%

s
-
%m
I%
-l
petd
-§g

TG foR(f A RH)S 44 4 (1 4 RHA > 4455 900 °C 4 i 1 -] &
STA )RR Al TR RRRAR AR R R 7 AL RR R (7 R A

2 F % o v RH 22 RHA $H44 2 sx s o gt ob > 7n 3 RH e A 7 e 9 Ni(ID)

1:?»

A% 28 B (15391 2 6709 mg of Ni/kg of RH)Z £ & > & 500 900 1100 °C

B
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RH 2 #AJ9FT 5 = 286> » A it 4o o
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411 FeBEfeBL 2 B

FoBE fet 2o v % e de Table4.1 4.2 43 4.5 #77 o d Table 4.1 XRF

2 % > @ieraw RH & RIA L% 24 Sio K-S Cl% =4 (XRF #cdh 2 %
4 Fig. A-2 &2 A-3) <~ 4.2 % r raw RH 2 = > 5 & 429 % ~ F L

73.0% ~ R 227 % o AT 2 RIL & < e d REL 24 i v Gl 4p 52(20.5 %)

[ Daifullah et al, 2003 ) > = 27 2 5% H 0 & Rtz = 2 ripmGks 10.0% -~ 7

WA 72.9% 214 > 17.1%)  [Lin, 1998) = raw RH £ RHA 2. pH & A 5| & 553

Fe 1.(6.2) 27 # 1(10.5) « = ik ki & g S gt ans 4o pH @ (RH ¢ 6.34—

6.53 &2 RHA : 9.85)¢ a4t e )02 ; ¥ X 3)) @ 3R X 2 #PA AT
Wz BmEp 2, [ &4 %5 879 £ 5 2003]) -

Table 4.3 % raw RH ¥2 RHA 2 ' % & f#icdyp > raw RH 2+ £ 5 ff 154 1.2
m*/g -+ @ raw RHA 5 264.0 m*/g > 134540 B < )[?% [ John Kennedy et al., 2004 ;
Malik, 2003; Nakbanpote et al., 2000] %32 4= Table 4.4 > ~ jrAg 7 f53 B = 2.

B AR F ) B EBAFRER G M R AT R EAR T 2
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Table 4.5 = raw RH 22 RHA 2. ~ % 7 & > ¢ % ¥ raw RH £ RHA 2. # -
B3 N S8 (Si:6922442%~C 13992 403% %2 O:39.6 £
14.8 %) 49754 0602 139 % 2 58 > §2 7 £<035 %o AATF 5 % 2
RHiff'éngeRHi;bj% ZE4pM (BL37.0% 4 5.10%~ F 040% 2% 36.0 %)
[ Daifullah et al, 2003); 7= ¥ Lin = 2_ % % 4p 02 (8% 38.9 %~ & 5.55% % 0.35 %~
Fr0.02% 2§ 37.94%) [Lin, 1998); #4548 feAe Al & 2 75 14 pk > 3 Bt 48.45
%~ & 07%~% 0.1% 22 3#H# 40.61 % [John Kennedy et al., 2004) > & 457 3

RHA z_ & 7 & 48 7 (40.3 %) -
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Table 4.1. Major elements of raw RH and RHA detected by XRF

sample Elements
raw RH Si K CI S Ca
raw RHA Si K C1 S Ca P Mn Fe

Table 4.2. Moisture, ash, and combustibles contents and solid pH of raw RH and RHA
(mean + SD, n = 3)

raw RH raw RHA

moisture (%) 4.29+0.07 4,78 +0.08
ash (%) 22.70+ 0.55 77.90+ 2.04
combustibles (%) 73.00 + 0.48 17.40+ 1.99
solid pH 6.17 +0.25 10.50+ 0.11

Table 4.3. BET surface areas of raw RH and RHA

sample BET (m?/g)
raw RH 1.2
raw RHA 264.0

4-3



Table 4.4. Comparison with BET surface areas of adsorbents for rice husk at different process

reference BET (m*/g) L e
B 7ft=n7»;_300 400 2 500 °C # a2 2 | P&l & f
Nakbanpote et al., 2000 20.26—50.14 (284 % 1 25—35 °Clmin)
BT SR 500 °C £ AJT 1
Malik et al., 2003 272.50 Lt R BT

RSO REF B 10 600°C E I 1) PECR A F R4 LS kglem?) -
BLIY L fREIGA00 °C Fed® 4 o) PG~ Np 2R 5 5 25—35 °C/min)
i AsEE e 85 % HiPOs 3t 85°C R £ 4 [ FEo3 B 2 R fE T 52 110 °C
John Kennedy et al., 2004 420.00 PR 24 0 pF oo

feB g it E v i > i~ 100 ml/min 22 Ny £ 55 900 °C #1421 -] P& o
(2R % 1 5°C/min)

