl A AR A
E g > A - = (Danteetal., 2009) -

AR IE et o Bl 35 40 0 B-O-4 b am g B G A (2 R K
% 160°C > &9 %ip|¥ 5 158.86°C) @ A2 7 i d AF o L Q@M -KEE A
7 % Biehig g (Norberg, 2012) -
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e
-H,O

Bl 35. ~ B % 2 #F s+ (Norberg, 2012)

Figure 35. Cross-linking reaction mechanism of lignin. (Norberg, 2012)
2. AR RBRPRHTFA S B
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Figure 36. Pore shape of lignosulfonate charcoal materials
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x1.5k 50 um

BlI37. AFEP F HERS AN AFRIRT KL PR PR i in
Figure 37. lignin sphere was burst when gas pressure inside lignin sphere higher than

outside pressure.
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