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Removal of anionic dyes by modified carbon felt electrodes to construct
hybrid the membrane capacitive deionization
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Abstract A novel hybrid half-membrane membrane capacitive deionization (MCDI) device was
constructed for the removal of anionic dyes using MCDI for the first time, based on the characteristic
that dyes do not pass through the membrane. The composite electrodes were prepared by doping iron

oxides in carbon felt (CF) with different iron-to-carbon mass ratios. The morphology, structure and
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chemical composition of the electrode materials were characterized by multiple means such as
scanning electron microscopy (SEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS), indicating the successful doping of iron oxides. It was also demonstrated that the modified
material CF-Fe(25%) with 25% Fe oxide doping has the best electrochemical performance based on
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The effect of CFs on
the removal of the anionic dye congo red (CR) was compared and the effect of parameters such as
voltage, dye concentration and pH on the removal performance of CR was investigated to verify the
removal of other anionic dyes under optimal conditions. The mechanism of degradation of anionic
dyes by MCDI was investigated in conjunction with free radical capture experiments. The removal
rates of CR, new carmine (NC) and sundown yellow FCF (SY FCF) at 100 mg-L™" were 66.3%,
61.6% and 60.7%, respectively, within 15 min at 1.2 V, a flow rate of 3 mL-min"' and pH 7 in the
feed water, and the acidic environment was favorable to the removal of dyes. The new hybrid half-
membrane MCDI device can directly enrich ionic dyes, which are later degraded and removed by the
oxidation of highly reactive radicals (-OH) generated by the anode. The doping of iron oxides
increases the active site of the electrode reaction, which facilitates the adsorption of dyes and
promotes the production of -OH. -OH is the main force for the degradation of dyes. The method is
highly efficient in removal, while avoiding membrane contamination, and provides a scientific basis
for MCDI in the removal of anionic dyes.

Keywords hybrid membrane capacitive deionization, composite electrode materials, carbon

felt, iron oxides, anionic dyes.
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L %5 25 B T (capacitive deionization, CDI) J& & F XU 2 (electric double layer, EDL) 5l 7 7 5 HL %%
(faradic capacitor) 37 i BEUL SEIRIR A0 AK 5T 04— s BU G ER £ R, HLAT 5 BT 50 . REARE MRS,
R 1 0 HHAPE R K IR AR, A2 T 0 FH AR 23 B A HILTS G 77 TH . Bayram S5 F] ] CDI 2 BRI 7K H (8 05 75 it
A HLEZ, Senoussi %5 2k ] CDI(BM CDI) & K £ i I [ 25 25 /K i B 25 1 B9 4L, Tang 550 FIH]
L Bl LA R S S R 0 R L MR RN B Yekk, #RIE B CDI AT RLAT Ak B K A AL . B
CDI 7 fiff W o 72 rh 9 [R]85 1 380 B AIR T 3R G0 19 FL A 8038 . Kiim 551 7E CDI 2he B 99 LB 3 18T o A T2 2
2k 20 um B9 B . BH B F 32 e 5, B B T IR L 25 25 B ¥ (membrane capacitive deionization, MCDI) .
MCDI F) FH 55 32 46 JEO6H B3 —F A e R P R R B8 ve 22 46 1 FL A 803 1.

SR, HHT A B 25 2 8 - I T 4R 2o B i AH G 5 . LT PR AT 2 Yy kb T K o T A AL
Y, 2851 2 4 ik I PR M, A B ASCRAG . PR vl o 0 BH 5 7 38 # 1 ( cation exchange membrane,
CEM), 2 &> 58 MCDI 2% & . %5 (carbon felt, CF) J&— Flt i I P I 2 (PAN) B £F 412 2 T 44k | (1%
MRRAL . = IR AL S B AR e BB B AT 4E A R, sl deTs s, A LR d fb e vt KR s
A FL/R LGSR, FEME T IALAT R B PR AR, B8 A R T S R 531 HIL4 04 78 4 W B, 2 A 1
FEL AR A RHS). BiF 5 ¢ W i B E A A Ry B AR A RLESE, ZEFIAAE TR, AT R A 7™ A Ho001 e, (HFT &% b5 A
RE= A HA HAE ALV TR R 5E B e 2, Tk IR ) 2 15 1k HaO, 77 A2 1 M [ H 10 1 AR AL i
Gh, BRINB ALY K CF IS ERBG, B8 M 07 0, B AL T 22 f g 23 (8], i ELAR i 563 i S g
AU, SRR REE K A HLA Y SR AR . RIS, DAk MCDI 2 & 2544, #4200 38 A K bR B s 1 A gLkt
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()2 i MCDI ¢ &, 1] I 25 48 5 X Yol & 4 | R i i .

