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The adsorption of As( Ill) on a novel granular Fe-Cu-Mn trimetal oxide
( GFCM) : Behavior and mechanism
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Abstract: A novel sorbent of granular Fe-Cu-Mn trimetal oxide ( GFCM) was fabricated by coating method with chitosan as adhesive. The GFCM
presents an incomplete spheric shape with a diameter of 0.7 ~1.0 mm. It can effectively oxidize As( Ill) to As( V) and efficiently adsorb the new formed
As( V) . Tts maximal sorption capacity on As( 1) is up to 56.5 mgeg™" at pH 7.0 which is superior to most of reported granular sorbents. The GFCB also
shows excellent As( Ill) sorption efficiency over a wide range of pH from 5.0 to 9.0 and is less affected by ionic strength. The coexisting anions would
restrain the As( II) sorption efficiency by the following order: PO} > SiO%3™ > CO3 > Cl™ > SO3™. The arsenic-doaded sorbent could be effectively
regenerated by using NaOH solution and reused again. During the process of As( IlI) removal Mn oxide in sorbent is mainly responsible for As( III)
oxidation while both Fe and Cu oxides are dominant for adsorbing As( Ill) and formed As( V). Moreover Cu oxide contributes to enhance As( II)
sorption performance of the GFCM.

Keywords: granular sorbent; Fe-Cu-Mn trimetal oxide; arsenite; sorption; oxidation; regeneration

:2019-01-09 :2019-03-06 :2019-03-06
( No.51478457)

(1993—) E-mail: jywang@ yic.ac.cn; * E-mail: jchen@ yic.ac.cn gszhang@ yic.ac.cn



2576

39

1 ( Introduction)
(As)
As( V)
As( 1IN As( 1)
As( V) N
( Bissen et al. 2003; 2018) .
As( 1)
As( 1) As( V) (
2015) .
. . ( 2017
Jain et al. 2018) .
( WHO) 10
nge L
1.4
200 ( Rodriguezlado et al. 2013; Jia
et al. 2018) . .
( Habuda-Stanic et al. 2015; Lata et al.
2016) .
N N pH
(Auta et al.
2012; 2018) .
. Chen
3:1
As( 1)
( Chen et al. 2018) . N
Wen
( Wen et al. 2018) .
( 2014) . ( Zhang
et al. 2013) | ( 2018) . ( Zhang
et al. 2013) . ( 2018) . ( Wu

et al. 2013) | ( Wang et al. 2017)

~

(Lietal. 2012; Qi et al.

2015; 2016)
( Sargun
et al. 2015) .
/
( 2016) . Futalan
/ /
As( V) ( Futalan et al. 2018) .
Cho F
Pb /
( Cho et al. 2016) . Yang
Fe( OH) ,/
( Yang et al. 2018).
( GFCM)
GFCM
As( )
As( 1)
2 ( Experimental sections)
2.1
( GFCM)
: FeSO, 7H, O
CuSO,#5H,0 500 mL
KMnO, NaOH 200 mL
FeSO,#7H,0 :CuSO#5H,0 :KMnO,
61312, KMnO, NaOH
3% (VIV) (
5%)
0.2 mol*L”"  NaOH
55 C
2.2

( SEM Hitachi S4800 Japan)
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( EDS)
; As( 1)
( Nicolet IS10 Thermo SCIENTIFIC) X
( Thermo VG ESCALAB 250)

FTIR XPS
. XPS Cls (284.8 eV)
XPS peak 4.1
L/G ( % Lorentzian—
Gaussian)  20% 2.7 eV
2.3 As( 1)
0.05 ¢ 100 mL
50 mL As( I
(25 £0.1) C. 170 remin”'
NaNO, 0.01
mol*L™". NaOH  HNO,
pH pH (7.0 +0.1) (pH
). 36 h 0.45 pm
ICP-OES ( Optima DV7000) As( 1)
As( 1) 5.2 mgeL™' 1.5¢
1.5 L As( I .
As( II)
pH
(7.0 £ 0.1) (25+£0.1) C
As( 1) 5.0~80.0
mgeL”' 0.05 ¢ 50 mL  As( 1)
pH As( )
5.9 mg*L™"  As( M)
pH 5.0~10.0 NaNO,
0.1.0.01  0.001 mol*L™".
As( I 5.2 mgeL™'
(0.0.1.1.0.10.0 mmol*L™") PO; .SO;
Cl".COY.Si03  As( 1) )
( GFCM)
As( ) GFCM

5.2 mg*L ™' As( 1)

24 h .
As( 1) GFCM 1.0
mol+L”"  NaOH GFCM 4
gL' 25°C 12 h N
DHG-9140A 65
C
4 .
GFCM N
50 mL 5.9 mgeL”
As( III 0.05 ¢
HNO, NaOH pH pH
(5.5~10.0) 36 h
( PerkinElmer
Optima DV7000) Fe.Cu.Mn
( Shimadu TOC VCPH)
( TOC) GFCM
KY-=20
GFCM
3 ( Results and discussion)
3.1
1 . la
GFCM . 1b
GFCM
As( 1)
GFCM . BET
GFCM 0.02 cm’ g 6. 68
mg!

