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Evaluation of Arsenic—Contaminated Water Treatment and Adsorption
Mechanism Using S-CMDS
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Abstract

In this study, the feasibility of utilizing waste sludge generated from an S-water purification facility that treats coal mine
wastewater contaminated with Fe and Mn as an adsorbent for arsenic removal from contaminated water and the arsenic
adsorption mechanism were evaluated. The physical, chemical, and structural characteristics of S-CMDS (coal mine drainage
sludge) were analyzed, revealing a mesoporous structure and a large specific surface area of 242 m?/g. The particle surface
exhibited a positive charge, with a point of zero charge (pH,pc) of 8.78. The total Fe content was measured as 3.175 g/kg, and
SEM-EDS analysis confirmed a high Fe to O ratio. XRD analysis revealed the presence of peaks of magnesium-bearing
calcite, but no peaks of iron-hydroxide minerals were observed, indicating that S-CMDS consists of amorphous iron
hydroxide. Dynamic adsorption experiments demonstrated that the pseudo-second-order kinetic model accurately described
the adsorption behavior, with equilibrium adsorption capacities (qe) for As(Ill) and As(V) of 5.204 mg/g and 5.271 mg/g,
respectively, at pH 3. However, the qge values decreased significantly at pH values above pH 9, confirming the strong influence
of pH on the adsorption performance. The calculated adsorption bond energies for As(lll) and As(V) were 10.907 kJ/mol and
12.671 kJ/mol, respectively, suggesting that ion exchange is the dominant adsorption mechanism. Furthermore, analysis using
the intraparticle diffusion model indicated that intraparticle diffusion is the rate-limiting step in the arsenic adsorption
process. Based on these results, S-CMDS demonstrates strong potential as an effective adsorbent for the removal of anionic
arsenic and is expected to serve as an eco-friendly and efficient material for the treatment of arsenic-contaminated water.

Key words : CMDS (Coal mine drainage sludge), Pseudo second order kinetic modle, Adsorption mechanism,
Dubinin-Radushkevich isotherm model, Intra-particle diffusion model
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A @ HAQNE T2 H[A 2
(FeSy), 7H1E 4 (FeAsS) Tt FEZHE]
(Ahn et al., 2005; Kim, 2005), A|&As+x o2
9] As 287 #AZE Aok(Kim, 2005). S
A5t M= §7]8]421 Monomethylarsonate,
Dimethylarsinate ¥ oF2}t As(V), As(I)2] F71H]
27t FES 4300, 2 FIH|AR o]FoF qlrt
(Cullen and Reimer, 1989; Xu et al., 1991;
Jackson and Mille, 2000). 1$14<1 ¥ 2= ¢
FFo= QIR =, A5 AT AR A T AFAE
Fol e JE, Al At HES T FFL
2 IASItH(Charlet et al., 2001; Cappuyns et al.,
2002). YA=AE g A Qe HlAY S4L2 T2 H|
AR QHE A g A7 HH ol o HAYE L, As
(IN9] 542 As(V)E ot 2581~608) 211 §-7]H] 40
H|5f| =8t & ItH(Na et al., 2011).

A B A QF40] Ao g = E-3keh A
27]& A -AAA T, o] 2w, WH 1A,
52 59 71€°] 2thMondal et al., 2006; Singh et
al., 2015; Sarkar and Paul, 2016). ©|2|gt 7|&2 &
A9 pH, ARz, H A9 FEi(As(), As(V)
9 sk 5ol wet AeEojz) 1, A8 WA we) &
So] geidith.

o] T F&7|e2 pHHS ] ot vt o =
AN FFA] o= T # op=t A H =
G Hl-go] Hot A Holol A LA A2 of ol A

Sh= 7]&o|tK(Shin et al., 2024).