This study 264.00 FERIG 900°C A v 1 o] PRRl R fE R o fEE A DIV HEAT 297 um T

4-4



Table 4.5. Elements contents of raw RH and RHA (mean + SD, n=3)

elements raw RH raw RHA
C % (%) 39.9+0.09 40.340.05
H?® (%) 4.76+0.07 0.950.03
N (%) 0.35+0.03 0.33+0.03
S * (%) 0+0 0+0
0 *(%) 39.6+0.03 14.8+0.09
Si® (%) 6.92+0.02 ¢ 44.2+0.02¢
K ¢ (%) 0.60+0.01 1.39+0.01

“ analyzed by EA; ": analyzed by weight method (CNS 11393);  analyzed by
ICP-AES; % (mean + RD, n=2).
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Table 4.6. Characteristics of the nickel-containing plating wastewater (mean + SD,

n=3).
IE-B IE-A
pH 7.5340.01 7.8740.02
Conductivity (ms/cm) 3.84+0.07 1.90+0.01
Suspended solids (mg/L) 342+0.04 ¢ 126+0.41¢
Total dissolved solids (mg/L) 6491450 1348488
COD (mg/L) 71036 99.342.3
Ni *(mg/L) 1766+8 50£0.7
Na ® (mg/L) 767+2 767+10
K ° (mg/L) 320+40.5 394+0.4
B " (mg/L) 173+ 1.7 52.5+0.8
Cl° (mg/L) 3369 11044
total S * (mg/L) 889446 31019
2189+62 793+16

SO, (mg/L)

*: analyzed by FAAS;

n=2.
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4-8

! 1[,:.

20

o5

100

-0

Waofs



42 P BEBHE %K

AF 32 RH & RHA Aujmwgp Al 34 F 253089 Ri4A
o BEAAM T EERHT %R FESHE NS AR S 1) 0 A
deT o R Rk A - A5 IE-BCER S 1766 mg/L ¥ —46 SIE-A (k
Bos S0mg/L o @ AFTF AT SN ROBENI (0 B TR YRR 5 1766
1000~500~100~50 mg/L > H ¥ 50mg/L % P~p 3+ 2 # {2 Ak > @ 1766 mg/L
SP-p BT L HEE 2 B 0 13 1000 ~ 500 ~ 100 mg/L = fEEAE R 2 2 d 1766

mg/L 2 g i a1 e
421 XL ERHFRHRL LS

4.2.1.1 fedBfed Aot p 7 e @ Ni(Di3 %

Fig. 42 (A) % RH =%t Ni (I1)i3 7 2o w2 ' d 40 o o B 17 4o 0 o v MOE B (34
50—1000 mg/L)rp fiedd i3 ik B+ 5o £ 4 0.50—5.97 g Ni/kg RH 5 &% 8 k&
p e Ni(I);3 % (32 2000 mg/L)# < "¢ & 5 11.18g Ni/kg RH -

Fig. 4.3 (A)% RHA 5%t Ni (I1)J3 7% 2 5\ 28 0w Mg 140k & (330 50—1000
mg/L)z. p fie Ni(I)ia i 2. 2 't & 5 0.98—12.02 g Ni/kg RHA ; s % B Jk B 2. p fie

Ni(ID)i% 7% (332 2000 mg/L) B ~ = * & 5 18.30 g Ni/kg RHA -

4212 FR B FEBABZHR B T B ARR

Fig. 42 (B) 5 RH =9 By 7 4% A0 20 v i A1 o w140k B (35 50—1000
mg/L)§ B 7 AL 2 B S B %) 0.48—4.72 ¢ Ni/kg RH ; &% 3 kB F
48 B iR (31 1766 mg/L)B ~ i £ 5 15.98 g Ni/kg RH »

Fig. 43 (B) 5 RHA =¥t f a7 45 A% 20 B o &ow it MUK A (33 50—1000
mg/L)2_ § B sk 38 5 0.99—13.65 g Ni/kg RHA ; 38 k& 2 F 7 4L &

i (312 1766 mg/L)# < & # 5 22.04 g Ni/kg RHA -

4.2.1.3 v RFEEIeFLE A% 5 Ni(D)i3 2 2 8 R d 8RR

49



5%¢& Fig. 42 %2 43 RHA ¥4 2 = 'd 8% RH 2 - 22 RHA E g 2 4 &
7 b (2L Table4.3)e 2R % F L2 Y > 773 I RHA $4F % 452 S /o
RH & [# = »2002) - Fig. 42 % 4.3 &7 RH 22 RHA 28 % p F B ik o'
Ni- B¢ RH £ RHA 2w 'gd 230 12 ) PFadf >t o ' T 7 o 58 s st B