1 GFCM
10000 )
Fig.1 SEM images of the GFCM ( a. GFCMx100; b. GFCMx10K)

(a. GFCMx 100

; b. GFCM x

3.2 As( 1)

3.2.1
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. As( ) 24 h 36 h
2a . As( 1)
GFCB  As( 1) 9h (1) (2
75% 9, =q.(1 —e™) (1)
GFCM q.kst )
LR q. kot (2)
12 h k, k, (min™")
(gemg *min™') ¢, ¢
85%. GFCM  As( III) (mgeg ) g (mgeg™) |
a b.
5F 5T
41 4 F
T; 3r g 3F
g } Pseudo-first-order model = |
= g - Pseudo-second-order model 2
T Ir
o 0r
1 [l [l 1 1 1 1 1 ] 1 1 1 1 1 1 1
-5 0 5 10 15 20 25 30 35 40 0 1 2 3 4 5 6
t/h 212
2 GFCM As( 1) (a. b. : =1.0 gL' =170
remin”! =36h pH=(7.0+0.1) T=(25=%1) C As(Il) =5.2 mgL7")

Fig.2 Kinetics of As( Ill) adsorption on the GFCM ( a. Fitted with the pseudo-first order and pseudo-second order models

b. fitted with the intra—

particle diffusion model; Adsorbent dose=1.0 geL™! agitation speed=170 r*min™' equilibrium time=36 h pH=(7.0 + 0.1) T=(25 +
1) °C initial As( II) concentration=5.2 mg*L™")
1
(R*=0.997) ( R*=0.988) As( 1)
( Chen et al. 2018) .
1
Table 1  The pseudofirst order and pseudo-second order models parameters
q./(mg-g™) ky /b R q./(mgrg™") ky/(gemg*h™") R
4.87 0.21 0.988 5.59 3.97 0.997
2b As( M) '
3
As( 1)
As( IIT) )
(3) g 1"
q, = kpt% + C ( 3) ( Zhang et (ll. 2018) .
R T 7 Cc ( 2 0
kp (mgeg *min~ ") As( TI)
_ S
g, 1 (mgeg™) c
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2
Table 2 Intra—particle diffusion parameters
byl c/ R ky ! c/ ) LY c/ 2
~lg-1/2 ool R ~la,-1/2 0! R ~la,-1/2 gl R
(mgeg™*h™"%) (mgeg™) (mgeg *h™'"%) (mg=g™) (mgeg™*h™'"?) (mgeg™)
1.37 -0.18 0.994 0.48 2.56 0.991 0.15 4.15 0.914
3.2.2 Langmuir  Freundlich
As( ) GFCM (4) .(5)
(25 + 1) C
AS( ]]I) qmaxKLce ( 4)
3 As( ) As( 1) T v ke,
1
q. = Kyey (5)
sor ko ks
‘. A (mgeL )
st
n qmax qe
-1
o 0t (mgeg™)
éf S N Freundlich
s 00 S Freundlich R> 0.987 Langmuir
ol R* 0.977( 3)
GFCM  As( I Langmuir
0 1 . . . |
T GFCM  As( T 56.5
co/(mg-L™") mg*g”’ ( 4
3 GFCM As(Im) ( =1.0
goL! =170 remin™' pH=(7.0£0.1) T=(25%1) GFCM  As( Il . Fe-
¢ As( M) =0~80 mgeL"! =36 h) Cu ( Zhang et al. 2013) .Fe-Mn
Fig.3 Adsorption isotherm of As( Il) on the GFCM ( Adsorbent ( Zhang et al. 2014) Fe-Mn
dose=1.0 g+ L™" agitation speed =170 remin™' pH = ( Ql et al 2015) GFCM
(7.0£0.1) T=(25+1) °C initial As( I[) concentration=
0~80 mg*L™"  equilibrium time=36 h)
3
Table 3 Adsorption isotherms parameters
Langmuir Freundlich
G/ (mgeg™) Ky /(Lemg™) R Ki/(mgeg™) 1/n R?
GFCM 56.5 0.08 0.977 7.63 0.50 0.987
4 As( 1)
Table 4 Comparison of maximum As( Ill) adsorption capacities for different adsorbents
Q! Q!
P (mgeg™) PH - (mgeg™)
GFCM 7.0 56.5 TICB 9.2 2.1 Miller et al. 2011
9.0 49 Pintor et al. 2018 7.0 16.1  Gupta et al. 2009
Fe-Mn 7.0 54.2 Qiet al. 2015 IS 7.0 31.7  Dou et al. 2013
Fe-Mn 7.0 54.3 Liet al. 2012 MnO, 7.0 53.0  Lenoble et al. 2004
Cu¥e;0, 5.0 38.0 Wang et al. 2015 Zr-Ti0, 9.0 28.6  Andjelkovic et al. 2016
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3.2.3 pH pH As( 1)
As( 1) (
pH As( TI) 2015) .
4 pH (5.0~9.0) 3.24
GFCM  As( TI)
( pH<T)
( Zhang et al. 2009) As( 1)
pH 3.0~9.0 GFCM  As( ) 5
an et al. N
Zhang et al. 2013 SO; .Cl-  COY GFCM
GFCM As( 1) 10 mmol * L™
GFCM Si0y
PO As( 1)
pH pH>9 GFCM .
As( 1N pH POY  GFCM As( TI) .
PO} 0 mmol « L™ 10 mmol * L'
As( TI) 47.8%.
( Khan et al. 2016) GFCM pH
5.0~9.0.
6.0 -5
L aE, 2y As( M) : PO} > Si0 > COT >
3 > SO
50 =
Tiﬁ vr = NaNOs; 0.001 mol-L™! * Ummol~L"7l o mmoH{ll
% 40 © NaNO. 0.01 mol-L-! 100% 1.0 mmol-L™ E= 10 mmol-L
= 35
350 A NaNOj; 0.1 mol-L™!
% 80%
30
y 3
25 1 ! 1 1 1 1 & 60%
4 5 6 7 8 9 10 #
pH =]
Z 40%
4 pH GFCM  As(IN) (
=1.0 g-L™! =170 remin”" pH=(7.0z 20%
0.1) T=(25+1) C As( I =5.9 mgeL!
_ 0 A AN
. ] =36 h) o _ Neie cr co¥ Sio% PO}
Fig.4  Effects of pH and ionic strength on As( Il[) adsorption by the BT
GFCM ( Adsorbent dose =1.0 g*L™' agitation speed =170
- L 5 GFCM As( 1) ( =
remin~ pH =(7.0 £ 0.1) T=(25=+1) C initial » _ _
As( M) concentration = 5.9 mg+ L™ equilibrium time = 10gL pH =(7.0.+ 0.1)  As(l) =32
mgeL™")

