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91331, ArHA 0% Lol e ARl thal 1157.9 me/g O Aol FH §3< ngick

b4

Wong et al. [43]-& #3F2] (Spent tea leaves, STL) S PEI & 7§&3&}o] A& Al <
TZ2E 7R F&2 AAE Rt Al xR SEA = 2ol 959 RB5 (Reactive
Black 5) ¢} W& @ @@l X o thafl 2+2+ 71.9 mg/g, 62.1 mg/g &) F2 &3S 7px o 9zt

W Ak BEls B4 A =l od S vn| ek 2o % gl H I
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2.2.2. PEL 1A 5% 2419 $3% 52 At

Zhang et al. [45]> TEMPO (2,2,6,6—Tetramethyl—Piperidin—1—0Oxyl) A3}
AEZZ A Uk 9 BHS AlZste] 7t2 5479 9B 25 71 i E-AE 1k
olo] EFEELHSE tuHe AREste] #AE PEI & HEsia, =579}
ofv|i7]E VM AERe A Yk JBY FX9 FAAE Axsdo HAd e FF
S 52.32 mg/g = SAEJL, 432 FEA AR FHE P o E FA 5T

Hong et al. [46]& ¥Yd%%E (Tunicate)olr F&3 Yr-AMEZAES PEI &

2gdds| =2 7twste] PEI /Hd YxeAdEReAE AxIPd. F2A dHe

— =

il
1
o

52 %S FAT + AU ol AR e wEEA Foled ALl o

Meng et al. [47]2 & &l PEI & A &3t NalOy & A3+ &4 SU&

A3l & PEI 9 NaBH, & AFE-3Fo] PEL & 2 X" &Rt} A 23 S2 4= 18] 21.44

LS A=

mg/g, 7t=F 32.94 mg/g, & 56.71 mg/g & & £FS B3, Langmuir 22 of w&

A 3§94 BF 100 me/g o1 4olSIT PEI ) ok 77} whe2ote] 53] 9 a1

aeruginosa, E. col) ol &l A2 713 S &Ikt

Qo7 S4E $Eatol, 48] 13 B whelelol (S, aureus) 9 1F &4 uhEl o} (P



2.3. AW AEZ A

2.3.1. A AZEE A A X Uy

ofo
o
o
i
oL
o
o
I

NaOH/& 4 =& NaOH/E] 2 @ A A}

i)
ol
H
ko
[
ol
kS
!
H
i)
2
B
ok
r®
rlo

H
\ H
o Wty OH
o™ 0
o
o ° o
3 O—HHH/O
O E OH
omnnyg—0
o
0
HO o)
O—HQ
/
H

munin Intra-molecule hydrogen bond

i Inter-molecule hydrogen bond

Figure 2. Scheme of hydrogen bond network in cellulose. [53]



H A A& (-10 ~ 20C)0)H 35 = F2 7 ~ 10 wth= A&ttt AL 74 o4 OH™

il

Fol & AR o2 WEA M 19 Fh AT AWFI, Na” o] £& B2 285}
BER O AL M2 2 ATE AR A5 AW WART[55] weA

NaOH = AEZ e &2 3F 9 24 W o] g5 2dd 5 Qv

NaOH/E] 2 @4+ NaOH/24 % AZReAs &8sts dgs fA8Y, Hegs
&350l NaOH-AEZ e~ 2 A oA 27l 2ok Fol Aoz Qlth
Boiht 4 A% doiA 2 84 9F& FAld s Az e U 4 A3
i A5 B seh [56] NaOH/24 9 NaOH/Ele 4z S3le AEz s A9

