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Constructing Biomass-based Hierarchical Porous Carbon Materials
Applied for Adsorption Removal of Phenol from Aqueous Solution

ZHAO Wenyu®, XU Qing", MENG Fanyu, SUN Xiaoyun,
ZHAO Qiduo, Zhang Wenxiang, YUAN Xiaoling’
(College of Chemistry, Jilin University, Changchun 130012, China)

Abstract Biomass-based hierarchical porous carbon materials (ZBCs) were constructed by carbonizing corn straw
in the presence of a zinc chloride activator. The structure, porosity and surface functional group properties of the
7ZBCs materials were studied by various characterization techniques. Introducing a small amount of zinc chloride
during the thermal activation process can effectively promote the formation of abundant hierarchical pores (including
micropores, mesopores and macropores) , high specific surface areas (712.1—1667.5 m*/g) , and enriched surface
oxygen-containing functional groups such as carboxyl, hydroxyl and carbonyl groups (oxygen contents of atomic
ratio 5.7%—9.0%). The adsorption experimental results show that all ZBCs materials possess strong adsorption
capacity for removing phenol from aqueous solution. The maximum adsorption capacity of ZBC2 for phenol can reach
191.2 mg/g at pH=7 and 25 “C, and the adsorption performance still remains above 60% of the initial adsorption
capacity after five adsorption/desorption cycles. The adsorption behavior of the ZBC2 for phenol follows the Langmuir

isothermal adsorption model, the Temkin isothermal model and the quasi-second-order kinetic model, and that is a
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spontaneous endothermic process dominated by monolayer chemical adsorption. Moreover, ZBC2 could work

well in aqueous solution within a broad pH range from 3 to 11. The high specific surface area and abundant
hierarchical pores of ZBCs materials are conducive to the mass transfer and diffusion of phenol molecules, while
the enriched surface oxygen-containing functional groups could promote the adsorption of phenol on the
surface and porous channels of ZBCs through generating hydrogen bonds, electrostatic adsorption, and -7 bonds
interactions.

Keywords Corn siraw; Biomass-based hierarchical porous carbon; Adsorption; Phenol
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1 SEIGERS

1.1 KFENEE

FORFEFFR H S KET AR I ; SALEE(ZnCL) , Jobral, Ko S gk TABR A | A48
B8 (NaOH) , 84l REKEAE AL T A R 5 $hR (HC) FJo/K B (C,H,0H) , 43irali, [E2y
LA EBR A A s K (CHOH) , Zedral, KERRA FRA Al 5 287K (25 CHHBLZ 18. 25
MQ-cm).

OTF-1200X #Y = ik 45 b, A IE RS bR R A R w5 S8100 A 41 4 M1+ 2 il 8 (SEM)
H 4% Hitachi 23 7] 5 XRD-8730 % 55 418 X SR A7 1 (XRD ), H A% Shimadzu 23w ; ASAP2010 %43 #r{%
(BET) , 3£ [# Micromeritics 23 A ; Nico-1let6700 %I {8 L 25 3 21 S 35 AL (FTIR) , 3 [E Thermo 23 A
ESCALAB250 %4 X B R i FRETEAL (XPS) , SE[H Thermo 28wl 5 UV-1780 AUk 4h-1] UL 43 Y6611, b
TUHEEAER A ]
1.2 X
12,1 AREH & B EORFEFF RS, BT, MR AL 8 ZnCL SRS AP R ISR BT # 1R (0, 0.5,
1.0, 1.5,2.0, 2.5, 3. OIRAHAE B T4, K32, g, T80 b3 1 h (AR, 800 C)
Ji , W5 E ARV E Y BA G FEMATR S IR VE (2 mol/L HCLYAR) , FRZ/KIEZE MG, F 110 CF 4, Hif5
BB 44 R ZBCO, ZBC1, ZBC2, ZBC3, ZBC4, ZBC5, ZBC6. %4h, ¥4 ZBC2 W A&y 5 BIFE St
ZBC2-ph.
122 R EH BRI K HI4 B 10000 g 7B B TRA T, InAGE 725 88 O A ) 58 4
i, B R 1000 mL AT, E 2, Bl 1000 me/L By BRI, #5. HR I8 B e ] A ] v
PRI, {3 0. 05 mol/L 1Y) NaOH 5% HCIA O W Y pH AR 715 . HEM RS89 7E 100 mLH#ETE
R PEFT (25 COKYE L WETIBERE) , W BF 5RO 0. 0200 g, 7 IV Y 1R A 100 me/L, AR B
50 mL, WeR 24 hm, W R T HaR

