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Removal of Mn”* from aqueous solution based on thermally treated limonite

ZHANG Yu, LIU Hai-bo, CHEN Ping, PI Hui-yu and CHEN Tian-hu
( Laboratory of Nano-mineral and Environmental Materials, School of Resources and Environmental Engineering, Hefei University

of Technology, Hefei 230009, China)

Abstract: Nano-hematite with multi-porous texture was prepared from the transformation of limonite by thermal
treatment. The prepared nano-hematite was utilized to remove Mn”* from aqueous solution. The effect of heat treat-

2 . . 2 . .
* concentration and contact time on removal of Mn~" was investigated. The re-

ment temperature, initial pH, Mn
sults of characterizations (XRD, TEM, BET) showed that the hematite exhibited the smallest pore size of 2.7 nm
and the largest surface area of 107.4 m’/g after thermal treatment at 300°C.. The results of batch experiments indi-
cated that the effect of pH varying from 5 to 10 on the removal of Mn>* was marginal and could almost be ignored.
The maximum adsorption capacity of the thermally treated limonite to Mn®* reached 6.45 mg/g. The kinetics re-
sults showed that the adsorption of Mn’>* by nano-hematite followed pseudo second-order kinetic model. The pre-

pared nano-hematite presented excellent adsorption performance and catalytic oxidation to Mn®*

. Furthermore, the
existence of manganese oxide promoted the adsorption performance and dramatically improved the role of catalytic
oxidation in removal of Mn®* from aqueous solution.
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( Satyanarayanan et al., 2007; Z& 7% fa 5%, 2008;
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al. , 2007 ; Wang et al. , 2016 ) B0 & 5L B R &5 L HER £
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LBk Mn®* 7 VE LR i i pH R I
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Araby et al. ; 2009; Kenari and Barbeau, 2014 ) . &>
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lis, 2004; Li et al. » 2013; Yang et al. , 2014; Du et
al. , 2016 o BUAT AR A M T /K B 6 7 vk 32 4442 Im
SR A I BB AV ER DI PR e AL A, K R K Min® A
A Mn** T R A A DU TE 2 B CRE SR 4R, 20065
Piispanena and Sallanko, 2010) . {HHEh4 Ak 7 (1 4b
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FAE L] o
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Fig. 1 XRD patterns of limonite at different annealing

temperatures
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Fig. 2 TEM diagram of limonite at different calcination temperatures
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Fig. 3 Specific surface area and Mn’* removal efficiency of

limonite at different annealing temperatures

% v & 837 %
0'C
-3.8nm 100°C
200C
A
2.?nm§
: 250°C
300°C
350°C
400C
600C
o T
e wee ]

1 1 1 1 1 1
& 10 12 14 16 18 20
ALi% /nm

02 4 6
B4 R A AL AR S A

Fig. 4 Pore distribution of limonite and thermally

treated products
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2.2 mg/L ZE AT Mn® 00 32 AN [ (1) pH
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pH {E/N T 8 I 7K Mn® " IR FEEAE YR 3 24 h Ja7E R
% 22 Y0 [ AT I S AR, R IR 1K pH E /T 8 1Y
JKH ) Mn® 2 B0 10, 5 J I ) P9 AN 23 IRl 23 <
SRR B IR . 7E pH {2 9 F1 10 PIAN A5
Mn® " ¥R JEE i 2 BRAIG, R WIKH ) M 76 55 pH T
BAIATEE, X 5 pH AE T Mn® " 4 4 48 m A7
KCE5) .