2 B2 3HA R FEEAY, 3TA Q] UE
A= Wi w2, A4 & 5349 S2E Ao
e SAE £t b9 19 o F

Heitoltk(Dutta et al., 2021).
S Szbdo] F2HA EH 77te] Al
Je| = gro|l2ds Satolgta: &
HPhysical adsorption)® S2HA|
218 ool Aot 1 Ax 31eH4 3}
&&= 3sh4 &2 (Chemical adsorption)
FEEHHaidong et al., 2020).

HlA AAE 98l 483 SHAZE= Alumnia
Based Adsorbent, /8 ¥F 1| H(Activated Alumina),
A4 B (Granular Ferric Hydroxide), 0]
AFotEleHE(Granular  Titanium Dioxide), Zero
Volent Iron, 4At&Fdo] G2 AlLeto|E, HigR
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(Iron coated sand) 5°] A (Bang et al., 2005;
Kim, 2005). o]2t&-2 /-85 = 4tehd-2 & vl a3 H
A B A2 UL YAER o]Fol4 £2 §25, W
SAEEE Holx|Rt, Aol A tha aTH]-go]
[EH, Y D A/ o] o 2GS HlA A
Htolate SHA7E EA1etct, §HH =2 pHeF B2 Al
9 Fe A& 71 34l A Aol A viE s+
927t A2 282 4 ITHMIRECO, 2022).
olglgl HrZ|EQ HhieEdAs Hud =2
pHzpc, =<2 Al, Fe &5, W2 H|EHH O EAHS 7
1 Qlo] FRA R AL & A e Ao FA1A
A ZHofA A-83= = AP Hls) S A dh
olof i Aol A= SAIoll A Y RE Aetgita4=
£ 2(S-CMD)E AR &-85to] L @LoA Y]

As(I), As(VyE EH oz AAY = e 7Fsd=

al

AP

Bokstaa gt o2 918 S-CMDSe] FEA, 2
sfe] EAS R4Sk, B4 2 B SAAES
Eajol uaAA THsAe AEstr ES S50

Z2 19571918l Dubinin-Radushkevich 22
< A8st9et oS AFE SOl AdEVER ui|
A== S-CMDS 9] A3t 7HsA3-& Ak, 2+
L AAT 9 A AgHE kS st} jit

2, 2|z L U

21. M=

A2 A &3 A(S-CMDS)= S
AABIA ol A BFetoRE AHE-Glo] 281 A 2EH
TS Askotal A E SR =AM S T &

| A2 2ol A A sk AFgE S-CMDS
ZFAZAZ F 10 mesh 2 mm) BEFAZ AAE
A2 ARESLlTE SRR AFSS v A0

- As(Il), As(V)8H2 98% ©]’d9] Sodium arsenite
(NaAsO,), Sodium arsenate dibasic heptadhydrate
(Na;HAsO4 7H,0)E AHg5te] A & ICP-OESZ As
FLE S5to] ARESFATE TR As8 9] pH 24
2 0.1N HCI-&43} 0. 1N NaOH 842 A-8-5ttt.

A

2.2. S-CMDS2| 22|-3I5ty, 12 EM 2

BET £47](3Flex, micromericitics)& A&
S-CMDS9| H|#HA 4 7|5337]5 S745t3leh. E3F
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S-CMDS®] ¥zt EAS H7lsh7] 913k Jxdst
H(pH,po) B Y& 2719 REE ZA5H7] 9o =
A7](ELSZ-2000, Otsuka)E AF&stol S=astaict.

7] A9 AHKim and Ji, 2023)°14 S-CMDS2] +
28 EAE 47] 9151l XRD (X-ray diffiractometer,
X'Pert PRO, Malvern Panalytical) &1 3 &
2 9a 24 AR 52 ot E7] 98 SEM-EDS
(Suprad0, Carl Zeiss)2AS Fqstdt. &4 W
AEF BAORE EYQUEHE AAH 3457 8%

(As, Cd, Cu, Pb, Zn, Ni, Hg, Cro")@} Z4hafj5=o] 5

o@goln, FAEAOE FFE ulAE Fe, Al Mn
o] FEE EFLAF AN BIIENIER, 2023)°0 vt

FrEEAE=1:3)2 FAE & ICP-OES (model
8300, Perkin-Elmer Inc.)2 =45}t E3t &
20 ZFH FE5F7F7T 50l §E7H548S S
6 =W H718F YA E7I=(NIER, 2021 =
SEAAYH(KSLT)E EPA METHOD 1311°] ©&
TCLPZ 435k rHKim and Ji, 2023).