Q.=(c,—c)xVIm (1)
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Ji

2 ST [V X 28 P53 MR 56 %) 52000 < 45 ik [RIAHE G B S, (SR BR300 P RIS MR R RS R 10 4%, B
FERFE 20500 5, 10, 20, 30------810 min &5 . FRG SCHGECE R 1R A HE—90 ., HE s J1 2% S N9 K
BRI G

Q=Q.(1-e™) (2)
_ K,Ql

8= K0t (3)
Q=K"+C (4)

A s e(min) Jg W B IEE] 5 Q. Q. F1 Q. (mglg) 73 531 Sy W2 B ~F- 1887 5z R W8 R AR o R 221 ) O R
K, (min™), K, (g-mg " -min™" ) 5Bl & HE— LR R FEE 2% 50 K, (mgeg ™' min™?) J& N3 HGE 5
#5 C(mglg) N TR RLH %L

W B A 2 SIE B AR A 5 12 TR I RS2, (SRS R BRI B A T I3, R 23R 45 2R DL /T DAy i A
B In(QJe) HHAARIEA TS A4, IR AT

AG®=-RTInK (5)
InK=AS%/R-AH®*/RT (6)
K=Q Jc, (7)

A, AG*(kJ/mol) HF AT B A HBE; R(8.314 Jomol™-K™") Jy FRAR S AR H5; T(K) M Sy 220 B
AS® (Jemol™ - K™) F1 AH(kJ/mol ) 735 A A e R AR FkE A2 .
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_ KLQmuxce
Q.= 1 +K,C, 8)
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W, G PERARSC s A (L/g) S Temkin ~P-Hr45 & H 4L
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2.1 MRBEHRIE

EI1(A)FI(B) MM AL ZBC2 (I SEM BE R K1 1(A) 27, ZBC2 BHBHEILH AT i bk, Btk

A LIRS, X2 ERTEFF AR BT oh K FIN B AL 45 2R . Rl e RS LI 1 (B) TRT UL, Jbd

BLR AT F 5 BFLBRES I, NOZ R YIA B A FI B ARSI 45 5 . ZBCs RAIMEH XRD 15

FE 1(CO R . A FESIITE 20=24. 4°F143. 5 HHT BT AT 5506, 2B X3 0 A 884k i 18 (002 ) Al

(100) FHTAT , FTHFIEERETEFEHH ZBCs ZRHNBHRIRILE i B R4 SR AL RE LG, LATCETE Ry 210,
3 © -

Fig.1 SEM images(A, B) and XRD patterns(C) of the ZBCs materials
H1 ZBCs B4 RF A 20 B - I8 BRF 205 8 RO, i A R A 25 DRyl A /DN il S B B T+ TV 2R 4 i 2
[K12(A) ], FRBH ZBCs BORH LA FLAEAE . FEAINS R 1 plp, 4 0. 9~1. 0 Z IR, 50U BRIt B il 2k
AW RIE, KW ZBCs MR IR RFLAFLE , X EEEE 0] LIAfiIA ZBCs b 2 AL IE T A7 1 A= W ot s A
B mE 2(B) Al AL, ZBCs MRHLAR M T AR AE/NT 14 nmJEFEN, DIBALFI LA T . SRR
ZBCOAHLL , FATE AL R AT SAL B A SR it U SR T AR P LR 2508 , EL BB SR AL s I i A 1
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Fig.2 N, adsorption-desorption isotherms(A) and pore size distributions(B) of ZBC materials
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S eI E N, RIS ERE FORFE ATtk Bt rp, RERS AR UEFLAB S5 HU I L, AT L
FE— B [l N X R TS5 F UEA TS . N ZBCs RIMBHO S S50 DT LB, ZBC3 MR ik
f) HE 2 T AR AT FLAR TR, 23051 1667. 5 m*/g F10. 90 em’/g, J& ZBCO 1) 2. 34 F13. 75 4% , HE—FSE T4
FUEEFE FORAEFF R A A2 A R A B T B RN FLAAR A 38 T EL A B A Bk . ARG K EL R TR
F & FLIELER , AR TR TP B MG R 07 5, o3 = AR M W R T 2 e,