12 ] P 5 e b T rpe o
4.2.2 % HES
4.2.2.1 feBEfed A p 7B NidD)i3

F A Fig. 42—43 22 3 S A2 F Sy B~ 12 ) BF G S T ERE
# » Langmuir ¥ Freundlich adsorption isotherms i& {7 #iit o Hicft 2. %% % 4o Table
4.10—4.11 #7757 o Langmuir > #2582 Q Z & =g > @ b E AR £
[ Erdogan et al., 2005]) » Table 4.10 3 2 Langmuir > #%;% #-#2.%% % (B33 L Fig.
4.4)> 3 I RHA-Ni (NiSO4)2- &+ ' £ 5 18.12 g/kgr 2w s 2 vt & 18.30
glkg 2. &% 4p o d 4B % #(RH) B ™ 2.(0.966) - if & 14 Langmuir = £2 3% #o# 45
A o Bgom A F % RHA =% 5 H & = "f(monolayer adsorption) o
Freundlich #-5% % #&n & 5 = ¥f5g & 2. it KE ER S 2 4p & [ Khalid
et al., 1999] - Table 4.11 5 *»§ 5 2_ #¥5 4 Freundlich = 425" 2 % % (B
#0 Fig. 45) 774 Mom £ § fikip M G#(R)F 5 RH 2 wt#ies > RH-Ni
(NiSO4)2- n &% 143> K E % 0.0615 gkgeo ¢+ * >n>1 20§84 5 &
heterogeneous [Khalid et al., 1999) - » 4 % 2. RH-Ni (NiSO4)=x*¢2_ n & 1.43

> o BTG RBHAE 0 A58 4 & sheterogeneous e
4222 BB FERA S H R BT SRR

d Fig. 42—43 2. S s d M2 F Shlicdy o P 12 /) PF 5 T gERE A
& » Langmuir ¥ Freundlich #-3' i {7 #-#% - Table 4.10 12 Langmuir = #%3% fic#t

2% (B2 Fig. 44), % 2 RHA # plating water 2. &% " £ i iE (&~ &5
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£ % 20.79 g/kg) > Brevd M2 R 22.04 gkg 20 B %402 o d p BE fad(RY)

B Ao i & Langmuir = 4250 2 #cdp & 5 f68 % F o Bm A F % RHA =i 5
H Koo

Table 4.11 % 43 B2 #icdyp 2 Freundlich = 4258 #8825 (B1A)3#- L Fig.
4.5) > %% B RH 2 s vifdicdh § #id 4p M % 8c(R%) » RH-Ni (plating)z. n & 3
131> KiEs 00443 glkg e @ n>1 > A1 #5482 % 6 % heterogeneous [Khalid
etal, 1999] - * 9 %2 RH-Ni (plating)=*f2- n & 1.31 % > > &7+ &G w*

"R 0 fe¥ 4 o+ 5 heterogeneous e

4.2.2.3 1 RAGE AL A% NI(IDI3 % 2 3 e d 87
#-Freundlich #-3% 2. #p B < [F?Je IR 4o Table 4.7 #751 180X & A J| % Byépiaiw
B4 (Cr (VD) and Cr (I)i3 7% » #-F k2. S F U E ES iV B 78 - %%
B s et Cr () A2 n i 5 1.56> @ surg Cr (V) 32 n & 5 1.35
[Weietal., 2005) © £ % 5% RH =% *482 n ©(1.43 2 1.31)4p 02 » &7 fode s
T Bk v s R £ B 4+ oShukla & A @ % 482 A K v rid44 > 12 Freundlich #-
NEFHRE BT EA M n B KiEs B 5 1.47400.1032 (gkg o A F %A
Bz2on BEEA AP A K BV EA R R BT fER A R AL 2 S R
BAp i 0 @ gEA K2 e Bt AP S 2 A4 it [Shuklaetal., 2005])
Laggmuir $-5% 2_ 4p B < Lf%ij{flﬁ“_'—_&r Table 4.8 #7517 » Hasar = 2 =2 %] & 2_
& R s Ni (1173 7% 0 i * Y Langmuir = 4258 (49 B 7% 3c(r)iT 123 0.99 [Hasar,
2003] ; Gupta % % @ * Fif% 4 %Ak 2 Cd # Ni £/% %7 4 Langmuir
> A7 2. B % i3 [Gupta et al.,, 2003)] ° Demirbag % 4§ * 5 % &% = E 14
S Ni(ID)i% 7% > B2 o1 3§ & 12 Langmuir > 4238 (49 B 2 8c(r)i 523 0.998 ikt
[ Demirbas et al., 2002] - Hasan % A ] * #pH4 S ' Fife4d > 12 Freundlich
SH 0 HEonEer KEA w5 3.70 47 40.542 (g/kg) [Hasan et al., 2000] > # n