23. B4 B3 A Y

J

FASAAAS o As(D<} As

2} 10 mg/LZ, o]} §49] pH
7.9, 112 Z3s}o] ZAIs9irk. oln] pH %
44 H%b} + 0.158 9] ¢to 2 24314t o]
20C oA 48A1%F Z¢F wHksty 94A
o2 AEE ARkt

—EJ—} HAYUZSE 919 D-R B S22 AsI)
°F As(V) 9= 47 1, 5, 10 30 50, 100, 200

mlOl' r]o
i’
° g
rlo

ES F2EEE °‘71 LAt yFtm e ofjt A
A2 As(DF As(V) 892 ZH2F 10 mg/Let 30
mg/L(e]H pH 7 £ 0.1)& ZA|5ke] 20T ollA] 24417

wrkste] £3stAN Al eE AR IHAo 2 AfH

}01 As =5 5753
Aol FRHA ol AR FRHA|eE 2ol 1

OHH]L 1:5002.2 1Aste] =" 7914 200 rpm
© 2 wutsto] astglet. i SR A2 =
71 As(ID2F As(V) 89| 5=t S22
Alme Y72 A5ds 28 F 4
m ZE= o7t F oJHBS [CP-OESE °l85t Ass
=5 S5tk

wAYE B} 577

FAAL} FHAET] RS £ EHoR AR
71 {5t fAF 124} HEgEE Edl(pseudo first
orden)¥t §AF 22F W& E B (pseudo second
order)2 AHESHH, dRtA o g SH4 g2 Ayet
o= fAF 22 ¥gEE R¥(pseudo second
order)= AFH&-3FtH(Ho and Mckay, 1999).

FAE 22t B4 (pseudo second order) 9]
71 2A2 o (1) 2o, o] & HEste] Agsti]e
= F¥@std (2)9 &t

dg,
Tt — k2 (qe — qt)z ........................................... (1)
t 1 t
- = —|— B et tttttetttreee et eerinererereraereneaes (2)
49 kyq 4
h=k, qg ............................................................... (3)
0471*1
L AT ol A B EA )R E SabE g2k o] oF
(mg/g)
Qe : BAAE A S2A ST g2 S o) o
(mg/g)

t : ¥-3A1ZHh)
ka @ AR BHS-S AT (g/mg-h)
h: %27] 245 (mg/g min)

232, B2lojAL= A3

Dubinin-Radushkevich 5&&24(D-R 2E)
U E 7Htez E84-315H4 o] 2wt &2
S FEE 9o, o] BFUEet SEHA
9] 715 BEAS FEol=t &gsltt. D-R ZE4A
o= (4), 5)< 2
G = Gax €XD( — BE2) s @)
Ing, =1Ingn. — B e

1
€ = RTln(1+ ?> .......................................... (5)
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Table 1. Comparison of BET surface area , total pore volume, and pore size

Total pore volume

Material BET (m*/g) (cm’/) Pore size (A)
this work S-CMDS 242.47 0.183 30.12
ZV1 1.03 0.003 101.3
Kim et al.,(2011) GFO 54.7 0.17 125.4
AMD sludge 177.9 0.25 53.1
Kuma et al.,(2020) GFH 222.00 0.28 51.2
STR-FeO 141.76 0.0952 26.8
Kim et al.,(2019)
Geothite 5.78 0.0214 148.6
Geothite 20 - -
Lee et al.,(2009) Ferrihydrite 247.4 - -
ZV1 36.5 - -
714 Oil 71A,
Qmax © A HEZH(mol/g) D A& W AT AR (mg /g min®)
B &FA 189 B &2 Aoy A (mol?/J) *V\ (mg/L)