Table 1 Chemical composition and textural property of the ZBC materials”

Content and compositions of oxygen element(%, atomic ratio) Textual property
Semple 0 C=0 C—0 COOH/COOR Syl (m*eg™) V/(m’eg™) D, /om
7ZBCO 8.6 18.9 68.5 12.6 712.1 0.24 4.1
7BC1 5.7 20.1 46.4 335 1022.7 0.47 2.2
7BC2 9.0 34.4 47.6 18.0 1165.6 0.55 2.1
7BC3 8.1 329 54.2 12.9 1667.5 0.90 2.1
7BC4 7.0 41.7 45.5 12.8 1445.1 0.76 22

* Syt specific surface area, calculated by the BET method;; V,: the total pore volume; D, : the average pore size.

1 XPS B S S B [ B 3(A) AT AT, ZBCs RANFE AL IAE 285, 1 F1533. 1 eV AR BL T 2458106, J3 551 %F
BT C MO, . DIRESY ZBC2 R, XF C F1 O, WA 7204 . €, XPSTEEIAT LILA R 340 [ [#13(B) ],
ZE G HETE 284. 8, 286. 0 F1288. 6 eV AL R4, 435Il X} N C—C/C—H, C—OH Fl C=0 H 1k o K",
0, XPSTEEI[[E 3(C) [T LIIA 31N, 455 REM 531. 4, 532. 4 F1533. 9 eV AL AgUES3 511X i C=0,
C—O/C—OH Fl COOH/COOR ™2, X $LZE LR HIM Rl AT Z R0 & AU REA], WAEFEEL R IL | PRI
AL . AHAS T ZBCO(FR 1), 1Lt FEA ZnCL NI M AR ) BUR M RHE & A D B A8k . Y/ kAT
TARE, A5 mA —MRIIRIR, SRMBEE S ALERE LR 3, S S, 45k 57
FER AR BT LR 1 LB, AR AR S B 0, RSl A0 BRI X FoIAE
KFEFA AR o B S BEAE R AR rh 2o B B S B R VR T, el i I & . SR A% Ml R - B IR 77 S
RAEHEFSFIEAVE R, 24 ZnCL, & S BARET , I A oh 05 B IR AR A i, DRI AE B /K 2o i v 4R Y
FEXS i N B ZnCL & SN, Jike ) 05 B e AL s 02 i, BE 21 R H R 7 25 B, ik
FE O JEFARARD | SAOCHR WIAHXT S iR BN, WibE A S AL B ARSI, oK | R KA
B SREE A IR 2 SRR OC R SRR A, SRR A 02 0 R RN K S
f#fi COOH/COOR AT & /)N, C=0 Fl C—O ‘B RE A A AR S 4 (% 1),

A (B) ©
Cyy i \
O’ 7ZBC4 |\ c—c/c—H
ZBC3 \ c—o0
| ad o—c—o
' l ZBCl1
C=0 /]

e Nt ZBCO c—0
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Binding energy/eV Binding energy/eV Binding energy/eV

Fig.3 Survey spectra of ZBCs materials(A), C,(B) and O, (C) XPS spectra of the ZBC2

2.2 MFREIR BRIk RE

ZBCs ZSNRHEARIR 25 F T XK 1 P A AW S5 SR NP 4 CA) s . I e o R A 52
DL R . FEh, ZBCO A il X6 % 13 4 W B 2k /0, ZBC2 S 7T Y8 F 28 i ) O RS e . il i B
ZBC2 MR AREAE A Jo S R I 1 RE B ST