83 AHAA AR A B9 HYE el FES Faste] AEEeA ) Sa

i,
%
1o
2L
jas)
_
1L
mlo
ol
5
>
2L
0%
2
m
1 >
i
oftt
oX,
(o
oo L
o
\]
N
N
X
oo
=
>,
>
)
flo
o
2
N

et H el s BEIEES A AN AEZ o x o) ER2A A Z W o] o] FS
T3tk BESEEC] Bl SalE™ LiT o] & wAbe o8] ekEa, 3k LiT
o2 AER A0 FAV| o} WA E o] B 1F A AT il Bro o] wd
gETFeHE] MAdTESs FeAY AERexe A AR A ZE-ske]
AZER o 0 3= Aot [57] 120CelA g£dd F ALor SuA 7
sto]| =2 A g7} o] Fo X aL gull W glo] FAE T AN AEZ A S|l EEAS AS

4 gk,
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2.3.2. A AEZ 2 A 7|9k F2A| Ak

1 o}
=)
méi
L
N
—
N
o
N
o
o,
kit
L
:I:‘

Zhan et al. [69] NaOH/2.4 &N Sad AEZ 2 A AN UJEFH

AHg&taL oof PEI ¢F SFEt=dH s =0 o3k 7k vhg= 313

st g e®E 8 177.1 mg/g, oFd 110.2 mg/g,

AzeA. G2 TE
234.2 mg/g o A} F2 L2 Jehd. ANEE ed Are) A4

o)

34 g0l 7oy daE FE o FAAR Az =18k

—

TEMPO A3} AZ2=2 oA Uy 3BHE NaOH/L4 £Hd

d52en 7 53 sfoj=eas

Ze Pad &9y E9sk 2w

Zhang et al. [60]2&

TARA 7] 2,
Azt stol=r AL vy 3 725 7HA T Y ow g o] tigk A
St TEMPO Atst g2 0 A v B

2o 541 mg/g ol &3t
o, 4zre] gl Bk TEMPO ks

& WA At

Yol T s}l o ol 5t

Tu et al. [61]> AEZ A8 7|EANS A2 oA NaOH/ Q4 &N &35t
oy FERsFo|=AS HUlsto] 7|EA S A AEZ A slo]|=2AS A 2T
glom Fa d=e sl o 166.10 mg/g 9

|EzAe] Ao 7 EANG

2] orE: R

dvlE Rzl R HILR A, A,



3. 4l 9 H

O+
ok

3.1. A8

g1 (Lignin, kraft), AE=Z2* (Filter paper, diameter of 125 mm),
Zgogdolql (Polyethyleneimine, PEI, branched, Mw ~ 800), A|E 24 (Citric acid,
CA, 99%), X544 3= (Formaldehyde, 37 wt%), & 3lZ2+5 (Palladium (II) chloride,
PdCls, 99%), 4—NP (4—Nitrophenol, = 99%), 2332 YEH (Sodium borohydride,
NaBHs;, = 98%)& Sigma—Aldrich (Yongin, Korea)olx Fste] AF&3s9ith
BE3te]® (Lithium bromide, LiBr, 99%), €4t (Hydrochloric acid, HCl, 36.5 ~
38.0%) & Alfa Aesar (Incheon, Korea) oA -¢]sto] AF&-33itt. A HE & (Sodium

hydroxide, NaOH, 98%) + Junsei Chemical (Tokyo, Japan) oA 79 3&}o] A3t}

3.2. 494
3.2.1. P-Lig Al 4 EA H7}

3.2.1.1. P-Lig Al 27 £4
50 mL 2Rl AT E @04 5 g ¥ PEI 2 vhekst &k (2,4, 6%) ©.= HA7tstAnh,
o}

S 9F EELUF=S 1 g ¥ wuEY pH 2 100 °7 3453

rE
olo
1o
Jpi
™
filo

50TCelA 5 AIZF &b whg-sim, ¥hgo] & $ol= pH & 3.5 & XAsto] JAAES

st JATE ANF7E S0l D WA ARskn Azl ALgs,



3.2.1.2. 383 Fx £4
Azt P-Lig o 383 545 #4317 A8 Aol 3% (Fourier Transform
Infrared Spectroscopy, FTIR, Summit, Thermo scientific, USA), X A 337 =} &334

