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Removal of methylene blue in aqueous solution by citric acid—modified rice straw loaded with Fe;O, composite
LI Lin—xuan, LIAO Yun—kai, FAN Shi—suo"

(School of Resources and Environment, Anhui Agricultural University, Hefei 230036, China)

Abstract: For this study, two adsorption materials, citric—acid—modified rice straw (CA—RS) and citric—acid modified rice straw loaded
with Fe;0,(CA—RS—Fe) were prepared via the chemical precipitation method. The adsorption materials were characterized by Fourier
transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) techniques. Their adsorption ability for methylene
blue(MB) removal in an aqueous solution was investigated. Influencing factors, including solid—to—liquid ratios, temperature, solution pH,
and concentrations, were evaluated. Results showed that at the optimal solid—to—liquid ratio of 1.0 g+ L™, more than 95% of MB was re-
moved by CA—RS with a pH ranging from 3.0~11.0. Adsorption kinetics of MB by the CA—RS and CA—RS—Fe methods could be well-de-
scribed by the pseudo—second—order kinetics model. Furthermore, the Langmuir isotherm equation could describe the adsorption of MB on
CA-RS and CA-RS-Fe. The characterization results of FTIR and XPS, before and after adsorption, reveal that functional groups, especially
carboxyl group in the CA—RS, played important roles in MB removal. The interaction mechanisms between MB and CA—RS involved elec-

trostatic attraction, hydrogen bonding, and = interaction. Introduction of Fe;04 reduced the amount of carboxyl groups and decreased the
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adsorption of MB. However, rapid and simple solid-liquid separation was achieved, owing to the existence of Fe;O,. This indicates that CA—

RS could be a good adsorbent for MB dye-removal from wastewater, and the loading of Fe;04 in CA—RS can be beneficial for solid—liquid

separation.

Keywords: citric acid; modified rice straw; magnetic Fe;O4; methylene blue; functional groups; adsorption
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R2 CA-RSK CA-RS-Fe XM MBRIEHI B BEFI L R

SUERLE (XPS 5347)
Table 2 Functional groups and peak fitting before and after
adsorption of MB by CA-RS and CA—RS-Fe(XPS analysis)

X I E RE ] EiEt CA_pg CA-RS+  CA- CA-RS-
Adsorbent Index MB RS-Fe Fe+MB
C  C-C/IC-H 4i&fkEeV  284.80 284.80 28479 284.83
MXFHl/%  53.87 5481 46.19 4597
C-0-C/C— 4541V 28647 28638  286.56 296.56
OH/C-N wixftbfiie 35.86  35.80  40.11  38.01
0=C/0-C-0 %44 fEleV  288.05 287.87 288.32 288.14
AT EA/%  7.05 4.22 13.70  16.02
N-CO-0  4ifrhbleV  289.19  288.81
HXF el 3.22 5.17
0 C-OH/-OH %i{yfiE/eV  532.55 53290  530.13  530.09
HXFEBl/% 4093 5929 2740  17.15
-COOH  4hi4rfiEleV 53296 533.15  531.62  531.39
X% 59.07 4071 49.47 2847
Fe-0 i fieleV 533.52  533.21
FEX EA51/% 23.12 5438
N CO-N-CO/N- &54fE/eV 40012 400.18  399.98  400.04
CO-O Jnxftefilin 8530 8353  40.12 8171
HAILERER 454 fEeV 40180  402.19  401.59 402.10
X B/% 147 1647  59.88  18.29
Fe Fe-0 4 fkleV 710.71  710.53
AEXT L A811/% 3376 34.19
Fe-0 4 fleV 71291  712.30
AEXS L A511/% 30.56  32.99
Fe-0 AitkleV 72443 724.49
AHXT L A811/% 35.68  32.82