¢ : Potential “IHA|
R : 7IA1/44(8.314 J/mol-K)
T : Ad2%(K)

SR (B)= th A& AL 4= itk

1
E: et tttestesetsesnesesnesennesntnannesatnennentanesarnnanananne 6
Ner ©
o714,
E : &1 A](k]/mol)
Szbo] dojd = oY A7 A Q F+=Y|, o]uf AQ
B S&ZAg YA () 7 59 S AYSS ©
g % 9l

E%te] 8 kJ/molE ot 2roH =24 52 8 kJ/mol
~ 16 kJ/mol°]H o] 2w eE=} 16 kJ/molErtt AH
ket gzho 2 Age 4= Qlti(Namasivayam and
Sangeetha, 2000).

W24 A (Intra-particle diffusion model)<
o] FRAR o]F st F&ote HAolA Y &
AHAUES AYs] = A2 A SHEE 5 &

3. Zat Y nd

3.1. S-CMDSe| E2|-5fstd, 12 EM HMZAD

S-CMDS9] YE=EAZ23 d=10%)¥ ©h 2.40 m,
d=50(%)% o 42.8 im, d=90(%)¥ ™ 954 m= W<
JUERIE 7H Q= Ao 7 BNt BETEAZA
& T2 AP AFet vl sto] Table 10 YEFASIH.
S-CMDS®] HIEH A2 242 m?/go 2 A F|o] A
A7E e FAekE 9 SRR et dEiskE
B} 37 Yebtom(Kim et al., 2011; Kim et al.,
2019; Lee et al., 2019; Kumar et al., 2020), 7152
71 30.12 A= w2759 EAS 20 it o] A
P Ao =9 v g A} 7| F = 245, 73
7l A25E S E0] st gEiA o

(Kam et al., 2018). E3F Dabrowski(2001)°l w=

A w2759 ZHAME B 9 ohE §2o] 54
oz dojdriy Skt S-CMDSe  FAdshd
(pH,po) ™t pH =413+ A1} 247} 8,787} 5.88 & LIEIS:
o}, o]e} Z2 Axto] ostH S-CMDSe| Y=t EH-2
FHote W Aoz wadEn o APA(Kim
and Ji, 2023)°]l 2™ S-CMDSe] XRD 54 A}
(Fig 1), 1S Eoksh= 9siX(Calcite) @] 3

A peakZt TEE Q01 Fig. 2014 Hojz]5%0] SEM



Table 2. Metals concentration of the S-CMDS

A2l 2 FAEAUE Bt

579

Item As Cd Cu Pb Zn Ni
Conc. 4.00 3.91 3.6 6.8 1,157.2 55.6
Unit mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
Item Hg cré Al Fe Mn -
Conc. N.D. N.D. 45.08 317.5 3.473
Unit mg/kg mg/kg g/ke g/kg g/kg
40000
35000
30000
m 25000
5
o 20000
Q
15000
10000
A )
5000
0
10 20 30 40 50 60 70
2Theta(Coupled TwoTheta/Theta)WL=1.54060
Fig. 1. XRD patterns of the adsorbent S-CMDS.
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Fig. 3. (a)Effect of pH on the dsorption capacity (qe) of S-CMDS for As(Ill) and As(V). (b)Adsorption capacity (qe) of S-CMDS

for As(Ill) and As(V) over time at pH3.