(X—=ray Photoelectron Spectroscopy, XPS, K—Alpha, Thermo scientific, USA),

o

AR 7] (Elemental Analyzer, [soprime, UK) Z o] £3}o] 3st4 @57 9 d4

steke B39t FTIR & 74 AYAF = (Attenuated Total Reflectance, ATR) &
A&ste | M 2)= 4,000-700 cm ™!, AW FE 64 W, A EE 4 om T 2 A S

Az P-Lig ¢ PEI &% ¥ Zebg 52 A5 H7Fsh7] 98l pH 2 37 4 400
mg/L &5 FeHE &l Al P-Ligs ¥l 6 At & wwkagint, F2 A 59
by 299 s 5 2% Zek=v A5 247 (Inductively Coupled Plasma—

Mass Spectrometer, 7900 ICP—MS, Japan) & #4135} t}.

3.2.2. P-Lig/RC B E AZx

3.2.2.1. P-Lig/RC H|E Az ¥ 7lw 274 473
P—-Lig/RCHI == 60 wt% B&3leld T8 P-Lig ¥ AEZeAE vkt vl &
(P-Ligi =29~ = 0:100, 25:75, 50:50, 75:25, 100:0) & H7}&ka 120TColA 1 A7k
WHSFA T P-Lig/AE2 A &3 S8 1 mL FA] 9 cut—down HFE & AFE3F] 1
wt% AEZAF S Astetqitt. i S Fod 5 Qe vtw 23S 3] S8l
H 27} E7 A|EZAF &2 25T 9} 60T oA 24 AlZF wRket & &

%_
=42 AAsA T Al Z3 P-Lig/RC H| == 422 SRl Basal.

13



3.2.2.2. 4, €7] 3 4

1o
(o]
-0,
oX,
oX
o
Mr
X
i
ol
N
Ho
(¢}
ol
2
)
y
il
o
a
(\)
=~
ﬂ

P—Lig/RC H|=2] 41 3l &47] gh7g ol A
83 10 gl g@A ko 24 AZF & Gdo] EEH 2ad s 543
A -7k FH BF FEA (UV-Vis spectrometer, OPTIZEN™ POP, KLAB,
Korea) & ©]§-3to] 280 nm 332 SFE=E Fdl FHs0 1, 2ad §5%F (%) S 2

(1) & AHg-sto] Alrksk3i.

aAt

Lignin leakage (%) = x 100--- 2 (1)

A, v gade] B £ 5 30e W 280 nm 3ol A ] & FRALEE v, A+

o
(B F2] 280 nm HgelA 2] gl FHEES o n g},

3.2.3. P—Lig/RC H|E EA] H7}

3.2.3.1. §E8+3 B4 84

P—-Lig/RC H]= x| st 54 42 AAHAn 7 (Stereomicroscope, Zeiss,

Germany) & ©|-&3}o] 335130tk P—Lig/RC B = U -2 &4 EAS w4317 23]

3

Jpm

A ez $4 F dxsty Jawow duakiln. vE e Fusy

>

it

15

S

B O AAAL FAFAAE 2] (Field Emission Scanning Electron Microscope, FE—
SEM, Carl Zeiss, Germany) = ©]-83t%] 2.0 kV & 7} dtelA 335ttt P—Lig/RC
Hl =9 A4 bAd 7 e} (Galaxy S22, Samsung, Korea) & &9 3 AF2S AFE-3}of

Image J 22 ESJo] S Fall S48t

14



3.2.3.2. 3}8H3 #x 74

P-Lig/RC Bl=9| 88h4 548 £481] 919 ARE 282, FTIR & o] &3t

]
A7 Gl 64 9, AAEE 4 emTl 2 ARSAT olojd 1zF AuE A9 duw
Ul 9 Fe A 2ol 9o pH o

& Apgatol

A zsk RC v =9} P-Lig/RC v =9 Zetw

Az H =S YAl 6 At

.ﬁ
X

400 mg/L xE9] ZetF 99
217] (Inductively Coupled Plasma—

ot
M

TS O\: @zﬂ— Jﬂ.zu]. ;<E1

ety A9 Fae
Mass Spectrometer, 7900 ICP—MS, Japan) & #413}%it}.