VNN 300°C JBbe s BT RIS R W46 pH A 1) 2. 2
me/L /A5 8 Mn® iR, AERI UG pH R 3 1, 58
Vi 24 h JE R Mn® BT =TGR BRI
SRR TP A AR D B AR A0, 74K pH I N AR
SRR A A TS s AR ARSI pH H 5 ~9
(I P, Ak BEAR R A V3 4k & Mn® " K3 2 Mn®*
B AR IR FE ARG, e 4 R B S5 AR B A pH {1 8 /5
XEWRELE pH {H 8 7247 300 C 1B ke i ki KA i
IR Mn® " 0% . MR K pH fE— M E 8 A4,
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Fig. 5 Effects of pH on Mn®* removal efficiency
(solid/liquid 1: 500, reaction time 24 h )
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M2k, K Mot (BRI FE AT BL2Y 3 N B BTG

7Y B 0 o 3 A 85 R, I A T ) S A IR R Sk 4 3%

1N (180 ~ 300 min), 360 min Ji W P 55 A #a T
o BEAE ZKILAS [ Bl ) 2 il 2 R DL 2 2 1) 22 01,
KL R R B M Ji N T S R, X AT fE S B
Mn®* R A T80 20 52 00 P8 s ol O

WS BT 250y 03 27 o B 0 R B L B ) R T 5 o
PLR 3 gy Jg 2 A5 28 43 By W B 3 0 27 i 72 43 5l
HE— R Bt 2 0y 2 — B B O 2 ok N
B RECE 6) (Julio et al. , 2009) .

InCq, —q,) =InCq,) =kt (D
t/q, =1/Ckyq,”) +1/q, (2)
q =k 1" (3)

b9k Lagergren #E— 28l )1 2% M 20 8)) )y 2F
DB T P O SEP ¢Cmin) 5 OB i),
Cmg/g) Jg AN TRV UCRE I 1] (R IR B s g Cma/ gDl V-1l
W B, by Cmin ')k, (kg » mg ™"« min ') 43 ) & 1
BN TR ME A T S R AU s R
1,
Bl 6b 1T LA HHARK S AR R T K Mn® (1
R BRRLRE R, AETE BN BN i B BT, ) LR e — 2
Bl 357 7 REREAT AR G M 3 , {E Bt 5 R S 4 D ) 2
AT 5 WIS W IR~ YRR B %) 0k 40 S 0 i 5 T
A e, UL R GRS SRR T K Mn® T )
B BRS A AN I B — RO WL DAL Y T o — 24 3
T E TE . HE —20sh 27 (I 6e) U5 5 72
HARKR R R #3051 0,999, i B 2 V385 41F #E - 2]
EJ15 iR B 6d T HY, SU045 5 AR AE BN IR B
) i AN G 1 HLAUL A il e AN I Jg R e — AN IE
RO HAEWR NI AR I Br R M R R, 2
e Db 124U it 2, R WIAE R I R R R A 2 A R
5 Bonl e th T T B SR B BOZ
T OB I A B ELE D I BRSP4, SR T
W BN AR T Y 3 S HAL ( Nevenka et al.
2009) .
2.6 WMIFRAFMBAE
7 I 2 24 300°C KR M A 45 Ui R B Min®
q.=q, x(K,C/1 +K,C.) (4)
q. =K.C"" (5)
A Langmuir 1 Freundlich %535 W Ff 2k (R 400 & 7
o Hrpb €. Cmg/L) VAT K IE . q, (mg/g) A K
WPt £, g, Cmg/g) 1 i W BT £, K v K 73 0l 2
Langmuir ¥ %4 Freundlich ¥ %%, # & 2#5 W% 2.
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Table 1 Kinetics isotherm constants for the Mn**
adsorption onto limonite

W=z Iy & HE =GBy G

7K ¢./mg- k/ R q./  ky/kg-mg'. R
g'l min ! mg-g'l min !

295 0.608 0.003 54 0.931 0.794 0.009 49 0.995

308 0.580 0.007 62 0.953 0.778 0.021 00 0.995

318 0.622 0.01232 0.971 0.938 0.03560 0.999

WY Bt 32 5 & Langmuir A1 Freundlich %% i W% B
2. 7F295.308 K 41+ T, Langmuir J5 F2 [f) il & 2L
FCR) T T Freundlich J5 F2, e KWL &4 6. 45
mg/go JEEEMERAT X T Mn®* IR B — R
I> T WO A 22 5 2 W B 22 1) B — A B A 5
Freundlich %0 K, 1 1/n 43551 55 W B 25 55 0% B o6
FEAT %, 300 WS B 25 e K O, AR AH AR S
B Horh 1/n <05 W HIR I fE RAF