ARG il £ I VEAN RAE T BB -2 AL ) &2 G i, JF A EE T 2P I MCDI 6 B 48 T ks 4%
o, B YeRHREE | pH 21T S 800 LBRUCBHY R M, 88 T 78— 2 3 Bl N e 2 BR 2414, MCDI
FBRIEAK P A ML AR S 20, S LA WY K T AT LA A T 1 [ e 25 B e JE

1 MBS (Materials and methods)

11 SEE RS 2450

CF I B M5 7 24 E A BRA Al WIS 20 %4 8 (congo red, CR) . i Il I 21 Y4 £ (new carmine,
NC) . H 7% ekl (sunset yellow FCF, SY FCF) Il H 11 Z- 8 24k T4 B 7, 5008 i 2k, —/K-&9 ()
(ammonium iron( lll ) oxalate trihydrate, 98% ) W4 F Bl v 35 ¥4 () Ak 22 A7 BRZS |, Bir A iR 35 2 4 dr
HARZ b3,
1.2 HAR

3R FRE 0.9893. 0.3297, 0.2473. 0 g HUR = 24k, — /KA 9T 250 mL HE#Rh, Jin A 40 mL 8 4fi7K
FEOr VR, FBTEAS 3 mmx45 mmx50 mm( %y 0.9893 g) K/INAY CF, 2 M 4li K 7570 Pk 14 2 Ve i i 53R
40 uS-em™, B THAR 75 C BT R A B2 B U (CHY-1200, 1 B BUAE A BHEAT BRA )
ek, foefb i Bk P Be FHR AR, LAVRAVE AR 4P, SERL 5 °C min™! FHE 2 500 °C, £ 30 min, £
PL 10 Comin' k2 FHR 2] 800 °C, fRi 2 h. A48 1:1. 1:3. 1:4 FITCERIE 2% PUFPAS [A] kAl 7T £ L
()44 &} CFs, 43 %6 4 N CF-Fe(50%) . CF-Fe(25%) . CF-Fe(20%) . CF-Fe(0%).
1.3 HT AL 5 MCDI %% & 20 2% X SR i f

SO E DR AR . R B BEIRE A CFL 4.5 emx5 em BN X (R A% ) . CEM,
CF. RERCH . Bk . RERCER Fr o SRk s R AR U HE 21, B 26 FH W8 22 3 A7 2 8 1, 20 8 3 m —
CEM HY 87 2 B -MCDI 3 & (401 1) R HIF A2 (Bateh) i# 7K 40 mL, 1 1145 2/ %% ( Longer Pump
BT100-1L, ff5E Z A& fE IR A B2 7)) LA 3 mL-min ' 3 3 45 il B T AU ekl Rk B, e p s =,
TE G 9 S A Ak R, fRL ko TR B (B 7 8 MACO00589) i £ 8k A %t 285 & pE A7 fin e, Hg 3R AY
(S475-UMIX, #3451l Seven Excellence ) 32 s W ] sl 55 7 B AR Ak (Gn ] 2).
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TR#L CF

Tk et A Silica gel spacer

RES CF

WRLRR W Plastic spacer
£k K Titanium sheet

4K K Titanium sheet
PHE T3 i CEM

Tk Silica gel spacer
ke Silica gel spacer
Tkt A Silica gel spacer
WIRLRAR Plastic end plate

¥ B3R Plastic end plate

Bl 1 R MCDI % #
Fig.1 Installation diagram of the half-membrane MCDI
1.4 LAk

1.4.1 YFFEAE
FHAAH B, 7 2 #4045 (SEM, Hitachi S48000, Japan) W< CFs AR LS, R X SHE6H T RETEAY

( XPS, Thermo Scientific, France) 43 1 2 1 CFs 1)t 2 4 il S B 6E A, R I X 5F £k i1 91 1% ( XRD,
SmartLab9KW, Japan) W 53 & B AW 19 A 535 22 A B CFs AR 45 i i
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Fig.2 Diagram of the half-membrane MCDI dye removal process
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X HLAR A BE CFs AT MR 2 (CV) F R Ak BH YT (BIS) M. SR A =MLl iR &R, o CFs il
R TAEEAR, WATH IR A2 AR, S AR S X B AR, 7E 1 mol- L™ A9 NaCl B rh 47, CV I 7E
50 mV-s ' A EOR, S 0 -0.6—0.6 V T 47, EIS M R AE O V Al & LR, Jifin+5 mv 28
JiLHL, 78 0.1—10° Hz BMRRE I N #EA 7RI . CV it Ze iy He L AR 4 =X (1) 1158