3.2.4. P-Lig/RC v|EQ] ZF

P-Lig/RC H| =] Zehaw &2 4

T35tk 1000 mg/L o Zets &9

ol THITE A st theFst v % (100, 200, 300, 400, 500,

F-3 & 9o A x5S
600 mg/L) = A|Z3A Tt &
Sty NS 25 mL o), &

300, 400, 500, 600 mg/L) 9} &= A

15



o,
ojr
o

oo
&2

(1, 2, 3, 4,5,6,7) A & JFS 317 Y&l thafst 7oA 9

=95tk BEE AA % ()2 e A (22 ol g3l At

qe =27 x Ve 2] (2)

B
§99 FEE gk M (@) FRA FAolH, V(L) BehE Folo) 3 Fart

Zetg fA0 v 5 A5 Sgk2v A" B4 7] (Inductively Coupled Plasma—

Mass Spectrometer, 7900 ICP—MS, Japan) & =74 s} t}.

3.2.5. rPd@P-Lig/RC B E 9] Z&}F =] 84 H7}

3.2.5.1. &) B4 7t 2 54 £4
FeES Az F2al7) 918 600 me/l wE FEE o] P-Lig/RC M=

A7kskol 6 417 Bk wkskgieh. o] Y Bebrol FHA WS PA@P-Lig/RC MER

o 1o gu %)

[AJI.
ol
o
2

g slcl, o]%F PAd@P—-Lig/RC H|E+= 0.1 M NaBH; & Mo A 1 A7 H<QF o

hs

2y ZelEol 9% rPd@P—-Lig/RC H|EE A %5ttt 4—NP 3¢ A3 S 23 &

&

ol

i 2.8 mL el 0.2 M NaBHy &€ 0.1 mL ¢ 4 mM 4-NP +& 0.1 mL &

o T T

flo

H7ysto]l A x5k} o]o 25 mg ¢ rPd@P-Lig/RC H|EE Yo A7+ (2, 4, 6, 8, 30
ol e FHul 248 Frkskslth A 78y UV-Vis w33 A& o] 839 200 ~

600 nm 332 &3 AHAEHS 3 S A4S H71EA . rPd@P-Lig/RC 2] 4—NP

16



=z =2 2~ O~
=TT T
6]—93\]_;]—-

Conversion (%) =

Cost Gz 2719} ¢ 2] &
T &4 W 4-NP o] FHEE ov]stv, & (min )
3.2.5.2. | A8 45 B7t
4—NP ] ¢33 g9 &, rPd@P—Lig/RC HI == &-ololl M &4 A slE gl s
A S AR H, S 249 Frkek 2 e s AYS AYste] rPd@P-
Lig/RC W] =2] AAME 55 F7Eskdvt. A A2 5 3] ibEste] S48k, v
20~ % 100+ 2] (3)
Ao

4 (3)% ol g3ke] A



4. 43 9 33

4.1. P-Lig9 Ax

4.1.1. PEI ‘s%°) ©& P-Lig9 |38tz 54 24

A2E gad KLl adF e ¢ol=r]E =98] 913 PEI 44 §=

i

AAetaA b 22 AP E AT KL 5% 715 2%, 4%, 213131 6% 5 =2 PEI &
KL A4k g-olof 3 718k0] P—Lig & A %383 1, PEI %ol w2 A x¥ P-Lig 9] o]3}8H4