Kinetic profiles of Mn** removal with heat treatment of limonite

300°C B Joe iy Bk A 7 AS [ LB W B Min®* 1) 512
5 B, A LR 2 n] 1 BAH B 1) A 2 S 4L
HATHT A AR AG VR AS A4S AH( Cantu et
al., 2014), 85 WL 2.
AG = —RT + InK (6)
InK = AS/R — AH/RT (7
Jorr, TR (KD, R g FLARS AR % (8. 314
x10 7 kJ/mol - KD .
152 2 AT, 300°C e # 2k IR B Mn®* 11 K
B B8 A5 U B %) T v T 14 K, G e KW B S (R A Bt o
T PSE PR T v T M A, 0 BH A2 s Y — AN B s N5 E
AG FIEIAE 295.308.318 K 45111 T, i% S W& — AN 1]
HARBAT IR N B AH AT A, % R WV & — AN
I HJE — MW N s 17T AS U BH % SO 2 S 4
i 5 R B et 43 51 B VR L



% 4 1) Bk SPISE: BB BT B T Mn® 693
1.5
Langmuir §t,{5 /52
angmuir 145772 Freundlich 114577 %
0.8 |
n
1.0 |
- Fos
0.5
0.0 |
1
1 L
0 0 0.4 0.8 -1 I ’
1/Ce loecs
7 SmA A

Fig.7 Equation fitting of isothermal equation
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Table 2 Langmuir/Freundlich isotherm constants and thermodynamic parameters of Mn’* adsorption onto limonite

Langmuir Jj f2{l45 Freundlich Jj F&ftl¢r N EBH
K K/Lmg'  gm R Ke/lLomg?  n LR Lk AG/J-mol™ AH/KJ-kmol”! AS/IK - mol”
295 03995 2623 07325 09376 2972 08128 370.9 —5.958 1
308 01268 6452 09753 11558 2192 09189 3524 —17.3806 26.324 0.109
318 02430 5672 08036 11516 1962 09751 25212 —84749

2.7 WS H

Kl 8a J& RIRMI B Ab LS A1 RE Mn,y, 119 XPS
Bl . L Mn A2AETE D Mn® ", HEN #2145 Bk
W R 3% e AL A ) MO, . R LALLM T
EAEAL M AEAE 5 X Mo®t 2 B 52 0L 8b.
(Mn®* 590725 (6 LS B0 ) A W B 5710 B, ASE 445
Mn®* (2 mg/L)H 7K 43 5 A 46 R G4 4% 1 T 3R
¥ 8 h Ji Mn® IR JESEANAR, LBRHE N F . 300°C
AN 10% #EE IR At 25 Bk L b (R AR A A ) D
JRJE, A5 TC R AT T XK Ma®t 1) 2 BR R A
9.32% , fEZSAT T Mn® " 1) 22 BR VA AT 4806 BT T ik
(Y20 K it 7R A 3 T ) W B s A6 S04 1 Min®
R R B B, K B 56. 73% , L BRERMN T
47.41% , KWK b A5 BR AT 2 10 78 A A R X
Mn* " AR A S AE o 3 L BRI
TR A E O 4 T M R B 25 B Rk
$192.99% , LALLM T Mn® " LRFAL4.15% , H
B e AN TC BRI R 2 B 3 . R EE S A
300°C #Ab BEIK S G BT AT, i AN 5 % il 24k

Wy, 45 B A R XK R Mot 1 R BRER A
1.46% , MAEH A4 R XK M 22 R R K0 &
Pe i, 155 36.32% , SIRVEM AT SRR — 8, =
B T RRUEAS 7820 16 W W B A P 2 T i B o 34
Aab B A T P % ST AR A A2 2 B DA S 1 DY AN B
A A A U A AL Mn® A SR AL TR
Ff$ 4 FH ( Buamah et al. , 2009) , 5 ToEBeta 20 5
Mn®* 242305 Ll LA Y #A vh 1) % i S A
X Mn®* (1 2 B AT W5 AE H

