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ABSTRACT

Zinc present in mine drainage, wastewater, and contaminated groundwater is difficult to treat using conventional passive
treatment technologies. This study evaluated an alum sludge-based adsorbent through column and batch experiments,
including adsorption kinetics, isotherms, and pH edge analysis. Over 341 days, the column experiment reduced Zn
concentrations (4.6 — 6.4 mg/L) to below 1 mg/L within a 4-hour residence time, meeting effluent standards. The breakthrough
point was observed at approximately 1,432 bed volumes, corresponding to 9 months of operation. The adsorbent increased
pH, likely due to the adsorption of H" ions, and facilitated the precipitation of Zn as hydroxides on its surface. Even if the
surface precipitation effect was excluded, the maximum adsorption capacity was calculated to be 5.5 mg/g. Therefore, this
adsorbent, recycled from alum sludge, is expected to efficiently treat Zn in adsorption reactors and permeable reactive

barriers.
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Thanasekaran, 2011; Jangyasuthiwong et al., 2015). o}$3-&
A BEAQI Yol w]F FYiE ZBSATH(Sun

et al, 2017), AEES] ofd HFHe wi2AE, 7E, 5714,
BTE 52 L% 4 AUth(Fosmire, 1990).

T

BE o} IEE HES I8t ofF 8.5 o] p
zzie] dasht, A3 W5 o]&ste] pHE 8 o
S7PN717] o pEE MM o83 s o R
AAS7] ot H2 AE8H e EHE Bl
A3} FH AERRSFoME B2k SIS 8-
sk, ol @718 A SHiteles 3R
327 = " AEZ A (Lens and Kuenen, 2001; Liang
and Zhao, 2013; Janyasuthiwong et al., 2015), A
G3art 88 T Fa5 ol gt A AA
gt} whbA, ofds E3hste 7], WA, A, 7l=H Y
AEWEE Aol tigk A7 v l3E o] sitk(Yoo
et al., 2006; Kim et al., 2018). 221}, o3t THE &
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H7el| &&o] A A=e Bdol] o], ol& tiAlsh=
Hl w2 eeatal A1 AAAgshta F2ke] 3HHol
gasith Adt, Alda 74 FollA 7F 7Fed 24
AsrE AsollA Aslslr] 915k F449H3-BA| (PRB;
permeable reactive barrier) W|2<] 7 H g o] Qlrt.
SkA, 5ol M SFAIR ARSEE SR REA (AL(SO4)s,
FRILEFAE)S B4 OH 9} ¥h3-31e] AI(OH)( &7l
kRS FAshH, ol 49 7 &R T8
gie] "ot o] FelA f7lE, FAE 7, SEol=A
i B4 5o] Agste] g SHA7E A THIppolito
etal.,, 2011; Kim etal., 2012; Hua etal., 2018; Kumar etal.,
2020; Jo etal, 2021). °]|2XE WAHE LdFu)F 523}
E2 QA3 (point of zero charge, PZC)?] Wtx] ¢o}
o] SR tiXE AEES vlwd golshA 3AZ
A} =3, Znd EFF]E (aluminol) AFO|Eo)A A
3to| =24 (iron hydroxyl) AlC|ERTE ¢ ZF S3== AL
2 YERES™(Coston et al,, 1995), ©]= AI(OH)7} Zn2]
T3l o] T8 B4 A|ER Z8E 73S AR
ok AT & 7 SEAE Bg FgelM digew
k= H7IER, ol ek 37 AE8 et
o] 8= ot o]d we}, B AFelae A5t
oA G g 7N SERIE E8ete] AR FRAE
ol-g3ll & ot AA &E B VIS HrksIlth

2
ol TR 2 TNk FHAE A5

A 71k SRS B A5t visie]
T L AR Foll th71FelA s00°C2 S

Fig. 1. Photo of alum sludge-based adsorbent (diameter: 3 mm).