1000 [ 7dv

€= Znatv,—v,) v

K. CHHHEE, Fg's a HEE, mV-s™; ¥, Fl V, 435 R 5 B A 4k (8 A g (e kAL, Vs m R E AR
MR i, g5 T MHLTR, A,
1.5 ZFh & TR GeRk ) bR

4359 R 4 K B S TRD € 2 i CR, NC., SY FCF RERGEEAR AT, FREUHE —JURHA T 40 mL & T 5
RFR 100 mL B HEIE D, 7R3 B 298 K F, R B — A8 5 3, ¥R 5% CFs #4 L (CF-Fe(50%) . CF-
Fe(25%) . CF-Fe(20%) . CF-Fe(0%) ), AFZEFTHE(0.6 V, 1.2 V| 1.8 V) | A[RI#E K Ge ik B (0.05,
0.1, 0.3 g L") MR pH(3, 7, 11) XA [R]BF 25+ B Gt i 2B oL SEE R 15 min, %5F% 3 min, MVHE
JEIR A I 1 mL JeBtF B0 8 W, # B2 30 mL, $25)#E A7, AN B AL (TU-1810, Jb 503
B il AR A R TR R T e R A Ak v 150 5 Ybh s W W e B, AR 22 ol 1 e bt B 55 RO B 1Y
PR p 2R3 gkl 2B R, AR IE S8 MUK 2311 (TOC-VCPN, Shimadzu, Japan ) il 2 ] 43 Ykl A AL
Wy B . SE A Bl ine 5 7 SRR AT S MG L A S, SRR R PR IR E . DA 5,5- T H - 1Ak
Wbk -N-420 £k %) ( DMPO) 1k -OH it 4k 71, 2R F HL 7 it #% 4% $% 9% 3% 1 ( EPR) ( SPINSCAN X, ADANI,
Belarus) Jlll i DMPO--OH {55 5 M Hi . 5% F LC-MS/MS 6  CR [ i 1 6] 7= 4, €033 20 11 5% 8
755 %W A 5,3 (Ultimate 3000 UHPLC, Dinonex, USA) , fii 1] Eclipse Plus C18 43545, Wi sh 41 K A:

0.1% M IRIA W, B: L&, BEEEVENL. B3 70 A % H] B 4% (Q Exactive, Thermo Scientific, USA), K 11§
TR HEST JEATIE B TR AT U s A HER 70000, 5 50—600 m/z; T 73 B N

17500, L 4A 25124 50 m/z. A PRIEEE R il SE 1, T S0 /0 H A 2 Wk T, R IR N A A X
FraeanX(2) . (3)114:
(Cy—C,)V x1000
q: = — (2)

m
_ (CO_Ct)
= C
A g R A (mg-g "), Cp HRBHIURIRIE (mg L"), C, AW MEREI 211 Rk 2 (mg- L), VAR
FRRHE BB (mL), m g AR AR B (2), R N RERR(%).

2 %58 59718 (Results and discussion)

R x 100 (3

2.1 YHEAF
2.1.1 JESRAE
% CFs IFE SR R AE LK 3 firzs, I8 3(a) . (d) A CF-Fe(0%), SR8 A0, ToiE e . K 3(b) .
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(e) N CF-Fe(25%), (c) . (f)h CF-Fe(50%) A48}, al LAFE HifE L BA o A JORP B ik, HABRB 2% e Bl
M, B E L T 2 1Y CFs T B AR K. [FII CF 27 48 % I A7 76 W IR, 7 A 4580, X ml R Je il T
e it AR A A o R U MR S A8 T A, R TR T A SR A Y BT A AR ) A B A, AT 4 e LR A
[ ) B S 2.