B K EY AR SR RSB BT B L R R SR R RS .



AR % BT S S 4R i * Y Langmuir AR o @ fSEUR 4R £
Freundlich = 425% © & (47 fe.2 f58.5. 900 °C & i 1] pFis - F = 23 %
BB A & 5 53593 ~ # (homogenous) » weif &2 Langmuir #5508k 5 @ f&d
Fl= i AERE > feE & & 5 F 353 (heterogeneous) x4 Freundlich = 4% 3% fdg #e
£if o0 Table 4.7 & 48 2 ¥ Jri % BT T il § AL S HAI(E P ) £ 1

Langmuir & 25 3% > @ 7 7 #8472 S @l #ig & Freundlich & 4258 0 -
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Table 4.7. Comparison of adsorption modelling result using Freundlich isotherm

Sample R’ n K (g/kg) reference
RH-Ni (NiSOy) 0.976 1.43 0.0615 this study
RH-NI1 (plating) 0.885 1.31 0.0443 this study

kitchen waste )
0.857 1.56 0.2610 Wei et al., 2005
compost-Cr(III)
kitchen waste )
0.992 1.35 0.1050 Wei et al., 2005
compost-Cr(VI)
sawdust-Ni (II) 0.999 1.47 0.1032 Shukla et al., 2005

Table 4.8. Comparison of adsorption modelling result using Langmuir isotherm

Sample R? Q (g/kg) b (Vg) reference
RHA-Ni (NiSOy) 0.966 18.12 22.076 this study
RHA-NI (plating) 0.933 20.79 34.936 this study

almond husk activated
. . 0.966 37.18 91.0 Hasar, 2003
carbon-Ni (II)-activated
almond husk activated
i i 0.990 30.77 25.0 Hasar, 2003
carbon-Ni(II)-unactivated
bagasse fly ash-Ni (1)
o 1.12 6.42 Gupta et al., 2003
(at 30 °C)
bagasse fly ash-Cd (II)
o 1.24 5.67 Gupta et al., 2003
(at 30 °C)
Hazelnut shell activated )
, o 0.998 7.18 82.5 Demirbas et al., 2002
carbon-Ni (II) (at 30 °C)
Rubber-wood ash-Ni (II)
o 0.908 2.85 0.605 Hasan et al., 2000
(at 30 °C)
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423 RAEEL A
A RH i p (7 e B NI(ID73 i & R E SR 16 0 i 17 R 4 A

B2 EAR & o i (AR M A T 40T St

4231 p FR NADBRZFY
A s RH 22 RHA w4t p 7 e 8 Ni(ID)i3 7% (2000 mg/L)s 2 48 $ 512

T A

SEM 2_ 4 {5
11 SEMR. 2 RH2 RHA = % Ni(I)i% i% (2000 mg/L)ié FlAp2. 4 & %1t o o
BI7 5 diraw RH (R vifdg) & & 65 22 SR> @ 57 BSgpr R (0.5, 12,
24h) 15 RHEMEF K2 245 B2 R %> 2 7EF 2227 > RHZ %
HALBLR GE 2 it45Fig. A7) © @ "t45Fig. A-8 5 RHAR #2000 mg/L Ni (ID)i3
AR RS EA TS ARHAR R A B2 £k SR T

_{F’_’
W4 RHAB AR » 8 7) % 34 54 -

BC.NMR 4 4%

Fig. 4.6 % raw RH ¥ RH % 2000 mg/L Ni (I1);% /% &5 0.5, 12, 24 h s %45 18 >
H Hjpz PC-NMR %3 d 285 4 RH 5 4 4 4% (lignocellulosic) ¢hi & &
# [ Teixeira Tarley and Zezzi Arruda, 2004; Freitas et al., 2001) > B ® 5.4 7 > H
% 2L 5 4% (hemi-cellulose) ~ L % # F % (lignin)& C % 4 % (cellulose) - B ¢
C-1(105 ppm) ~ C-2,3,5(75 £2 73ppm) ~ C-4(88 £2 84 ppm)¥? C-6(64 £ 56ppm) 3 4
BESH 0 m & 2lppm = ¥ (methyl carbon)¥ 174ppm(carboxyl carbon) 5 & 4 &
% %M > @ & 115—150ppm(aromatic) » + F & i - fo% & % 2 3§ F it &
(carboxyl carbon) H % & F w2 44 [ < > 2004] - BC-NMR Bl 2. peak 3