574 FTIR, XPS, dAadAZ#A7]2 #4830t

KL, P—Lig 2%, P—Lig 4%, 123 P—Lig 6%2 FTIR ¥4 A3}, Figure 3 ¥ #o]
BEAZAA gade - 935 AT 5 QT 2,970 ~ 2,820 cm ' el 4] CHs,
CH, CH 719 C-H A%< owlst= v a7 #2¥ 31y, [62] 1,600, 1,511, 1,451 cm”™
Lol ek o) o)t v =171 B E 1k [63] Wb, PRI 7F 13129 © P-Lig & KL 3}
@S u WA ol HS B 4= Qlgth P-Lig o AHEHS KL 9 2 ojnjo]=

Gt 1,654 cm oA W= @SR A, —NHe o 31338k 1,455 cm ™' 9

93 AE7t Zsigeh olelgt ofplol= Ay olul 159 EAl= PEI 7F 2ldoel

deAoz a2y HAS AAFSTE[16] 1 TolA % 53] P-Lig 4%2] 4% 1,654

cm ' o] 9 A7} 7HE el vebES 813 4= 9tk whebA] PEI o] EA18HE ofv] ke T150)
&

M a9 A o7 KL e ExE=P

E
1o

Frt

B 49%% 71 o7 FukE )

ojo] X XPS & AHE-8te] 3w 318t 245 w418k aL, Figure 4 o AA AFER S} N 1s

=
ol

AT ~HE”y A2 el Figure 5 o= XPS 9F g94AZHRA 7|2 o] &350

gh
1%
o
o,

A AU ES JERQITE 4, XPS A AFES 2418 F3] KL & 0 9xk9)
18



C 92 oAt 332 K3l Whd P-Lig &= N 94 99l 398 ~ 402 eV oA
[BRSAR

MAFHA BZE = Aot} T3 Figure 5(A) oA ¥ 4 ¢l%0] PEI ¥%o wet N

<)

=4
=AY

i

mlo
o

glatglet. ol gk N 929 E41%= PEI7F 9ol wheh obwl e Z150)

=

QA= 4.2 ~ 55% oz EAHS sttt o] PEI 7} @94 o=® AT E

d

gade] 2H=ZE HASS guidtt. 1 Tl E P-Lig 4% A% N 9x g&ko]
5.5% % 7} 5=3kaL, o]= FTIR &4 A 38} w7 2 PEL $ 57 4% W obv| = Z159]
HHoz =y HE ou)dth thg o2 N 1s 1| E AT E Y| A= Figure
A7} YA 9k KL 3 ©2] P-Lig 4%elX = F33 337 Jebd

73
A3 4 vk E Fol2 AEIEA Y S FHs= 1 ~ 3 2 ofwlF —NHz 7}t

2l x5} At} Figure 5(A) ¢} Figure 5(B) 2 %3] KL o= N 947} £A434x &1, glad
=40l 7} C, H, O 947 £2A48S & 4 . P-Lig 2 PEI 18|~ ® ¢ 2]3)] KL 3}

22 N 925 sk l%la, #8540 % P-Lig 4% AECIA N ko] 71 &4

¢

e olofl met 44 PEI e A2E gad A3 e 4% A48l
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KL

P-Lig 2%

1654
——P-Lig 4%

Absorbance

——P-Lig 6%

3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 3. FTIR spectra of kraft lignin (KL), P—Lig 2%, P—Lig 4%, and P—Lig 6%

powder.
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A C B KL
O
N KL
El 5
) P-Lig 2% N2
= 2 T T T
@ G 404 403 402 401 400 399 398 397 396 395
[ y
L l — P-Lig 4% % (40.7%) 399.1 eV —P-Lig +4%
- J A - (46.8%) 400 eV- [_]-NH,
J P_Lig 6% (12.5%) 400.7 eV, [_]-NH,
I I 0
600 500 400 300 200 100 O 404 403 402 401 400 399 398 397 396 395
Binding energy (eV) Binding energy (eV)