(a) CF-Fe(0%) (b) CF-Fe(25%) (c) CFE-Ee(50%)

30 um 30 um / ; 30 um

(d) CF-F&(0%) (¢) CF-Fe(25%) (f) CF-Fe(50%)

10 pm 10 pm 10°pum

B 3 CFs ¥ SEM KA
Fig.3 SEM images of CFs
2,12 SERMERAE
XRD i EI G 4(a) . (b) Frs, AR EHFENT ST/ 24.4°H01 43.4° 0 B30 T P4 SEAT 06, 43 51 6T 1o A
BTl 21 2 b 4T T (002) 1 (100) 14 & TETATT 559 . Bl 5 Bk O 2% 48 2% LL 9 (9 368 I, 78 30°%)] 45°Z [, CF-
Fe(50%) Fl CF-Fe(25% ) Fa Bl b Ak s B D Acb A 55 U, 3 310 %F 107 2k A8 A W 7E (104) L (110) . (311), (220)
i A 2R T AT ST CAN AT 4(b) ), IER] T 2R AAL P s D k. B A MBI L R ST B M B EA
Al 43, PR A XPS #E— 25 %2 CF Fll CF-Fe(25%) #1 ki Ak 2= 4 B Ak 22 a4, NI (o) i e T C.
O. Fe 1 3 MZLIuE, RIAEALY) D) 171 207 CF L.
Q) 002 (b)

(220
CF-Fe(25%)

CF-Fe(50%)

CF-Fe(0%)

Cls

Ols

Fe‘2p
CF-FE(O%) =

CF-Fe(25%)

1 1 1 1 1 1 1 1 1 1
1200 1000 800 600 400 200 0 730 725 720 715 710 705
Binding energy/eV Binding energy/eV

ety

Bl 4 CFs ¥ XRD Kl (a), XRD 43 B (b), XPS &3 () fil CF-Fe(25%) 1 Fe 2p Y XPS & 43 HE i (d)
Fig.4 XRD pattern of CFs (a), XRD high-resolution pattern (b), XPS pattern (¢) and XPS high-resolution pattern of Fe 2p
in CF-Fe(25%) (d)
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4(d) >l Fe JTZ 2p HLiA ) XPS & 40 BEIE G, M%£ %) 707.2, 7109, 713.1, 717.8, 725.7. 728 eV
& 6N, 5330 Fe 2py . Fe' 2pyp. Fe™ 2p 0. Fe® 2ps,. Fe™ 2ps. Fe'™ 2py HAEHLIE", KW Fe B¢
PLZF N S IE AR
2.1.3 HAERHERIE

H &l 5Ca) AT A1, XF CFs A BFE 4T T H 28 R M R AE . ML 22 2] CF-Fe(20%) . CF-Fe(25%) Fl CF-
Fe(50%) #BHIY CV I £ B E R R SR 50, Ui & SR R E R RS O oA 2k il
THIRE ST, Sk AR IR RN s HIEMG ARG X AR, AR &2 A AR B B A e Ak 278 e 7 Hod
CF-Fe(25%) 5 HAh B B H, CV il e A9 R4 T B K, — B OV TR A B o T B 36 vl for A7 25 o
BV LY o 25 20, 5 B R AR 0 45 4% Dy R RO R B AIE T B v 1Y b 3R T BRI 22 1 3 PR LS, R CF-
Fe(25%) MR 28 PERE HE AL 5

[ @ 0351 ()
0.18 - - - CF-Fe(0%) 030k o CF-Fe(0%)
.............. CF-FC(ZO%) . A CF-Fe(ZO%)
012k —— CF-Fe(25%) 025k * CF-Fe(25%)  *
-=+ CF-Fe(50%) * CF-Fe(50%) ¢
< *
=006} g 020 . RN
o = [ ]
g N \ i
3 T ooask . o 4w
oL . o A *
o .0 “ **
; 0.10| :- $ P
—0.06 |- 005k /. E if
-0.12 1 1 1 1 1 1 [ 0 1 1 1 1 1
06 —04 -02 0 02 04 06 0.8 1.0 12 14 1.6
Potential/V Z'Q

B 5 CFs W bRIEMZ: CV MiZk(a) F1 EIS £k (b)
Fig.5 Electrochemical characterization curves of CFs: CV curves (a) and EIS curves (b)

CFs 1Y EIS(AN & 5(b) ) B #LY f1) fL 25470, i — 2R B A — ZR RER A ™. — R0, st X
2 (B 7 HL AL 3B BEL Ty, AROME X B 4R 3R B 4 G R . 5 A AT R H, CF-Fe(25%) A1 8 15
N, U 15 3288 BH ) B /1N ; CF-Fe(25%) APRHRER iR, U W 8 718 B s R fi & 17 CF-Fe(0%)
FEAFE AR BIK, 7T LS RS R S i 1 MR HE 1 3 BE .
2.2 WPYwRHE R 05
22.1 % CR ZBRPERER M