36 h)

4
0.1 mol-L™"
As( 1I)

mol+T.”'

0.001

Fig.5 Effects of coexisting anions on As( III)

GFCM ( Adsorbent dose=1.0 g+ L'

adsorption by the

pH=(7.0 £ 0.1)

initial As( ) concentration=5.2 mg*L")

3.2.5 GFCM
GFCM 70
. 0.7~
1.0 mm 0.80~0.90 mm 66%
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4.0~10.4 N 5.5~7.5 N o .
61%. GFCM 36 h A/
0.76 ~1.12 mm 0.80~0.90 Fe Mn
mm  68% 3.6~10.2 N Uji Vil i
55~75N 55% : S
O | Mn b.
N/
Fecy Mn
1o b “ o e M CU
v €
v M \ ¢ I l \/ ¢Fe l .
_ 08 0 2 4 6 8 10
é 06 ° . S Fe e
E ®Cu 7 GFCM  As( 1) EDS (a.  As( 1)
= 041 a Mn )
e ¥ TOC b AS(I) )
K 02k Fig.7 The EDS of the GFCM before and after adsorption As( IIT)
e o (a. Original GFCM; b. GFCM with As( IlI) adsorption)
o B a4 & 8 < 2 g
" 332 FTIR
ot As( M) 8 1621 ¢m™
6 pH GFCM
Fig.6  Adsorbent dissolution in the process of As( Ill) removal at . 1381 em”™! NO.~
different pH ' ’
pH  5.5~10.0 GFCM ( Zhang et al. 2009) ; 1056 cm™'
As( 1) Fe. Cu.Mn Fe-OH
6 . (pH < 7) As( 1) 818 cm™'
As—O As( ) —O
TOC 0.56~0.95 mg*L™' As( V) —O 794 ecm™ 820
( ) ( GB5749—2006) 5.0 em™' (Chen et al. 2018)
mgL™' As( I As( V) GFCM
(pH=7) 11381 056
. pH b
|
(0.015~0.03 mg-L™") 0.3 mgL™ N
(0.02~0.7 mg+L™") 1.0 mge L™ VN
]
(0.01~0.02 mg*L") 0.1 mgeL™ ¢ A A
Y GB5749-2006) . pH IAE
1 I
5.5~10.0 GFCM  Fe.Cu.Mn FCMCB@AS(IT) V¥
[N '
1 1 I I 1 1 I Ll
A 4000 3500 3000 2500 2000 1500 1000 500
/ -1
3.3 As( ) s
8 GFCM As( 1) FTIR (
= L7t = remin”! = + =
331 EDS As( 1) =1.0 goL 170 pH=(7.0£0.1) 7
(25+1) C As( 1) =5.9 mgeL™! =
GFCM N Fig.8 FTIR spectra of the GFCM before and after As( Il)
AS( ]]I) GFCM EDS . adsorption ( Adsorbent dose=1.0 g*L™! agitation speed =
170 remin™' pH=(7.0%0.1) T = (25+1) C initial
As( ) concentration = 5.9 mg+ L™ equilibrium time =
GFCM AS( ]]I) 36 h)
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3.3.3 XPS As( 1) As( TI) As( V). Mn 2p,,
As( 1) Mn 2p,,, Mn 2p
XPS 9a As 3d Mn(1V) Mn( 1)  Mn( I1)
As( 1) 65.6%-24.6% 9.8% GFCM
453 eV 44.1 eV Mn v ( Hou et al.