RUEEGHREF 2 Bdem § L Fec s o B peak Bl B BOEG o

FT-IR 2 %~ 47

4-14



AT A FT-IR 2|4 g an 8 F e A2 SR B IT RS L F iv & o 'JAdr
Fig. A-9 % RH % *t 2000 mg/L Ni (II)i3 i% 2 0.5 ~ 12 ~ 24 h 2 FT-IR Bl:¥ - ¢ @]
FENEEF FREFIs o B AT A EER L 2 A 1000 cm” B F
2 peak fo> H 5 R PG F M2 % (¥ raw RH %) 0 B7 B2 #O% o FT-IR
Ble¥ ¥ 2 peak § 3 e B ¥ 139540 B < k[ Teixeira Tarley and Zezzi Arruda, 2004;
Nakbanpote et al., 2000; Davis et al., 1999; Bilba and Ouensanga, 1996 J& 72 4 Table
4.9 i~ }I%EE’ AEFT 2% BT T A A E B 1000 cm” =4 > 11 —CO
2 8i—0 F o ¥ prdp I MR 2 silicate § Si—O i & & [Davis et al,
1999) @ fB4? 5 MB R 2 B - L5 Ffed? & 1000 om™ Az Tt AT A 5
Si—0; A f 1600 em™ #if » 7 4t 12 C=C ~ C=0 » —COO—# C—OH 2 7 i &
o BTN P % T il 4 aromatic (C=C)% % [Davisetal.,, 1999]; ¥ - &
#3200 cm™ 2 4 2 peak 0 F it £ & 4& OH stretching from —COOH ~ —COH
# Si—OH> %d **RH %% 3 Si—OH F st A2 RH # % ¢ =k %7 RH 7
—OH F it &2 73 % [Teixeira Tarley and Zezzi Arruda, 2004; John Kennedy et al.,
2004; Nakbanpote et al., 2000] »

fit4% Fig. A-10 3 RHA = % 2000 mg/L Ni (IT) 73 7% & 0.5+12+24 h 2. FT-IR
£ F o >t RHA (538 900°C i F e Ak sep ity i
d B¥ g 30 4R (S RHA & 1000cm™ 2 + &2 peak > H 3 B ArRHiE* 2T
f6 "8 11 Bgom RHA %42 Uk - Nakbanpote ¥ 4 451 SiO, £ RHA 2. FT-IR 2
B3 5 40 ¢ [ Nakbanpote et al., 2000) > £ 4% 7 RHA 2. FT-IR Bl "~ 4p b (GE
% %k Fig. A-10) > %3 Si—OH ~ Si—O—Si~ Si—H 2 F it f » 87 fo4t & 2
FACAL & AN o e Fig A-10 ¥ 5 BT R ? 3 e P B2 4 i peak
H9 4 800 cm it 0 & Si—H ¥4 1000 em! 2Lz F i ARHEE Si-O

—Si; 1600 cm™ 43T p] 5 C=0 22 C—OH ¥ it 4 -
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Table 4.9. Some organic functional groups identified by previous studies using FT-IR

Reference

1600 ¢cm’™

3200 cm’

Davis et al., 1999

— CO stretch of poly-saccharides,
Si— O stretch from silicate impurities
@ 1020-1050 cm™

aromatic—C=C vilbration,

— C=0 stretch from H-bonded

conjugated ketones,

—COO— asymmetric stretch

@ 1600-1650 cm™

— OH stretching from —COOH

and —COH
@ 3200-3400 cm™

Teixeira Tarley and Zezzi
Arruda, 2004

C—HandC—0O
@ 1030-1085 cm™

Carbonyl group (C=0) stretching

from aldehydes and ketones
@ 1640-1730 cm™

OH groups
@ 3000-3750 cm™

Bilba and Ouensanga, 1996

C — O stretching vibration
@ 1060 cm™

C=C (benzene stretch ring)
@ 1632 cm’™

OH stretching
@ 3100-3600 cm™

Nakbanpote et al., 2000

Si—0— Si
@ 1100 cm™

—C=0 and C—OH
@ 1600-1650 cm™

OH stretching and Si—OH
@ 3100-3600 cm™




XAS 2.~ 7

Fig. 4.7 5 &3 &7t * 5 4% % 5 (NiSO4~Ni(OH),~NiO~Ni £ Ni,Si)
2. XANES & - = fies Bls¥ 0 FI5 Bz 4 ? 4400 NiSOs 2 A1 5 4 > @ &
S B MGR (105 22 500°C)FF 22 Ni(OH), 4p 70/ B B T 2441 &4 7 i 7 NiO~
Ni FAaFRMERE AP PERFREY 33722 Tl p agi?
AL Ed > LEF S FH RS

