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Table 1 Level of experimental factors in

100 mg- L™, R JE 30 °C % W pH=4 4 W) [ [ the congo red adsorption system

SEER A G A W, A4 Box-Behnken £IKF 1 CR¥IH R
TR, R4 B S AR RS SPRE LY WEmeLh oo O P
R 4 B R ER R e R 2R AR IR CR Y 0N -1 1.6 80 2 2
M. SRR AR RS R 0 2 LI
%:Z 1. 1 2.4 120 35 6

2 XWHERETIR
2.1 FILFEST CR IR KRN &R

TENIER L GOt oK AL BT FE b, 22 R FH 25 B 8RS 7KK B PF M A BEACOR o He bt KoK B 32
15 YL WA R BE S A K, T R BR R IE R AT AN S B R W AE bR, T B R BT R K Ab
PR . T4, AT — R PO i 0 i 1 A BIE 5 A AR R T 2 AR P XS K Ak B R 4 AR 1
WFFE N2 B 4 B IR 22 2R 2 bR R VEM 15 KL BT RO AL BRASCR . DRI, AS IR 5 3k 8% 2 5 2R S g 17
B, >k 3 Box-Behnken SCH R T AISLER 45 4L, 45 N3k 2 iR . & 2 AT AT, DL CR ABRE M
IR, DAWERRE SR & . CRWIGRVRE | IR . VW pH o 8 28 & 1 ~7 ) 10 1 2 % 0% =X Y — Ik £ 00
X, WX Q) i

17 =95.87+9.45A —7.06B +0.67C — 5.43D + 7.03AB — 0.74AC + 3.8 1AD + 0.53BC — 5.73BD+
0.30CD — 5.83A%-2.16B>—0.78C>~0.62D" )
A AWM B CRWIIAHRE; C MiEE; D N pH.

K (2) R, 445256 PR X ) I B () 52 2 38 B A, T 2 R B 0 et e R YL Sk g i T
PR (20 (2)) BEAT 7 0 M iR A0 S PR G, LUK 6 124 B R 2 75 BB 08 FH ORI AL S 08 45 1, AR Y
FREGE WL, FAEME, A RIE R B B EE L PEE . BUALR O 2540 H A0 R R E O
BRLE SR 3 R,

TS AU B HLA BE R=0.981 7, RUIZEAL G Lm0 45 RAUG R4, LW R AL &5 ROEH &
FHUR, ;= 09633, FKWIZ 96.33% M i {48 1 T LT 22468 L A B CR 25 R 2 Y 552 16 1 A 2 15
DEXT A& 1 s, ERAPREEE T 1, £ CR LBRRMA R B 45 R 50085 W m Y4 .

Bk 22 1E A MR 2R ] FH 50 U7 8 R ASE 7R R 5 Bl A IE 2 0 A, B OBk Bk, LA BRI A A
Bk, B2 R R LA B — A A, VPR BRI AR A IE S AR .

t 2 3 0] LU, i i il i A 0 % F B R 53.55, P<0.01, Ui B9 07 PR R 10 4 R £ 5
CR LBRFZ LA 22 B3 10 [RIE,  20m I A5 20 () 26 L0 P AE K 0.098 7(P>0.05), 2 BT
DAY () G LA 3, R [l SRS Y g S PO 28 ok, 2R AR ] R S 6 L S X S 2 SR i
1150 HT1 .

M3 A, PRRAMT, W mE . CRUIAHEE | F W pH X CR 2[4 3R 19 B i ik
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Table 2 Experimental design and results