Time(hr)
BpH3 A pH5 O pH7 < pHS 0 pH11

° 1 As(V)

Time(hr)
B pH3 A pH5 OpH7 < pHS OpH11

Fig. 4. Plot of t/qt versus time for As(Il) and As(V) adsorption by S-CMDS based on the Pseudo-second order kinetic

model.

pH H3te] o2 v 49 BYT2-8(qe, mg/g)wk
S Fig. 3(a)°ll YA As(I), As(V)-&H =% pH
39 o 7V & qefk= UEHHITE o= W2 pHRA
o ¢ HAE 4HePd 3FERQ] Ferrihydritest 345

ol ¥ &40 = AT 4 AUrh= A= APt
(Jeon et al., 2008). 2181 pH 9 °lF<] As()Lt
As(V)-&HN A 9] g (mg/g) #kel AAI5] FHAsh= A
o] EE|gloH o] pHZt S Fl = P

= S FIAAFT ESE S-CMDS2 pH,pc©l
8.78 oleh= A3t ¥o] gl= AR {5t pH7t
8.78 olstd 7% S-CMDS9| EH2 FHste WA
o, oA HlAE SHSHHASOs, HAsO&,
H2As03)9] FEE w7] wj2e] S2uh-go] ZX1 4T,
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Table 3. Pseudo second order kinetic parameters for As(Ill) and As(V) adsorption by S-CMDS at various pH levels

experiment pseudo-second-order
Q. (mg/g) Qe.cal (mg/g) error (%) k, (g/mg-hr) h (mg/g-hr) r?
pH3 5.204 5.286 1.58 0.128 3.581 0.988
pH5 5.060 5.141 1.62 0.142 3.747 0.992
As(IIT) pH7 4.909 4.555 7.22 0.382 7.926 0.999
pH9 5.053 5.145 1.81 0.126 3.338 0.989
pHI11 4.540 4.442 2.15 0.223 4.398 0.995
pH3 5.271 5.302 0.59 0.460 12.933 0.997
pH5 4.984 5.066 1.64 0.169 4.333 0.992
As(V) pH7 4.988 4.938 0.99 0.146 3.556 0.992
pH9 5.070 4.982 1.74 0.132 3.286 0.976
pHI11 3.918 4.235 8.12 0.055 0.987 0.929

Table 4. Dubinin-Radushkevich (D-R) isotherm parameters for As(Ill) and As(V) adsorption on S-CMDS

Isotherm parameters As(ID) As(V)
Qmar(mg/g) 163.40 121.04
B(mol*/]?) 4.2E-09 3.1E-09
E(kJ/mol) 10.91 12.67

r? 0.982 0.961

FAE 22 HES4& . 2 9(pseudo second order)?l]
289t =z e} oefu|E| g2 Fig. 49t Table 3 U
RISt SERESAS A AA oz AAA] A
Ala= R¥gko] 10l 7P7Re45 mdo] AdoelE &
Arsty, ol= FaHAe AT Hg& Tt Et
I e 5= Qlti(Hameed et al.,2008). £ A-olA
FrAE 22F Hhg& e mdlo] R2gho] As(Il) Bl Al=
0.988~0.999, As(V)&HA+= 0.929~0.9979] H
AR =2 AAEE HloH, HA 2 RS SR
= A5kt Faets Uehdh Lo osf A4t
H Qecal AT AFOZHRE L3 q 72 22 (error,
%)= Haet A As(IDeh As(V)EAlA 0.59%
~ 8.12%2] ZF2 @A QE Ho fAF 23} RRE T
Lo AFErt =1, AAdaTt ALk g dx)§
= ojm|ett,

Fig. 3(b)& qe@tel 7FE I pH 30lA4] Al7te] &
T zolrt, As(V)9] - wRF 6AIRE o] Fofli= g kel
¥t gl Ao ® Y vhof As(ID e 75l

1 24AHA) A g 3te] F7ksHe S Bel B
SE7h gl Ao wekEr) ol Table 4] LEhd
As(V)2] EHSEE() B 271828 (o] A
1t} 717t 3,508, 3,619 o L A0 Lehd Azt
o f AR AFS Bl