ZBCO R ZBC2 A HERS A B W Wi (3 1~ 2 [ 161 4 (B) LIk, AEMRBIIER 10 min AT, AR i XoF RS
FIRT IR o 20 Ao 5 11 R B ) 759 L T, 2R BHIK 2 FibRE AT K VAU PP AR AR T LA S IR SR
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SRR B I E R AR & (R E BRI G BEJS , PRI PR () W B B DR, X
ZBCO F1 ZBC2 X 74 13 o W BT 325 2801 A7 7 ) 1] 4371 8 3. O Fl 4. 5 he POREF I B Es R LIE 4 (C) TR,
ZBCO Tl ZBC2 #4 X 2 W3 g W B 0T LA 43 3B B . 20— A B B W o R 45 R (ZBCO: 0~45 min;
ZBC2: 0~30 min) , AR 7Pl BRI R R T -5 06 PR B S AE 5 255 B Be (ZBCO: 45~210 min;
ZBC2: 30~270 min ) M [ 58 B S AT, AARE S THT 0 2R 3 43— 320 ) FL N 1 28 =SB Bt (ZBCO::
210~800 min; ZBC2: 270~800 min) , W[t S FEAANAR | R ah AVl F2 . ZBCO A ZBC2 BBH E—2)
Bl ) AR FIE sl )2 BRGS0 T 3% 2. IR A RH R R 28 13 11 1 — 2% 50 ) 2 A7 1) A
KZRELR 53504 0. 9609 F10. 9575, #E 28l J1 B R*E 43 51124 0. 9913 F10. 9937, Ui B ZBCO Fl
ZBC2 MAARIXT A Wy 1 () W AR B A 1 28l 72 AR, BB 1A ) 1 R A e W B i AR ol
YEF™
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Fig.4 Adsorption of phenol by different materials(A), effect of contact time on phenol to ZBC0 and ZBC2
and the fitting curves of Pseudo-first-order model and Pseudo-second-order model(B), intra-particle
diffusion plots of ZBC0 and ZBC2(C) (pH=7, 25 °C)

Table 2 Adsorption Kinetic parameters of phenol on ZBC0 and ZBC2 materials determined by Pseudo-

first-order and Pseudo-second-order models

Pseudo-first-order Pesudo-second-order

Material
Q/(mg-g™) K, /min™" R? Q/(mg-g™")  K/(grmg'min™) R?
ZBCO 124.1 0.2738 0.9609 127.6 0.0043 0.9913
ZBC2 164.1 0.2084 0.9575 169.6 0.0023 0.9937
LS (A) JE R ORI AR VR FEE X AR ZBC2 W SR RE B M . &5 3R , SR U vk 38 i ml L) i

P ZBC2 MAREXT R B B MR i, R R AR R T A RE I ANFLIA S5 A A TE 2L ORI
Oy, M B A 500 B A7 AR B 3B 7 0 AN FL B A8 . A Rk R R M ) S5 T ABE 7R 1A 5 SR
FEIS(B) iR, BRAISHG 323, FLAAHE RECRMEL0. 9936(Langmuir) , 0. 9775(Freundlich) F10. 9928
(Temkin) ], ZBC2 BHALF 41 B K5 Langmuir F1 Temkin 5575 852454, 15 B 720 bl 75 v 2k 2 T B2

200
200 (A) ®)
180 |
180 = =
,/‘/77
2 160F ; ~ loor "
oo S =0
e 1401 o l40F
) &
3 120 a 120+ . 7ZBC2
100 | exx 100 ~ Langmuir model
30 _|' W ~ 7 Freundlich model
10 ju el 80 Temkin model
1 1 1 1 | 1 1
0 50 75 100 125 150 0 10 20 30 40 50 60 70
col(mg-L-1) co/(mg-L71)

Fig.5 Effect of the concentration on phenol adsorption by ZBC2(A) and the adsorption isothermal model of

phenol on ZBC2(pH=7, 25 °C)(B)
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NI E RS £ % AR Langmuir S8R R RAS (1 B KW &8 191, 2 mg/g, 5 SCHRHGE 1Y
W 5 o A T W 45 B (6 41101225500 Y K [y | ZBC2 AR I HE o 25 1y B Ay BHAR O o, A8 5 1y
5 YL KARTETE (R TS e bR} . W a0 0<K, <1, F2 I ZBC2 MRERHAE By W B2 45 R Y . Temkin RIS

B, (0. 073<1, Fe] ZBC2 BHRIR A B HE A AR, PRSI

Table 3 Adsorption parameters of phenol on ZBC2 material

Langmuir Freundlich Temkin
Q/(mg-g™) K /(Leg™) R K/[mg-g"'+(L-mg™)"™]  1/n R b/(kJemol™)  A/(L-g™) R?
191.2 0.13 0.9936 67.36 0.23 0.9775 0.073 2.85 0.9928
Table 4 Maximum adsorption capacities of phenol onto carbon different adsorbents

Precursor Activating agent Q,./(mg-g™") Ref.
Kenaf — 41.5 [10]
Eggshells H,S0, 5.1 (28]
Date palm branch H,PO, 142.9 [29]
Brazil nut shells KOH 99 [30]
Rice straw KOH 107.5 [12]