HLE REHT RETE MB B W R v 4% B AR T, L AP R B
I RV REHT Al 2 51 i A A B, 55 A 4 Al

120 1
(a)
100 |
80 r

60 |

B3 Removal rate/%

40}

20 :
0 0.5

1.0

1.5 20

2.5

& Lt S/L ratio/g - L™

—@— CA-RS-Fe

30 35

2.2 Ef&EEFA pH X3 MB 2 BR B9 8200

&l 4(a) A CA-RS Fll CA-RS-Fe 2[4 MB HIR 3 .
JAFE H AT AF TR 9 HE T, CA—RS X MB B 25 BR 2L
AT CA-RS-Fe, EEZ N CA-RS 171 £ Fes0. )5 ,
W RS i s/ ( 2R R M H RE A2 Ak o Bl [
FL34 I, CA-RS Fll CA—RS—Fe %I MB (1) 2= 55 28 12 i 42
o BEWILA0.5 g- L' 3G n% 3.0 g+ L', CA-RS X}
MB (1) 2 5% 2%\ 94.84% 34 % 99.69% , Tl CA-RS-Fe
X MB 1 25 B R 36.449% 381031 97.29% ., W T 46 W
B A AE ROME RS AT 2R 1T, W BRHAE s PR B MB el 4y
T if . AR R BE A, IR AR R 1 W
I EARURT, S5 SR B B, BRI N2 12 .
TR LU R R A W R A RS R, AT B A Y
B 7 s 2, MB R BR sl sy . Y R 1.0
g- L', CA-RS Fll CA—RS-Fe Xf MB i) 2= 5 43 51
99.40% F170.53% . LG ZBRFCR A& TEvE2% &, ]
PEFE 1.0 g LB M IE A 10 TR L .

pH 2 5 1) W 5 50 %65 45 G 4 2% Bk 1 DG IR 22, B
A5 M 2 S IO R P AR AR A T 5 e B 5
F14) 2 ThT R 14 R R ff 155 450 0 9 VWD 4R pH X CA-RS,
CA-RS-Fe 23 [ MB [ 5% i) UL 141 4 (b) . %5 ¥ pH 7E
3.0~11.0 JLH N, CA-RS Al CA-RS-Fe 4 0] 45 % F: B
MB. H[l pH %44 T , CA-RS-Fe i £ BR R W] AL T
CA-RS, X 5 RS—Fe W ffH7 i (3 2R 08 ) i /b
HHK, M MBE R pH M 3.0 7F %] 11.0, CA-RS Xf
MB f 2= (% M 97.80% H il 2 99.38% , CA—RS—Fe X
MB 119 25 B 2R M\ 28.25% 2l W4 i 22 97.49% ., v WL,
H1F MB J2& FH &5 1Yo kb, ik #1855 A5 1| F CA-RS-
Fe Xf MB LBk Bl 70 pH 350, #1551k,
e gl B e S RIS SCRRRGE, Fes04 11

1201y
100
801

60

Z4% Removal rate/%

40

20 A A - A :
2 4 6 8 10 12

—O—CA-RS

B4 Bl (a)F0pH(b) Xt MB X BREIR T
Figure 4 Effect of S/L ratio(a) and pH(b) on MB removal
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SEHE SR pH=6.7, Y4 pH>6.7 I, THORL 2% TA1 4 £ H i 5
4 pH<6.7 B, fURE 47 1E HL far o MB FE K W iy IE
HL, BT ATERR TP 45 14, Wi LT 1 S B MB L BR3¢
TSR L F i 5] J 38 CA-RS—Fe X MB A 4%
e B R BRBOUR o A TG T AT IR O RS AT I TP U
pH X7 AT A5 IR OO PR 25 Bk MIB 19 52 i B B
2.3 WHizh 1%

CA-RS Fll CA-RS-Fe X} MB {14 W [} sl 77 = fh 28
FeAUA Hh4E WL 5. B 10 min N, CA-RS #l CA-RS-
Fe X MB {14 W5 i 3 S AR B o 0 B 470 4 B B2, MB T3k
o7 R A R B SR R 1A b R A A A R B A IR
40 min ZZ Ji5 , W2 B0 700 25 T W RS 1 9/ S0 B
DN W TR . BRI, Y RO
M 100 mg - L7 44 /111 5] 500 mg - L™, CA—~RS %} MB i
ST 6 A 74.20 mg - o HE TN F] 234.84 mg- g, CA-
RS-Fe XF MB A% W B 5 M 53.04 mg - ¢ 34 /111 5 81.22
mg-g s IR Y MB R AT DA B = i UK B
3 A5 Bk o7 [ AR R =2 18] (6 £ S BEL T, 3K
fi gkl o3 SRR EIE VAL E 28555,

CA-RS Hll CA-RS-Fe X} MB W [t 8 J7 % i 0l &

B B b
- S g ®
O CA-RS-100
O CA-RS-300
> CA-RS-500

--- Pseudo—first-order
—— Pseudo—second—order

fru o =1
== T ==}

0 20 40 60 80 100 120
12 B} ] Time/min

SRR 3, HII—G5) 12 FAR L B =)
FORRIM R R BRI KT 0.94, HH R 1Y ¢. 5 5%
USRIk Aok 25 W & 1 1 &) WA K= i 12 A g 1
JZ B CA—-RS S CA-RS—Fe X} MB 14 52 b W B 1 5
WH LGS 5 BRI U B Y SIS VR R
2 T W2 FTORE - A 4 BRCS FiA Gt R 9 Kt g
B A W B0 R0 -5 R B B 2 ) 1) L, T A
FES - 28 4, U B R A 0 R AR DA AR SR AE T
FO BT, PR AL S AR R MB 2 52 3k A
W o e R g 4 o
2.4 RMERE