RSP 2 AR ASER A% i 2000 mg/L Ni(I)i3 7 15 0 B~ 0.5 ~
12 22 24 /) P& 2_ B4Rk &3 (7 XAS 2. 4 470 #-NiSOy4 1= % 522 7 44 RH 2. XANES
B3 — s BlEE v #(GERL Fig. 4.8) 5 Bl P NiSO4 ¥ 7 4% % &+ Hc peak A 2. white
line (8349 eV) & A Mg £ mi ERA E RS SR ARAP R B sy
WAz o NiffEz § f Hdem i > 0 Ni(ID)2 415875 & > NiSOs 2 ¥ i 1%
3£ % oFig. 49 Bl 5 7 4 RHA £ {58 5 Ni(OH), 2 XANES # - = A Bl > 3
i & P peak A 2 white line ¥ % 8350 eV > @ ¥ — ik peak B 2. white line 3
8365 eV *iT > A &4 R A 0 1 Ni(I) 5 4 (Ni(OH),) » # 4448 52 6 7 4
SERCPER G P RE St o @ peak 2 3 & R Ao

0 - BG4 R2 RH & RHA 52 i+ % BLSH 580 %
EXAFS B3 & % » ¥ #& 3% (Fourier transformation) > 2 FT( y (KK)% R(A) & & i®
Bl o Table4.12 5 RH £ RHA %7 B T > s 5 2000 mg/L Ni (I1)i3 % 2. & &
B g AR EAA RH © F H- & 5 Ni-O 2 48% > 4 £ (R) 5 2.04—2.05
Ao feie#ic(N) 5 476—5.07 « @ 7 4% RHA 2 B+ 1 S Hce 35° & B3 425
B K5 Ni-O4ti HEEE w5 204A fe=# 452468 & % - & 5 Ni-Ni
0 4R 5 310311 A feindics 487531 "R HER L E > HRF

¥ B S Bo5 E P & 2 B P (Fourier fitting B3# 3% 2 Fig. 4.10) -
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(A)
~ 251
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.~ 20+
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bn l
-’ 15|
2 - 2000 mg Ni (I)/L
= 10+ 1000 mg Ni (IT)/L
E | 500 mg Ni (I1)/L
S | WA 4 100 mg Ni (IT)/L
5 0%@%—9: :@: ;QI ’ﬁ‘:ils?mlgl:\ﬁﬁn):/Lg
= 25| (B)
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= 20
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= 15| @*ee * e ®— 1T66mgNi(DL
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<ﬂ 101 1000 mg Ni (IT)/L
500 mg Ni (II)/L
5 f'*"—‘\'/‘ / 100 mg Ni (II)/L
@%@.—Hﬁ < S0 mgNi (/L

0 8 16 24 32 40 48

Adsorption Time (hr)

Fig. 4.2. Isotherms of Ni (II) adsorption onto RH from NiSO4 aqueous solution (A)

and from plating wastewater (B).
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(A)

o~ 25}
=) I
%{) 20 . -~— 2000 mg Ni (II)/L
A4 15t
b - ~— 1000 mg Ni (IT)/L
= 10+ ~— 500 mg Ni (I)/L
: L
- St .
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h L
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2 10+ A A A — 500 mg Ni (ID/L
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Fig. 4.3. Isotherms of Ni (II) adsorption onto RHA from NiSO4 aqueous solution (A)

and from plating wastewater (B).
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Table 4.10. Langmuir adsorption isotherms for nickel-sorbing RH and RHA samples

Sample R’ Q (g/kg) b (1/g)
RH-Ni (NiSO,) 0.687 16.98 0.9967
RHA-Ni (NiSO,) 0.966 18.12 22.0756
RH-NIi (plating) 0.173 18.66 0.7915
RHA-Ni (plating) 0.933 20.79 34.9361

Table 4.11. Freundlich adsorption isotherms for nickel-sorbing RH and RHA samples