slo] AlxsIoH, Y782 oF 3 mm?l FAAo|thFig. 1).
WD-XRF 4 23} F45-2 &Frae o= it
omn, JHstHES B4 A 5259 RO = YERTh
(KOMIR, 2021). ZL&]ar F2A|9] 350 & S 1)
e 221 T 3R] BIRHA(BET)S 136.34 m%Y/gl 2
ZSAEAJATHKOMIR, 2021). A1) e 129 g/mL
o]t}

P4 W Zn ZnSO, 7TH,O(EP grade, thA31), &%
99% Aloke Sl BRlAA Aol mel Bt wE=
eI, Bhhlre] 24S BAKE] flste] 4k
AlokS 28313t

T2 APL FY vhS 54 (Pajak, 2023y st
of 2% 7kl wWE & 599 I ¥ Ax FrkE
WABE7] S8, Be 38 A 25°Ce] I X197
G338}, C-SKI-4)ol A ntete] sttt Zn B
15.7 mg/L &4 50 mLe} F2HA) 4 ¢S 27t Advlo]=
2AF] 50 mL ZUZ FHO| U3 5, 4S5 2L
TS fedEo R wEst vs T tirioe] HES
FHagklat o] FEE &2 JYT6A 100 rppmeZ
WA OH, 1, 3, 5, 8, 15, 25, 50, 105, 1805 T
Aeajo] B3,

Zn FHF £F A3 vhele] A 1 Mg SR
9 (pseudo-first-order kinetic model)Zt A} 23} WFE =
4 (pseudo-second-order kinetic model)2 AH8-5}o] vk
Heg B,

FAF 12 WA FRA} FA 7 Wkt
HY Fagel WA sl Slel ARk 4 ()%
2P k2 12} BRESEE 457 (L/min), 1< ¥H&AKH(min),
= B8 FHH(mgle), gi= HHSAIZE ol -] F&
(mg/g)yS 2u|3CH(Lagergren, 1898).

d
“L=kig.q) (1)
In(q,~q,) = Inq,—k,t 2

3, FAF 22F HEEAE A 3) B 49k 2ol
R = 9t} A710lA ke 231 WSS AR (g/mg- min)
£ 9u]$th(Ho and Mckay, 1998).

d 2

L =k(q.-q) (3)
L T )
9 k2qe 4.
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A3
\“4 A2 W‘Ei‘réﬂ(%*é
s}, 250 mL)E— A}%o}(}iu} A= 200:1(F2HA
0.225 g, &4 45 mL)= AA3HN oM, 27| Zn &
0, 11.6, 22.2, 25.4, 51.6, 285.6, 438.0, 542.0, 1000,
1250 mg/L2 ZA3IATE vks- A 9] 7] pHE
0.06 M HCI(tHAZLE, 35~37%)S AM&3le] 6302 A
AslHom, A3 25°ClA 100 ipmOE 24417 52t
k& AfEEte] 28T

_4

24. S2EE AE

7n E55 133,223, 342, 446, 54.1, 77.2, 105.1 mg/L=Z
&9 200 mLe} F2HA] 02 g& 25°C] 278
797F 100 ipmOE wEFElR o, vRST)E 2
AETEIE ARSI ofde] sHER

S WA Y8l Wk el 0.6 M HCIH
Asla, 35-37%)y= AFSsle] pHE 5302 ZA3IHom,
A% A= Langmuir 2527} Freundlich 21220
48310] st

Langmuir 528212 d2 F2o] ThEASol|x] AgH]
o2 el FEA EHOA FEY 7] A oy
A7F Fhsithe 7Hgel 7Idksle] frEE EPoRA,
2 (5)E EAHU

C K

—=—C,t— (5)

9.

21 (504 CoF g WS § BEEE(mg/L) B BE
T me/g)eI™, gree HNETZE(mg/gyS vIsHt
TS Ky Langmul r 73 (L/mg)el™, A sk
2o R3=E Yepdti(Wu et al., 2010).

Freundlich 5283522 F2A7} vl 319 oy
AL 7HAH, FHEe] 3o E FHE 4 vk

P9k mdolch) (o))

logg, = %logce+ logk, (6)

2] (614 k= Freundlich “d<7(L/mg), ne §2H59
© JehlE 45 1 go] 242 F3] Solsit
(Kim et al., 2019).