CA-RS il CA—RS—Fe Xf MB i1 1 Bt 45 ifik £k &% 410
G LI 6, 4 0 P g B 45 R 4 1 L5 S 80
X CA-RS, CA-RS-Fe W [ff MB 1fi & , Langmuir
Freundlich %5 77 F UG 25 R AHRL . Langmuir W fff
S RS B B fa R W T £ (318.40 mg -
o) FNSL I FIr A5 0 HE (340.09 mg- g™ ) B oMFEIT (R 5) .
filt CA-RS W B MB B, 3 187 P4 5T 145 5 W2 B0 3% 1 A o
Gy AT WA 2 NA) 35 e A R T By T2 R T
AH BT D R A FF X MB 9 55 K W B 4 (75 mg - 7', T

1001
t (b)
90 g ¢
80 prass - o TR EEEEEE e
_or Bt
ot
£ 501
T 40r O CA-RS—Fe-100
30 O CA-RS-Fe-300

> CA-RS-Fe-500
--- Pseudo—first—order
—— Pseudo—second-order

20}
10
0

20 40 60 80 100 120
152 FFFES} ] Time/min

5 CA-RS(a) I CA-RS-Fe(b) WMt MB B9 B 3h 15 R AU & B £k (25 °C)
Figure 5 Adsorption kinetics of MB on CA-RS(a) and CA-RS-Fe(h)(25 °C)

33 CA-RSFICA-RS-Fe Xt MBI M Z) N ZHIMESH(25 C)
Table 3 Adsorption kinetics of MB on CA-RS and CA-RS-Fe(25 °C)

—Z% 3l )12 Pseudo—first—order

=% 3l J12 Pseudo—second—order

FF i Samples
ki /min”! q./mg-g’ k2/g-mg™ +min' q./mg-g” R

CA-RS-100 33219 74.206 8 0.999 2 0.2897 74.561 3 0.999 8

CA-RS-300 1.5872 203.423 2 0.8972 0.010 8 212.800 3 0.943 9

CA-RS-500 1.5370 234.840 2 09315 0.0102 244.2529 0.969 4
CA-RS-Fe-100 1.217 8 53.0420 0.960 3 0.0377 55.158 5 0.990 9
CA-RS-Fe-300 0.825 1 81.8103 0.883 3 0.0136 86.729 0 0.9553
CA-RS-Fe-500 1.896 8 81.2157 0.956 2 0.0450 83.529 4 0.977 3

14 : 100,300,500 448 MB W) U i, mg - 17
Notes: 100,300 and 500 refer to the initial concentration of MB, mg-1.”".
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I Langmuir g Langmuir
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070720 40 60 80 100 120 140 160 180 0 50 100 150 200 250 300 350 400
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6 CA-RSF1CA-RS-Fe Mt MBH)SIRLE RIUE MLk (25 C)
Figure 6 Adsorption isotherm of MB on CA-RS and CA-RS-Fe(25 °C)
F 4 RSHNRS-Fe X} MB IR &R L& RINESE(25 C)
Table 4 Adsorption isotherm of MB on CA-RS and CA-RS-Fe (25 °C)
Langmuir Freundlich
W B 551 Adsorbent
G /g ™' b/Lmg! R Ke 1/n R’
CA-RS 318.401 4 0.972 8 0.918 3 167.088 4 0.161 8 0.916 9
CA-RS-Fe 116.557 7 0.0417 0.9232 39.980 1 0.176 9 0.9129
<5 R B3I Xt i BR L1 i oK R Bt 2 Y EE 32
Table 5 Comparison of maximum adsorption capacities of MB onto different adsorbents
W [} 751 Adsorbent il £ 5 s Preparation method Gun/mg-g”! 275 3CHk Reference
H R A W e 300 CHYE, 21 325 H i 544.46 2]
TRA SRR ZHE 165.81 2]
V5 e P 500 °C 24.10 [7]
Fes0.@C 44K kE KL 44.38 18]
IR AR ¢ sk, KOH &5 i 51k 527.6 [11]
PVA/Cs/Agr@Clay/Fes04 49K /K EEKE ZHE I 800.00 [12]
WA Ji A= W p FrEER AR LR 178.57.99.01.29.94 [16]
FrAR TR e 1 21 4 FriE g bk 131.60 [17]
PR o Pl B B PR R TE 301.10 [18]
LR & S FIRA B A P ot e 600 CHAfi 34.10.18.00.41.90 [37]
Fe;0.:@AMCA-MIL-53(Al) 4K A1k ZHE 325.62 [40]
AL IIA T R - MR i 36.25 [41]
TP CER S48 I 602.40 [42]
EPARN Ih e ZHE 90.70 [43]
W 300 CHAf#E 19.38 [44]
PR TR MRS AT PR Pk 318.40 AT
PR B R A MRS FF PRI RO I | 0 116.56 AT