Sample R? n K (g/kg)
RH-Ni (NiSOy) 0.976 1.43 0.0615
RHA-Ni (NiSOy) 0.809 2.88 1.8208
RH-NIi (plating) 0.885 1.31 0.0443
RHA-NI (plating) 0.727 3.24 2.9040
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Fig. 4.4. Langmuir adsorption isotherms for nickel-sorbing RH and RHA samples.
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Fig. 4.5. Freundlich adsorption isotherms for nickel-sorbing RH and RHA samples.
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Fig. 4.6. "C-NMR spectra of raw RH and the RH samples that sorb nickel from 2000

mg/L Ni (II) solution for 0.5, 12 and 24h.
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Fig. 4.8. XANES spectra and their first derivative spectra of NiSO, reference and the
RH samples that sorb nickel from 2000 mg/L Ni (II) solution for 0.5, 12 and

24 h.
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Fig. 4.9. XANES spectra and their first derivative spectra of Ni(OH), reference and
the RHA samples that sorb nickel from 2000 mg/L Ni (II) solution for 0.5,

12 and 24 h.

4-26



(NiSO,)-0.5 h

RHA-Ni

(NiSO)-12 h

RHA-Ni

RHA-Ni (NiSO )-24 h

2

6

4

RH-Ni (NiSO

-0.

W,

0.020

R(A)

Fig. 4.10. Fourier transforms of EXAFS spectra of the RH and RHA samples that sorb

nickel from 2000 mg/L Ni (II) solution for 0.5, 12 and 24 h.
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Table 4.12. Structural parameters of the RH and RHA samples that sorb nickel from 2000 mg/L
Ni (II) solution for 0.5, 12 and 24 h

1* shell 2" shell
Sample
N shell at R(A) o* (A% Nong shell at R(A) o (A?)
(Nislg)'_l\éi_s o S07Ni-Oat2.05 00048 _ -
(Ni;i -)1_\1112 ¢ A76Ni-Oat2.04 00038 _ B
(Ni;i ')I_\I2i4 o AB4NIOat205 00042 _ -
(Nilggg_'gis o 4S6Ni-Oat204 00043 487Ni-Niat3.10  0.0074
(Nilégf):ll\lzi o 468Ni-Oat2.04 00046 5.06 Ni-Niat3.11  0.0080
RHA-NI 452 Ni-Oat2.04  0.0044 531 Ni-Niat3.10  0.0092

(NiSO,)-24 h'"

" based on NiO crystallographic data.
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Fig. 4.11. "C-NMR spectra of raw RH and the RH samples that sorb nickel from

plating wastewater for 0.5, 12 and 24h.
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Fig. 4.12. XANES spectra and their first derivative spectra of NiSO, reference and the

RH samples that sorb nickel from plating wastewater for 0.5, 12 and 24h.
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Fig. 4.13. XANES spectra and their first derivative spectra of Ni(OH), reference and

the RHA samples that sorb nickel from plating wastewater for 0.5, 12 and

24h.
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Fig. 4.14. Fourier transforms of EXAFS spectra of the RH and RHA samples that sorb

nickel from plating wastewater for 0.5, 12 and 24 h.
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Table 4.13. Structural parameters of the RH and RHA samples that sorb nickel from plating
wastewater for 0.5, 12 and 24 h.

1% shell 2™ shell

Sample
N« shell at R(A) o’ (A% Nona shell at R(A) o’ (A%

RH-Ni ,
(plating)-0.5 h 4.72 Ni-O at 2.05 0.0039 — _
RH-Ni .
RH-Ni .

RHA-Ni

( plating -0.5 h° 4.98 Ni-O at 2.04 0.0054 4.87 Ni-Ni at 3.10 0.0090

( plﬁgﬂlz W 4.73 Ni-O at 2.05 0.0044 4.68 Ni-Ni at 3.10 0.0093
RHA-Ni

(plating )-24h"  4.79 Ni-O at 2.04 0.0050 4.35 Ni-Ni at 3.10 0.0081

" based on NiO crystallographic data.
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Fig.4.15 Residual weight of raw RH, Ni (NiSO4)-containing RH and Ni
(plating)-containing RH samples after heating at different temperatures for

2 h.
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Table 4.14. BET surface area of raw RH and Ni (NiSO4)-containing RH samples after

heating at different temperatures

BET (m%/g)
Temperature (°C)
raw RH RH-Ni (NiSO,)
105 °C 1.15 2.03
500 °C 97.9 226
900 °C 297 328
1100 °C 168 209