Corn stalk ZnCl, 191.2 This study

VR X ZBC2 W A 193 1) 52 M AR T = R 0 an BT 6 CA) RN (B) Bleis . S5 2R AR, Bt R
VAU 2 (R TH 15 L ZBC2 X A48 1y 1 R o 2 T . AR BT AR 2 S (3R 5) ARV MO T /Y
AGHI/NTF 0, T FE A R VEF TG . AR>S0, WL RE WG AR, T e e A A ot
IR I, 55 Temkin BIARRIZE SR —S0. AS>0, RUNZR ML FBE— D EUERY L

180

[ (A) B)
1.6F
170f =
= 4 L
W 160k & 1.5
5| e 5
& | O < L
& 150 r{N‘ 9» 1.4 N
10+ =
13F
O 1 1
298.15 303.15308.15 313.15 318.15 3.1 32 33 3.4

T/K 1037-1/K-!
Effect of temperature on phenol adsorption by ZBC2(A) and the thermodynamic curve of adsorption

(pH=7) of phenol on ZBC2(B)

Fig.6

Table 5 Thermodynamic parameters of phenol adsorption by ZBC2

AG®*/(kJ-mol™)
308 K
-3.76

R? AH®/(kJ-mol™)  AS®/(J-mol™-K™)

313K
-4.04

319K
—4.24

298 K
-3.30

303K
-3.47

0.9875 11.46 49.40

ASTR] pH BT ZBC2 W B i i 45 SR An ] 7 (A) BT, 76 pH=3~11 75 I, ZBC2 MR 5 14
A R AR, 156 ZBC2 AR SRy K rh 2R I e R B R0 AT AR5 S A R B T PSS . B A R RV TR
pH PIBEIN, ZBC2 X A% (1) W B S 15 m 2R BB 2% 14 B8 A R 2RI e . 2 pH=11, B4R R 100
mg/L I, ZBC2FHRERS R 1 i iy 164. 3 mg/g[ &1 7(A) 1.

ZBC2 WAk B % By R 4 B 1 A5 R an 181 7 (B) B . 45 2R 26 W, ZBC2 7 1T P R PR A A (it FH T
W R A — o TR, X AT RER R TR 435 2E T MR FLBR S, B B AN BRI G T BR LB UR A Y
IR D RS P R R FESE DY . A IR, AR IR 0 R AR AR D, R AR Y
EYEEBERITE— R B B rT AR AR . 283 5 RAGIME FH S, MBEXT R 3 A0 W B e AT5 98 7T Lk B e )
W BFHE A 609% LA L, 26 BH ZBC2 A RHEAT I S O ER (e FH P fE
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Fig.7 Effect of pH on the adsorption of phenol by ZBC2(A) (pH=7) and cyclic adsorption of ZBC2 for
phenol(B) pH=7, 25 °C)

2.3 RPHALIE
&l 8 & ZBC2 MBI A By BT 5 1 FTIR 3% 1K1 . ZBC2 A4 BHE 3430, 1786~1699, 1533 F11115 em™ [ff
B W BfE 0%, 43 0 @ S —OH, —C=0/C=C,

r 3430 zpc2 1533 1115
—C=C I C—O/N 3L Pl i A g =2 255 Vs Ve
XPS 5L, AT LUHEI ZBC2 MR R I R ot | FR s f\ﬂ@@m1ﬁ®¢Mm
THREREA . ZBC2 MR MR T, 7E 3430 em™' Ak \/ “ﬂ,( \ N»\f»\/
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A f VA 588 J3E 380, 3 AT R T —OH Al—C=0/ 1600.J1358
C=C B fe A i &AM - VE 45 5, 1E 650~ . .
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P25 A8, A 00 2 DR 3 30k R A A L L B 2 phenol adsorption
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ZBCO F1 ZBC2 A A e i % S i, (AAH R 25 0F T, ZBC2 X 28 13 () W B 1 2 ZBCO 9 1. 3 4%, iX 5
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FEER IR R RL ZBCs. % R 5 BER KR P 2R B FA 05 W R RE T, ELIR B 550 ] LS BE
Z RGN, WA AE pH=3~11 8 Bl N 2008 1T, B R4 09 52 B B 9 7. W B A oA 3 47
Langmuir F1 Temkin 55 il A5 58 K 1 — gl 12470, I DLBSIAR B0 12 A 2 W B o 32 00 A i
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