Figure 4. (A) XPS total survey of KL, P—Lig 2%, P—Lig 4%, and P—Lig 6% powder. (B) N 1s peaks of KL and P—Lig 4%

powder.
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Figure 5. (A) Atomic percent (from XPS) and (B) elemental contents (from elemental analyzer) of KL, P—Lig 2%, P—Lig 4%,

and P—Lig 6% powder.
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250

o

(@)}

£ 200-

>

S -

® 150

W

[ 8]

T 100+

Q

=

Qo

Z 504

5

A 9 .
KL

P-L";J 2% p-Lig A% p-Lig 6%

Figure 6. Pd(II) removal capacity of KL, P—Lig 2%, P—Lig 4%, and P—Lig 6%

powder. (Initial concentration of Pd(II) = 400 mg/L, pH = 2, adsorption time = 360

min)
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4.2. RC H]E¢} P—Lig/RC B E°] A|x % EA ¥4

4.21. 82 Ax 4 7lw 24 A%

210

o

AERONE SR AYS] Fejstaly] AAAE AY B4 FEE

m
Ry
rr

Fodith nEdeF F8A SR AEzert 47 HAA BA W @ ¥R 71
o AF o8l 34 VEND FEE FYBHIE5] olFA FHY AY ABEeA
SolER A oF 1% FEAA PHOE otz FuE FAtE Aoz deld

<)

ATt [24] wetd F AREA FEE 192 1R, AEZeAg P-Lig o H&S
E

derstAl E£@stel Figure 7(A) 9 gol £ g9 Axsignh. Wa B

=

O

32

.

Figure 7(B)°lA & 4 59°] P-LigtEZ 2~ H|E9] 75:25, 50:50, 25:75, 1831

off

solEraw Azagy, TelHd Wik hd Folx FUE fAstEA tels)

0:100 &1 A --olut &3+ golo] sfol=2 A Fe| 2 2%}, =31 Figure 7(C) oA &

o
o
1o
i3
i
[l
o
>.
o
il
ko
it
fio
MS
;E
_E
=
)
>
*‘U
F‘
oo’
g
Bl
[l
}o
>~
Ry
nﬂ
o1
(@]
o1
(@]

Azttt 1 A3k Al 7] B9 BF Mg Ao ® vEvE AlxEs glsda, F2

A]

SHARE S Roll A steto] Al 2% P-Lig = &3 A8 AE2 A v = Yo P-Lig &

&

2
oy

giofl A etgAow Ay AEZ A T2 el Y H A Xkal Figure 8(A) ¢}

4

2ol g7 = H k. olell w2t UV—vis £33 FEAE ol &3t 2l 1d &&= F&Fset
A3, Figure 9 oM = & Slko] €2 SAdolM= of 15.24% o v w2 g1d

25

de& S3telr] S8l P-Lig o &&F°] 7Hg 322 v&<1 50:50 & 24 Bl &= A4 skl
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Figure 7. Optical images of (A) cellulose solutions, (B) regenerated cellulose
hydrogel, (C) mechanically stirred regenerated cellulose containing P—Lig in various
ratios (P—Lig:cellulose = 100:0, 75:25, 50:50, 25:75, 0:100). (D) Optical images of
regenerated cellulose beads containing P—Lig fabricated in various ratios (P—

Lig:cellulose = 0:100, 25:75, 50:50).
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A B c
CA 1 Wt% + Heat (60 °C)

Figure 8. Optical images of lignin leakage of the beads in various pH solutions (2, 4, 7, 10) after 24 h. (A) Before crosslinking,
(B) after stirring in 1 wt% citric acid (CA) for 24 h, and (C) after stirring in 1 wt% CA for 24 h under 60C. (Beads with P—

Lig:cellulose ratio of 50:50 are used.)
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-
(8]
"

Before crosslinking
CA 1 wt%
[ ]CA 1 wt% + Heat

%)