B 8c sk 1, Mgk 2 Wikt Ik T K
SRAERT PL B 57K T Mn?* [N J5 Mn®* ¢ 3 A8 4k,
LR DO, SEL 3. L 4 WA iR T &
ST HALFE B K Mn®* [ B R Mn®* iR E AL B
J7A7 DO 1 8¢ T 1,2 W45, 7F 230 min /47, /K
e Mn®* IR AT T2, [ DO (RSN 8 me/L
FR¥E 4.46 mg/L. Hp Mo iIREBILIIE 1 5
DO B4k it 2k 2 71 Bt B2 AT P D, wd W AR K e
Mn®* Jse W 3ok it e 1) W B 5 4 A 9 Al ) 25, W B4
555 ARAE FH TR] B 1R AT 8 A0 T3 K T I B
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Fig. 8 The experiment of mechanism analysis
a— MR HAALIE Mn,, 119 XPS il b—H EATCE LA FBEH TR TRYEHT ST B Mn® ¥ XS LLIE]; —300°C #Ub AR EY™ 5 300°C #kt
KA A5 Mn* [ BEJE AL DO FE 5 d—300°C ok KA BUEH M) 4858 f W M Min® * 1) XPS Pl i
a—the Mn,, XPS profiles of heat treatment limonite; b—comparison of Mn?* removal rate before and after pickling calcined limonite in aerobic and

anaerobic conditions; ¢—kinetics data of Mn?*, DO in the batch tests using heat treatment of limonite and goethite at 300°C ; d—XPS profiles over

fresh and spent heat treatment of goethite

Hils 8 13,4 W%, 7 600 min /¢ 47 /Kt Mn®*
(R BE a2, [A) I DO M BE A 7. 95 mg/L T B
2 7.1 mg/L, Ut RS T AT FA b B IR 44 0K &5 1)
TR X T7K A ) Mo * 45— 2 1Ak A BE D, OF
AN S FB IR A o AR SE 58 P48 100 mL
B AT SN, Forh O, SRR B S K s Al AR
TE W AT T AT WOIT TR &R, 456 BLie 7y, FLAiE
A RE T 25 0 3 4R TH (Bl 24T S 56 vh i b e K
TSI

FiA Il , Ko M — O M M—O—M ) b 4
PR A &R 8, R AEMEAL R 45 TSR AL, e ) ot 2R
{719 47 7E ( Tsuji and Hattori, 2004; Panov et al. ,

2007; Thorpe et al. , 2009; Liu et al. , 2012b) . 1M
300°C AL B MG ERA W] e AT IR P Rh 454, JF B
HAT KBRS o 1K 27 4 N A& Mn®* 1)
MEAL S A s I 1 32 g A7 5. AR ML 3, O,
H,0 X747 — ZR A N, S 3503 T 1 5 1 AR A
0, FEA A L R g mT LAE 52 3% 1 =2 57, 1 LW B )
H, 0 W] DLAE R T iA 25 LAZEATE O A fift 25 LATE ju
MAFRHIMHE OH—HF(Onda et al. , 2005) . =
P S T R 0, BIRE T, AT s AL
TEPER T AR AL s AL 0. 45 REW, 0,
R B AT B 2 i R I G AR, X Fe, O,
W Bt 5 oAl A BEAN [ . © &R B, 0, LA B B4l
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TR DA AR AR . Fe, 04 A A0l S B
B E AL Carrettin et al. , 2007 ) & A0 W B 1 53 1
o W BT AU A0 L R K T DA o g o A 3t 38)
I L O 1125 2 it B8 M A~ OH R [T. A
AHALI) OH )5t T DL I W5 5 B 4% O 1) — 4> OH &
9 B T ) A B & A, ool ot o —
ATEPEAL KL

M T RSB A7 A 2% Uil SN AT o XPS A%
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FHXFRC £0. 06 eV) ( Biesinger et al. , 2011; Dudric
et al. , 2014, R UL PR Mn®* 75 42K 5 75 20 3L 10
B2 R MnO, , JE— AR SEBR R BT T T B 11 40 2K
A AR Mn®* A AR
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