6(a) k4 F' CFs X} CR Jhh i) ZBRECR, oI LUE Y CF-Fe(25% ) MR X CR 19 L BR3B B KT
HAb AR, 7 15 min N, 1.2 V HJE T, %F 300 mg L™ #9 CR J Rl 55 %k 5] 45.03%. K 6(b) Jy A [a]He
FERBEE T X CR BB 94 &, AT R0 CR S R K A 505 nm, Ff WM E2 5, CR MIMOGEEREE CR (1
F BT 28 W ARG, B €t i 2 AR 9, 3XIE B CR YL A R0 W B 2 o . 3 e I s v T 1R AT LAl
(TOC) & 1=, v LIS H X SR LR I Rk 69.40%(an1E 6(c) ). B 6(d) A CR YW 5 1k i 1) bR
HE R, Horb R2=0.999, 5 T 1.

(a) 030 (b)
TS T; 025 -;L( 0 min
09 ¢ - <
=) . 3 min
=08 =
X g 015
© o7 N N g 6 min
. - o- CF-Fe(0%) “a b -g 0.10 9 1n1n.
—-a . CF-Fe(20%) - . Z 12 min
06F  —+—CF-Fe(25%) <005 15 min
--=--CF-Fe(50%) -
051 0 AN S—
1 1 1 1 1 1 1 1 1 1 1
0 3 6 9 12 15 300 400 500 600

{/min Wavelength/om
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[N}

w
T

.
<
T

TOC content/(mg-L™1)
[}
=
T

¥=7.2038X+0.0014
R*=0.999

o

o

S
T

[}
L=
T

Absorbance/(L-g -em™)
o o
s o
T T

T

/ 0.05
0 / 0 1 1 1 1 1 1

1 1
0 15 0 5 10 15 20 25 30 35 40
{/min Concentration/(mg-L 1)

B 6 CFs X} CR[ZEBRFIR (a), CR 2P K (b), B PR F A8k (o) A CR MW SR Sk BEbRE £k (d)
(F: I 1.2 V, pH=7, CR kP& B 300 mg-L ', ik 3 mL-min™")

Fig.6 Removal effect of CFs on CR (a), full wavelength scan of CR (b), variation of total organic carbon content (¢) and

(=}
T

absorbance versus concentration standard curve of CR (d)
(Note: Applied voltage 1.2 V, pH=7, CR dye concentration 300 mg-L"", flow rate 3 mL-min")

222 BATSEON L BRI E TR YRS R

Wl 7(a), SN X etk 2 bR R REAG 25 W R, it H A R, RS ) B B B X6 CR 9 2%
BRR LK 24.6%, TERH CF-Fe(25%) X} CR HAT — & (1Y) BEML BFHRE 7, 1 A it fin i He S, W 3ok 3 B i 1%
I, £ 12 VHEJEF CRAYERFIRE T 66.3%, 1.8 V HLE N ERFE R 72.5%. Ky Al LU H o R 5
CR YUk iy B 2 52 TE AR OC, 3K AT R A2 /55 HL He mT B A5t O Ay e Pl K 0 07, 444 5 P AW 6T 4% e 10 T L TR A
i FHRS, DT 8 B T A %, bR gl it iz R e At B2 2 el T 3 1.2 VOB, 237 A KA il BT A T
B HN 2 G BERE, K 1.2 VL EAE Ry S .

iy & 7(b) Al %1, CE-Fe(25%) 41 £ %F 100 mg-L'CR 4 2255 % 5 &, % 50 mg-L'CR 2[5 A%, Al
B2 i TRV FE CR A LAY BBy 3, ZBR R85 9 min J5 BEE FHA ™ AE R A i R B i £,
F R AP 2 19 K5 300 mg L CR Tk Bt i, 1.2V HLE R 2 A6k [ i S A B, 2 Wit vk
i, R 2B R AR A, R, 326 #% 100 mg L™ CR #E47 )5 22555

(b)
10k
0.8
-
§0.6
)
0.4 -a-50 mg-L‘1
——100mg-L™!
--4--300 mg-L7!
02
1 1 1 1 1 1 1
0 3 6 9 12 15
t/min
] [ (d) 2%t %5 & Adsorption capacity 7 3.0
——F [ FERemoval rate
70 / 125 T?D
2 8o
% 42.0 g
s =
= £
g \ / {15 &
£ S
& 60l 5
410 =&
g
) Jos =
04 ] 1 ] ! L1 / / / 0
3 6 9 12 15 30 CR NC SYFCF
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