¢
:

Lignin leakage
> e

2 4 7 10

Figure 9. Lignin leakage of the beads in various pH solutions (2, 4, 7, 10) after
24 h under various crosslinking conditions. (Beads with P—Lig:cellulose ratio of

50:50 are used.)
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4.2.2. RC W] =%} P-Lig/RC 1] =] §ejaHa 54 24
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Figure 10. Stereomicroscope images of (A) RC beads, and (B) P—Lig/RC beads in various magnification (12 X, 30 X).
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Figure 11. FE—SEM images of lyophilized (A) RC beads, and (B) P—Lig/RC beads in various magnification (500 X, 10 K X).
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Figure 12. Diameter of (A) RC beads, and (B) P—Lig/RC beads.
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Figure 13. (A) Atomic percent (from XPS), and (B) elemental contents (from elemental analyzer) of RC beads and P—Lig/RC

beads.
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Figure 14. (A) FTIR spectra of RC beads, P—Lig/RC beads and P—Lig. (B) Zeta potential in

beads, P—Lig/RC beads and P—Lig.
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Figure 15. Pd(I) removal capacity of RC beads and P—Lig/RC beads. (Initial

concentration of Pd(II) = 400 mg/L, pH = 2, adsorption time = 360 min)
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Figure 16. Pd(II) removal efficiency of P—Lig/RC beads in various pH conditions.

(Initial concentration of Pd(II) = 400 mg/L, adsorption time = 360 min)
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Figure 17. Investigation of Pd(II) removal with P—Lig/RC beads. (A) Effect of initial concentration of Pd(II) solution on Pd(II)

removal capacity, (B) intra—particle diffusion model fitted results. (Initial concentration of Pd(II) = 100 ~ 600 mg/L, pH = 2,

adsorption time = 0 ~ 360 min)
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Table 1. R? value of P—Lig/RC beads to intra—particle modeling.

Initial R

concentration 1% stage 2" stage 3 stage
(mg/L)

200 0.993 0.998 0.958
400 0.944 0.832 0.956
600 0.990 0.988 0.915
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Figure 18. Fit curves of isotherm and kinetics adsorption model to investigate of Pd(II) removal behavior with P—Lig/RC
beads. (A) Langmuir and Freundlich isotherm fit curves, and (B) Pseudo—first—order and Pseudo—second—order kinetic fit

curves.
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Table 2. Isotherm parameters of Pd(II) adsorption on P—Lig/RC beads.

Parameter Value R
Langmuir isotherm 0.860
am (mg/g) 212.5

K. (L/mg) 0.777

Freundlich isotherm 0.990
Kr (mg/g) 102.1

1/n (mg/L) 0.152
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Table 3. Kinetic parameters of Pd(II) adsorption on P—Lig/RC beads.

Parameter Value K
Pseudo—first order

ge (mg/g) 221.6 0.602
Ki(h™h) 6.273

Pseudo—second order

K> (g/g-h) 0.05 0.937
ge (mg/g) 232.5
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Figure 19. Atomic percent of RC beads after Pd(II) adsorption (Pd@RC beads)

and P—Lig/RC beads after Pd(II) adsorption (Pd@P—Lig/RC beads).
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Figure 20. XPS results of high—resolution Pd 3d spectra of (A) RC beads and Pd@RC beads, and (B) P—Lig/RC beads and

Pd@P~-Lig/RC beads.