Table 4.15. Solid pH value of raw RH and Ni (NiSO4)-containing RH samples after
heating at different temperatures. (mean + SD, n=3)

solid pH value®
Temperature (°C)
raw RH RH-Ni (NiSO4)
105 °C 6.1710.25 5.01+0.21
500 °C 9.9940.06 7.5540.23
900 °C 10.5+0.01 9.40+0.20
1100 °C 10.4+0.05 9.44+0.06

% 1g sample 30mL de-ionized water
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Fig. 4.16. Ni leaching percentage of Ni (NiSO4)-containing RH samples after heating

at 105 1100 °C.
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Table 4.16. XRD-detectable species of Ni (NiSO4)-containing RH samples after
heating at different temperatures

XRD-detectable species

Temperature (°C)

raw RH RH-Ni (NiSO,)
105 °C — —
500 °C — —
900 °C — NiO* Ni (0)”
1100 °C SiO, NiO* Ni (0)”

—: not detected; : SiO», cristobalite, syn; *: NiO, bunsenite, syn; : Ni (0), syn.
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Fig. 4.17. XRD patterns of raw RH samples after heating at different temperatures.
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Fig. 4.18. XRD patterns of Ni (NiSOy)-containing RH samples after heating at

different temperatures.
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(NiSO4)-containing RH samples after heating at different temperatures.
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Table 4.17. Structural parameters of NiO reference and Ni (NiSO4)-containing RH samples

after heating at different temperatures

1% shell 2™ shell
Sample
Nigshellat R(A) o (A?) Nana shell at R(A) o’ (A%
NiO® 6.00Ni-O at2.08  0.0063  12.0Ni-Niat2.94  0.0058
i Sg}ﬁ-ll\l(; ot SS5NiOat204  0.0063 — —
N
. SléH)'IS\g gcc 476Ni0at209 00063  5.04Ni-Niat287 00058
N
. SléH)'Ig\g gcc 609NOat214 00063  871Ni-Niat282 00058
N
RH-Ni
(NiSO,)-1100°C"  4.19Ni-Oat2.12  0.0063  7.75Ni-Niat2.75  0.0058

" based on NiO crystallographic data.
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Table 4.18. BET surface area of raw RH and Ni (plating)-containing RH samples after

heating at different temperatures

BET (m%/g)
Temperature (°C)
raw RH RH-Ni (plating)
105 °C 1.15 1.04
500 °C 97.9 175
900 °C 297 293
1100 °C 168 135

Table 4.19. Solid pH value of raw RH and Ni (plating)-containing RH samples after
heating at different temperatures (mean = SD, n=3)

solid pH value®
Temperature (°C)
raw RH RH-Ni (plating)
105 °C 6.1710.25 5.6510.13
500 °C 9.99+0.06 8.49+0.15
900 °C 10.5+0.01 10.3£0.11
1100 °C 10.4+0.05 10.0£0.05

" 1g sample 30ml de-ionized water
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Fig. 4.21. Ni leaching percentage of Ni (plating)-containing RH samples after heating

at 105

1100 °C.

Table 4.20. XRD-detectable species of Ni (plating)-containing RH samples after

heating at different temperatures.

Temperature (°C)

XRD-detectable species

raw RH RH-NIi (plating)
105 °C — —
500 °C — —
900 °C — —
1100 °C Si0O, SiO,  NiO

—: not detected;

: Si0,, cristobalite, syn; *: NiO, bunsenite, syn
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Fig. 4.22. XRD patterns of Ni (plating)-containing RH samples after heating at

different temperatures.
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Fig. 4.23. XANES and their first derivative spectra of NiSO,, Ni references and Ni

(plating)-containing RH samples after heating at different temperatures.
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Table 4.21. Structural parameters of NiO reference and Ni (plating)-containing RH samples

after heating at different temperatures.

1% shell 2" shell
Sample

Nigshellat R(A) o (A%  NygshellatR(A) o (A?)

NiO" 6.00 Ni-O at 2.08  0.0063 12.0Ni-Niat2.94  0.0058

RH-Ni (plating)-105 °C"  5.59 Ni-O at 2.03  0.0063 — —

RH- Ni (plating)-500 °C"  4.72Ni-O at2.09  0.0063 6.36Ni-Niat2.89  0.0058
RH- Ni (plating)-900 °C*  3.98 Ni-O at2.15  0.0063 9.96Ni-Niat2.75  0.0058
RH- Ni (plating)-1100 °C"  2.92Ni-O at2.09  0.0063 8.57Ni-Niat2.74  0.0058

*: based on NiO crystallographic data.

4-59