3.3. S3M7{LZ L& Eat

Dubinin-Radushkevich 5-2&2(D-REE) 4
o2 HE Aozl AIE Table 4, Fig. 501 YFERAS
o}, A RS 19 7 A ekt AT, X g2t
FH(qma) As(ID), As(V)ell oAl ZH2F 163.40 mg/g,
121.04 mg/gl = et AA| BPAdczHE
2t q @ AR Aol g Hojgo] A AdS 27 o]F
o}, o]3t EAIHL TE Aol E HHA o2 e}
Wi Avtel fASHHNa et al., 2012). ST olY
2I(E, kJ/mol)&= Z+Z+ 10.91 kJ/mol, 12.67 kJ/mol
2 Yeht S-CMDSsell 213t As(Il), As(V)<] &2HH1A
UE2 o] 2wehgztolety mtE T
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Fig. 5. Dubinin-Radushkevich (D-R) isotherm model fitting for As(Ill) and As(V) adsorption by S-CMDS.

Table 5. Intra-particle diffusion model parameters for As(Ill) and As(V) adsorption by S-CMDS

Conc. First linear portion Second linear portion
(mg/L) Kip(mg/g:t*%) C r Kip(mg/g:t*%) C 1
AS() 10 0.123 1.872 0.597 0.043 3.097 0.953
30 0.576 0.449 0.983 0.192 4.993 0.954
ASV) 10 0.261 0.039 0.910 0.071 2.242 0.920
30 0.506 0.799 0.917 0.172 3.546 0.885

] As{) " V) b
1 8 ]

: ] 2
9 1 _ 6 1

= ]
ERE 3 ]
E 6 ] 5 4 1 L
F o g | H
3] 4 7 m Dmgl
3 :f o mgh
0+ : . . 0 . .
0 10 0 30 40 0 10 il 0 40
t95{min) £*%{min)

Fig. 6. Intra-particle diffusion plot for As(Ill) and As(V) adsorption by S-CMDS.
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Hebikm A (Intra-particle diffusion model) A
AoriE dojxl AIE Aste] Table 591, q&t
t9°9] A IS Fig. 6o e 22 10
mg/ L, 30 mg/L &4 9] koA BF 7277t o
2788 AAYS B Qi o] et A2 e <
TFAT ML & 4= UH(Na et al., 2011; Kam et al.,
2018; Lee, 2021). 4R ZH4t S 4421 Kip 4 &
Z Kp @2 Uedle A9 F29 22 =4t
ol-gel ool F2A 9] FH F2HE A u|gitt. 7]
=717F 22 & A AAF9 o] FEe Sadol $3t
715 4 A7 3o 2 0] Zhte of5) F&to] dofdt A
< oJu|gtk(Na et al., 2011; Lee, 2021). & A2}
ol A= AR Wl SAF S ARl Kp 8kl A 514 214
FQolA L] 71-&71(As(ID) - 0.123, 0.576 / As(V) -
0.261, 0.506)7t & §1# 24949 7]-&7](As(ID) -
0.043,0.192 / As(V) - 0.071, 0.172)Ect & gt
et ohebA] Ase] AAAQD F2F 2o Qlo] £
AidA = 72717 22 & AR 4G99l AAF

Fepitke] ofgt Aot wadt 4 Ut As9] 271F
L7t =255 Kp %ol AR=d o]A2 CMDS9] 7]

3L B Slo] AR 271557} F7HB5E AsO)
2%o] Py GEOR SHHErHLee et al.,

2011). EF 10 mg/Le] As(V)OIA 2 w7 1]
o] 712717} AS(I) ] 7127130k ZA] e ol
ARV B SR o Bk 212 ojulsto],

=]
2 AR SHEFE olB% Atk 2 olnldt
ol ATAAE Yt U] BHE S AL 245 4

St Wl A SR Tdshe HA| RESAIZE
T o= Ao 2 BAEN QItk(Lee, 2021).

4.7

rhu

= ATl ME sHRRAta A oA Aot I
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