53



— P-Lig/RC beads
[ 7]-NH,* (67.6%) 400 eV
~ | 1-NH, (4.2%) 400.7 eV
g (28.2%) 399.1 eV
3\ L] L] L] L]
g 404 402 400 398 396
& [——Pd@P-Lig/RC beads
£ | ]-NHS (52.4%) 400 eV
[ ]-NH, (24.1%) 400.7 eV
[__1=N- (23.5%) 399.1 eV

404 402 400 398 396
Binding energy (eV)

Figure 21. XPS results of high—resolution N 1s spectra of P—Lig/RC beads and

Pd@P—-Lig/RC beads.
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Figure 22. Scheme of mechanism of palladium adsorption by P—Lig/RC beads.
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Figure 23. XPS results of high—resolution Pd 3d spectra of PA@P—Lig/RC beads

after reduction (rPd@P—Lig/RC beads).
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Figure 24. (A) UV—vis absorption spectra of 4—AP, 4—NP, and 4—NP including

NaBH;4 solution, (B) optical images of 4—NP including NaBH4 solution with RC beads

and rPd@P—Lig/RC beads. UV —vis absorption spectra of the reduction of 4—NP to

4—AP in presence of (C) RC beads and (D) rPd@P~-Lig/RC beads.
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Abstract

Preparation and Characterization of
Regenerated Cellulose Beads Containing Cationized Lignin

for Palladium Adsorption and Utilization as Catalyst

Kim YunlJin
Program in Environmental Materials Science
Department of Agriculture, Forestry and Bioresources

The Graduate School

Seoul National University

Palladium (Pd) is a precious metal that has a high catalytic activity that is used
as a catalyst for an electrode in batteries and greenhouse gas processes. As Pd is
more widely used, the amount of it discharged to industrial wastewater is also rapidly
increasing. Since Pd is a rare and economically valuable metal, technologies for
recovering and reusing it from wastewater are continuously being studied.

In this study, a lignocellulose—based adsorption material with excellent Pd
adsorption capacity and upcycling use as an eco—friendly catalyst was prepared.

First, lignin was cationically modified with polyethyleneimine (PEI) to impart Pd
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adsorption performance. The optimal PEI concentration for efficient lignin surface
modification was selected. As a result of performing the lignin cationization process
under optimal conditions, the Pd adsorption performance was improved by 6 times
compared to the unmodified kraft lignin. The prepared cationized lignin was
introduced into a cellulose dissolution—regeneration process and made into bead
form to facilitate adsorbent recovery from the contaminated water and its reuse. In
addition, through a cross—linking reaction using citric acid, a green cross—linking
agent, stability in a water environment was secured under all pH conditions — acidic,
neutral, and basic. The morphological and physicochemical properties of cationized
lignin containing regenerated cellulose beads were analyzed using instruments
including stereomicroscope, FE—SEM, FTIR, XPS, and elemental analyzer.

To evaluate the Pd removal performance of cationized lignin containing
regenerated cellulose beads, the Pd adsorption capacity according to pH, initial
concentration, and adsorption time was measured. As a result, the maximum
monolayer adsorption capacity for Pd was 212.5 mg/g. Moreover, surface elemental
analysis of the beads using XPS confirmed that electrostatic interaction was the main
driving force for adsorption. Subsequently, isotherm and kinetics analysis were
performed, and the cationized lignin containing regenerated cellulose beads exhibited
adsorption behaviors more suitable to the heterogeneous Freundlich model and
chemisorption—based Pseudo—second order model.

As the next step, for upcycling utilization of recovered Pd to effective catalyst
adsorbed Pd(II) on the surface of cationized lignin was reduced to Pd(0). As a result,
reduced Pd(0) on the adsorbent successfully catalyzed the hydrogenation reaction,
reducing 4—NP to 4—AP with a conversion rate of 98%. In addition, when reused 5

times after a simple water washing process, an excellent conversion rate of 96% or
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more was maintained.

In this study, the application of lignin—based polymers as eco—friendly adsorption
materials was proposed by using the chemical modification of lignin and the
regeneration process of cellulose. Therefore, the prepared lignocellulosic functional
adsorbent is expected to be utilized not only effective adsorbent for the removal of

industrial anionic contaminants but also as a green catalyst.

Keywords : Lignin, Regenerated cellulose, Bead, Palladium recovery,
Catalyst recycling
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