At LBRER%

p == N

T A GORE Gmg opn okl m
1 1.6 80 30 4 95.12 92.51
2 2.4 80 30 4 99.26 97.36
3 1.6 120 30 4 63.90 64.34
4 2.4 120 30 4 96.15 97.29
5 2 100 25 2 99.61 99.53
6 2 100 35 2 99.52 100.00
7 2 100 25 6 90.29 88.06
8 2 100 35 6 91.39 90.00
9 1.6 100 30 2 89.80 89.21
10 2.4 100 30 2 99.57 100.00
11 1.6 100 30 6 71.82 70.73
12 2.4 100 30 6 96.81 97.24
13 2 80 25 4 99.29 99.84
14 2 120 25 4 85.56 84.66
15 2 80 35 4 99.40 100.00
16 2 120 35 4 87.79 87.07
17 1.6 100 25 4 75.95 78.39
18 2.4 100 25 4 98.57 98.78
19 1.6 100 35 4 79.80 81.23
20 2.4 100 35 4 99.45 98.64
21 2 80 30 2 99.55 99.85
22 2 120 30 2 98.48 97.19
23 2 80 30 6 97.50 100.00
24 2 120 30 6 73.51 74.86
25 2 100 30 4 97.75 95.87
26 2 100 30 4 95.24 95.87
27 2 100 30 4 95.35 95.87
28 2 100 30 4 95.67 95.87
29 2 100 30 4 95.33 95.87

F (P<0.01), [FIAF, fF A LIAS 345 D 20 CR BR300, R Ay W2 B 300 45 i >CR ) 1 ke
JESTRW pH>REE , Hoh, SR X CR BRI AN B, X% dy T AHIE 58 i 16 1) I8 3 R A
YRSy B s AU RIZN 55 B0 A0 i AR AN, DA S B0 B X CR AW AT Ry 2 A/ . 7
EHAEH T, W 5 CR IR B . U B B S W pH . CR W) R MR 5 9 Wi pHL 4F
CR W EBRF R B FEHR .
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Table3 ANOVA of CR removal efficiency

T ZEHR SR B HE ¥y F P B
i 2652.36 14 189.45 53.55 <0.000 1 B3
A 1071.94 1 1071.94 303.00 <0.000 1 i
598.15 1 598.15 169.08 <0.000 1 B3
C 5.44 1 5.44 1.54 0.2354
D 354.47 1 354.47 100.19 <0.000 1 x4
AB 197.47 1 197.47 55.82 <0.000 1 e
AC 222 1 222 0.63 0.442 0
AD 57.93 1 57.93 16.38 0.001 2 e
BC 1.12 1 1.12 0.32 0.5825
BD 131.34 1 131.34 37.12 <0.000 1 B3
CD 0.36 1 0.36 0.10 0.755 6
A’ 220.30 1 220.30 62.27 <0.000 1 23
B’ 30.37 1 30.37 8.58 0.0110 e
C? 3.93 1 3.93 1.11 0.309 6
D? 2.52 1 2.52 0.71 0.413 3
[i3 49.53 14 3.54
AU 44.98 10 4.50 3.95 0.098 7 ENTES
iR 4.55 4 1.14
RN 2701.89 28

e HIE RHR=0.981 7, BIFHIE REURS ;= 0.963 3.

100 [
1=0.978 1x+1.966 9 100 "
95T R=0.982 4
9%l 80| 1=21.382 1x+50
R=0.936 2
g 85 s 60f
% 80 | =
= Ryt
Bogst fm
70 | 0t
65 |
60 1 1 1 1 1 1 1 J 0 i "
60 65 70 75 80 8 90 95 100 3 5 | o | 2 3
SH /% ST
7=

El 1 CRZERESIIERMFUMNELR

Fig. 1 Comparison of experimental and predicted values of

2 REESHE

Fig. 2 Normal probability of residual
CR removal rate

22 FEFERM CR 32 EAE R AN R fh i 53 4

F FH Design Expert 8.0 UL H 28 & A Ak b5 B9 3D EIG, 7T L i g 08 M 56 BF W2 565 751 45 i o
CR ) 053 e B RV W pHL XS 25 R 8 A0 52 e L S R A o) 107 iy T e 5 otk 25 2R &l 3~&1 5 o

B 32 LIRS W pH £ 9 0 2500 F GREE 30 °C . pH=4), W5 H &5 CR 47 4 ¥k & %)
CR EBRZBMZm ., MK 300, 75 CRIREE AT, X E B K e, X2RA
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W BB, Bl R BN R R ARG Ok, A bR
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FIET, 2 252 1 B a3 A W o 90 R[] il 42
JRIZN i ek oy 7 ol ) B B H Bk, A
1T 52 ) 25 B 38 241