SRR AL AR SCAR R ) AT IR S PE RS AT MB B
B KR T . CA-RS-Fe X MB 155 KB W ff -+
H5116.56 mg-g ™' Freundlich W ff 25 i £kt GE 42 401
4 CA-RS.CA-RS-Fe % MB (W [t 3 72 . Freundlich
Jr R 1n AT LS e B A M S o H S /N T
0.5 f, 15 YL W25 2y Bl W B S0 BRF 5 T 1/m KT 2 15, ]

175 YL W)X T4 R B R B H R 4 TR, CA-RS Al
CA-RS-Fe W fff MB #1515 2 (1) 1/n #1/NF 0.2, UL HH
W B3k RS Ty A T o

AN [) AR B 750565 MUB 5 W o i 178 EL A L3R 5 AR
Fb T A SIS AR B0, A58 TR e RS R A 1R el
T FF =Fes0. 54 M REOT MB A5 84510 22 B 2% 5, 1
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PR B 0 A7 B M S PTA T AR IS 1, B SEBR Y
o 71 o
2.5 W BHHIE

T H W B2 bR MB A R R B R AR
T R G EHEN m-m E R -w A
FHAG0 | 32 G AL 40 ke~ 5z 86 390 1 4 e 2k o e L
TRV RIREE . AT 45 G sg i R 2 R 3h 712
W2 56 S5 I 2 S bR o 3 A & 3K, CA—RS A1 CA-RS-Fe ¢
B MB & — N E AL B A 2 AR 2Rl
il 2 [F] A AR

pH 5 1) S50 45 5 B | i AE F B SZ ) CA-
RS 5 MB Z [ (454, F#3 J& CA-RS-Fe 55 MB Z []
RIFHEAEH . 24 pH BAKET , 7 F % 1 580 CA-RS-
Fe X MB [ £ BRACR AR 2% | T4 CA-RS W[ MB 19 52
W4/ BT UL A7 AE AL CA-RS X MB 11

FTIR 43 M4 5 @R , CA-RS HVE RE A BETE MB 12
B o R HE G AR T AL 5 B 2R k8l .C-H .C-0.
Si—0-Si, Rl 2 2 5L i 1E F L #5 S AL A0 435 S B
m-m HEFR . XPS 45 R B, CA-RS H 1 0=C-C . &% &
HREH 25 T MB 0B, = Z AL R S AR
Ma-m B MBS AR 5 5 CA-
RS b5 T G5 T i m—ar ERH 1 2k A A8 IR X A
T2 P T 5 1A 2 35 B 8 T B AL v O 2
YER, ¥ B i i A FH AN 0B, DT K I 412 /=5 X MB 119
W [ fig

Py A8 IR e PG T 6 2% 5 6T MIB A W BRI,
BUEH T Fes04 5 | A BT AP RR SO ERS AR B BB
AU o BEPEDIK FeaO4 iR 35 AR 2 05 i [ 4
2, Rl A2 5 5 MB 22 8] A R HL R 7

A UL R R SCPE A AT 25 Bk MIB (R AL P 435
YER R cm—m MERL MR IR LA 7. FesOs
15 I RE 7 8 B 43 2, 3 o0 B O (H 2 Ak
£, - XoF R BT R 4 e L A D o A

3 #ie

(1) AT CA-RS, CA-RS-Fe Xf MB ()2 [ 32 1
W pH 52, B 25 4R 5 T MB 1 L BR . CA-RS
Fl CA-RS-Fe X MB 1 L BRAF G 908 12 # ol 72 .

(2) Langmuir A BE B 4 M 415 3R CA-RS il CA-
RS—Fe X} MB (% W fff & #2 . CA-RS 1 CA-RS-Fe X
MB 11 f5e KPR e W2 B 5 531y 318.40 mg - 7' F1 116.56
mg-gs

) Cp, o R
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Figure 7 Schematic diagram of interactions between CA-RS,

CA-RS-Fe and MB
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