As(V) (45.2~45.6) As(II) (44.1~  2017). As( 1) Mn ( IV)
33.4) ( Chen et al. 2018). XPS 40.1% Mn(1)  Mn( 1) 26.1%
As( ) 5.2 mge ! 64.5% 33.8%.
[ .
As(V)
- =~ - As(lID)
m " m 2 20
i EkleV
[~ b _
Mn(IV)
——— Mn(II)
——— Mn(ID)
\
FCMCB@As(III) N
FCMCB e
2 1 2 1 ! | L 1 1 1 f ]
655 650 645 640 635 536 534 532 530 528 526 524
ZfrRgleV 5B RkleV
9 GFCM As(Im) XPS (a. As 3d b. Mn 2p c. O ls )
Fig.9 XPS spectra of the GFCM before and after As( Ill) adsorption ( a. As 3d spectra b. Mn 2p spectra c. O s spectra)
5 GFCM  As(I)  As.Mn.O 9¢ As( TI)
Table 5 Peak parameters for As  Mn and O in the GFCM before and 0 1s ( M)
fter As dsorption
alter A adorption. : 0 1s 4 527.8.529.0.530.4
GFCM GFCM@ As( 1)
BE/eV Content BE/eV Content 531.0 eV ( M_O)
As As( V) — — 45.3 64.5% ( M—OH) (—OH) H,0
As( ) — - M.l 35.5% (H—O0—H) ( Wang et al. 2018). (—OH)
Mn Mn( IV) 640.27 65.6% 640.9 40.1%
Mn(1) 6517  24.6% 6520  26.1%
Mn( 1I) 647.6 9.8% 647.5 14.0% 16.8%. AS( I[[) —OH
640.0 19.8%
0 M—0 5278 159% 5281  223% 10.1% M—0  M—OH
M—OH 529.0 22.2% 529.4 24.9% 15.9% 22.2% 223% 24.99%.
—OH 530.4 16.8% 530.4 10.1%
H,0 5310 451% 311 427% GFCM




8 As( ) 2583
Fe-Cu 4 As( TI)
( Zhang et al. 2013) | Fe-Mn 81.2%
( Zhang et al. 2014) Fe-Mn-La —OH
(Lin et al. 2019)
As( 1)
As( 1) Mn( II) Mn( IV)
As( V) ; Mn( 1I)
As( V)
As( 1) As( T
As( 1)
10 @ As( 1)
/ —
. @ 100%
Mn( IV)  Mn( III) As( TI) ) ?/
As( V) As( V) GFCM . %
Fe.Cu .® Mn £ 60% /
1
As(V)  Mn(TI) 2 o %
As( V) /
20% %
Mn( 1) 7 /é
' 1 TEERUCEL ’ )
11 GFCMS As( 1)

As) (1) V)

10 GFCM As( 1)
Fig.10 The proposed possible mechanisms of As( [l[) removal by

the GFCM
3.4
As(T)  GFCM
11
As( ) 93.5%
As( 1) 90%.
GFCM As( )

Fig.11  As( II) adsorption and desorption in five consecutive cycles

for the GFCM

4 ( Conclusions)
1)
As( 1)
pH=(7.0 + 0.1) 56.5
mgeg ™" pH (5.0~9.0)
As( 1) .
2) As( 1)

. PO} > Si0Y > CO3 > Cl™> SO .

3)
4 - - As( 1)
81.2%
4)  As( M)
As( 1)
As( V)
As( 1) As( V)
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