AR BRF 590 4% n i L TR R D A (3%
JndE 2.0 gL', IR 30 C), KK T CRUIEH
FE 5 ¥ W pH 1) 28 B /E X CR & B % 19 5%
M, ZEHuE 4 R, WTLEH, BEFH CRAI
U VR B RN T pH A8 /N, CR LRI K, X
JE R ROV B /0, TR 500 82 AR g TR o7 250
XPTYR T R, BRI, 25
T A5 0 4% 2 £5 19 45 L H pl=2.6, X4 pH<2.6 LU
5, B pH AN, 4% 2f AR 0 B R % 0
A B IE LT B £, 5 CR A A I 5 | 1
MR, FrLL CR ZBRFTFE

CR A [ 5 Bl 5 W P 551 4% 4 5 9 K pHL 17
AR ALY 3D me i it A E 5 s, G CR )
U e B RN AL TP AR (R UR TR B 100
mg-L™', R 30 C), ATLLE W, BEE W
= B A pH A AR, CR L BRFBH K,
ST R R R U R B O, R R
PG ¥E 2, [FAF, pH A U /)N i T 4y 2 £ R
(4 TE FEL AT 380, T LA A SR 590 5 O R A ) W2 6 £
S HAI R, 5 CR = A B W 51 E AR
o, DT 2 B R

ZE LRI, A Y I R R B R
fIk CR W) 4 ¥ AN WY pH A B T 42 %5 CR 1
B,
23 RBIEEA

I FH Design-Expert 8.0 %K 14 X #¢ £ 52 56 2%
P AT S0, A5 ) 3 A s £ R B CR S A 55
R B ER SR 2.08 gL', CRYIGA
WeBE 120 mg- L', R 32.67 C . W pH N
2, IEHF CR EBRF 0 IK 99.61%, A 5 iE i 1
f A TR O o A, O ) A AR R AT
3YIPATIE, AT L BRFAT-HIE R 98.75%,

B3 WHFIIRMEM CR MIEKENFRIKEE
& Bt CR Y M 2 B4 [
Fig. 3 Response surface map of adsorbent dosage and initial
concentration on CR adsorption on semicoke residuals
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Fig. 4 Response surface map of CR initial concentration and
pH on CR adsorption on semicoke residuals
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Fig. 5 Response surface map of adsorbent dosage and pH on

CR adsorption on semicoke residuals
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il BET, XRD J7 kXl 2 AT RAE, 15456 WK CR A5 P 43 21 £ 19 FT-IR &35 43 #7

WIHRSGE T X CR BTN .

MR RS A Rk ) LB 245 g 2 52 ) R RS AR ) R B DR B . H R T RRUBE A, T i 3t g % B A7 A AR
200 ARSI G 8 IR R A £ T HTE Y R R S S W R LAY LB S M L 4 BT,
AT LU 95 U8 PO R A R A LR LU R Ik, i — 2P ARS8 T A AR 0 A A S — Pl R A R 25 B
K CR; [FEE, P 6 aTLUE I, RIgE AR LA 202 2~20 nm g9 L, UKD EIRT 50 nm
ARAL, RUIRARF R ML, AN T aEfLBNERY B, mife2Ext CR AWFH .

*4 BEFEFIRRMM LIRS HEEE

Table 4 Comparison of pore parameters of solid waste adsorption materials

W RAS A R/ (m*g™) SALAERY (em® g ) FHFA MM ORI
PUPEE A 80.11 0.472 2.49 [27]
YrKEY 43.07 0.06 3.40 [28]
IR HE AR 9.47 0.031 9.725 [29]
R AR S 0.3742 0.008 36 89.36 [30]
TR A 45 41.96 0.064 1 5.89 B
Pl f AR CRAT . S5 BYZLAMG S RAR 0.06 — 80
G AT 7 B, Ak S CRA L UK . G Ne i T
1061, 778, 798. 578 cm' Ab Ff) W Wiz & 43 1) 13 ~ 10 =
B 5 B R R B SO, U PR oo \ R
Si—O—Si fll Si—O fhisfifiesh . (ideik = 2 A\ 10 &
M) Si—O—Si RFRIAIRSY, $5KA (CanlSi0o) & "] \\» 10
1 O—Si(AD)—O Hy & R 35, BE W75 U8 002} N
itk T 4% 2 i v SR Ry R R R B IR ER LA %MHQ'W
I TCHLY , X5 PANEK 4552 X £ 915 I8 44 001y 10 100

i T A8 A% 2 £ A SR AR S5 S AR . A2 R
B CR i 32 22 0% Wi e o 2 9 R 388 sl i 20,
KREHNIF, BV R F W S CR A B
1) RE A = A, B S U8 I R Ay o AR
CR EZEY B Mol #2, [EAF, W FH CR J5 %
A% A 04 TR S R R K 5, RO i T CR
W o 7 e 4% e A 2 T DA T 1 55 T 0 20 R Y TR
W I 5 5

MK 8 il LIE H, A BT 26=20.91°,
26.68°, 36.47°, 50.20°4b £7 7F BH W 0 RF 1E 75 5
Vg, X RRARMER B, 8 R A O (SIO,), X5
LIANIATEE AL, 35X AT RE B T A B 5% ir 126 R
AT BT U8 & Ab R B T A W2 B AR dn ik
b N (T w1 ¥ <) Rl i1 I 2 W L

fL4%/nm
6 SRABIMAFEIISNMNMILLLRARBIHE

Fig. 6 Differential distribution of volume and pore specific
surface area of sludge pyrolysis semicoke residuals
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7 SRR R EWM CR AR LML E &
Fig. 7 FT-IR spectra of sludge pyrolysis semicoke residuals
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1) Box-Behnken 25 56 1% 11 7] DL %% U #8154 Fig. 8 X-ray diffraction pattern of sludge

AR ARXT CR AW B A o B PR 00T I B 28 OR

pyrolysis semicoke residuals

14 5% W) L Sy 1 B 550 45 0 i >CR ) 4f vk B2 > W pH>IR BE 5 10000 B A 19 ) 8 & R R°=0.981 7.,
FOIEF 2 RER,, =0.9633, SERGiR 22/ RAEWM AT, CRAYERRFE Ny 98.97%, 5 HUl{H
99.61% FAW) 4 .

2) Xof Sl % 21 R BEE CR A4 58 F A FH £ 0 107 T8 23 A7 0 0T, 3 24 e o A R SR B £ L AR CR )

f e B LA B/ N pH, - A LA #EXF CR B9 L BR

3) th XRD. BET 73 Mrabi R il A, ABE5E 7 il o i o Ay 2 2 — Bl 22 2Rl a3 & ik o pL ) HL 3%

T 4= 5 1 FLBR S5 A8 B9 A FLAT R e F 42 AR B CR FITJS Y FT-IR 5 R, 42k B CR 5
REAACERE AR, BRI P T2 2 5 ) 20K

4) A58 0 TH BB K 15 T i BT IR AR R R 1T R, ¥ U8 PR R A o A T LA RO R K A
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Abstract As for the resource utilization of municipal sewage sludge, the semicoke residuals from sludge rapid
pyrolysis for hydrogen-rich gas production was used to absorb the Congo red (CR) simulated dye wastewater.
Box-Behnken design of response surface methodology was used to explore the effects of adsorbent dosage,
initial concentration of CR, temperature and pH on CR removal rate. Furthermore, the CR adsorption
mechanism by the semicoke residuals was analyzed. The results showed that the effect order of above factors on
CR removal rate was following: the dosage of adsorbent > CR initial concentration > pH > temperature; the CR
removal rate under the optimal adsorption conditions reached 98.97%, which was basically consistent with the
predicted value of 99.61%. Through the analysis of the response surface interactions, increasing the amount of
adsorbent to a certain extent, reducing the initial concentration of CR and the pH could improve the CR removal
rate. The characterization results of XRD and FT-IR showed that the main components of semicoke residuals
were silicon-containing inorganics, BET results demonstrated that the semicoke residuals had developed pore
structure and provided many adsorption sites. No new functional groups were found after CR adsorption, which
indicating that physical adsorption dominated CR adsorption on semicoke residuals.

Keywords semicoke residuals from sludge pyrolysis; adsorption; response surface methodology; congo red
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