2.5. pH adsorption edge A8

golle] 27] pHE 4, 5, 6, 7, 82 ZAPHA o0}
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T2 B&5 WU ol 9l & i AEER

FE FHlste] 2t wkgInttt 7] pHE NaOH(RHIEeF,
98%)2} 0.6 M«] HCEE AFS3H] 4+0.1 ~8+0.12 23
31tk E24) 0225 ¢S Zn 4323 mg/Le] €9 225 mLe}
A 7Jr7ﬂb1 HRS-7]0l| 4] 25°C, 100 rpm X7 244]7F
B REEAIFATE ZF WhE719] pH 7ol WE §& 28
zfolE HlaLsHTh.

2.6. 28 AH

274 5 cm®] o} 249 AR FTHRFTE AH FFA
299 g(33] 373 mL, 7}¥1ZF 0.80 g/mL)S FX &t
(Fig 2) o] Xﬂz—}o 141 mLi o—l'g"“ 9-1 38%
=2 Ak AT °}°ﬂ° S ATE A AR
FFAAIA F 34197 Fretdlon, RUEES 79
AR Faate] g T EASIAT EEg A FAIRE
< A AP EasS Frietdedl, BHRTY Zn

O

SR o
-
g B asfy

Y& I
e

Fig. 2. Bench-scale adsorption reactor with alum sludge-based
adsorbent used in this study.
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T WSS 8TIECIEAY, 1 myLye 234 A
AFAREE 584, 7IeS 52 4F AFrike £
ol Aoz PsGiet. 3, Z2H o FHAL A
s 2 AP A5 B7sE7] sl Bed Volume(BV)
< Wrkeiae], ol A S8 FHAY HA F

e R AHe A% 899 FyE Yeh=

Azl

v o

2.7. 24 4y

31l o]F Yol B8 AlEe Hihs ¥ol pHE 2
uvko 2 GEQith B8 AR5 TS (parafilm,
elastic laboratory film)S.2 51 § &4 Z7pA] WA B
et

pH, ORP, ¥ HachA} HQ40D ¥ HQ4200 multi
portable meter, &ZH2] =+ Hach 16900 Digital Titrator
2 SA8IAH. Zn s S Ade3Esta uf
oleiA] & FHFEHYU HAPHNA Thermo Fisher
Scientific AF2] iCAP 7000 series ICP-AES(inductively
coupled plasma atomic emission spectroscopy)® 23 5}53
ot} So]21 CI, SO B Aedshy sAHYslEE
717194 DionexA}2] 1CS-3000 IC(ion chromatograph)=
A8

2 Aol AREEE A 7RE SRAIE O E SEM-
EDS #4°lle d=338ds 71ed792] SUPRA
40(Carl ZeissiityS AF8-813TE B3k, WD-XRF(wavelength
dispersive X-ray fluorescence spectrometer)it-23-2 SHF
st 57171904 Rigaku AF9] ZSX Primuss IV
2dS o]gste] X AT 82 60 kv, 717] UIF 2%
T 36.5°C2 A5 24.3 PaZ FENE X514
AT A R AL sl 577
HollA MicromeriticsA 2] ASAP 2460M HI3EHA #4
7](BET specific surface area analyzer)® #2131t} 3%
He] A5} 020 A-He] pH 34 A3 (point of zero
charge; PZC)2 =73}7] $18l] Mohan and Gandhimathi
(2009)$} Oladoja and Aliu(2009)2] ¥2H-& o]8-31o
PZCE #243ATHKOMIR, 2021, Fig. S1).

SE8}A]4=(S], saturation index) AFES 915+ A|3FEHY
md5)e USGSS PHREEQC ver. 3.7 ARE3}o] o]
2 8 gol2 & FY ARE V|¥e g 3Tt
(Parkhurst and Appelo, 2013).
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Fig. 3. Zn concentrations and pH according to reaction time with
alum sludge-based adsorbent. Soild-to-liquid ratio is 1:12.5, and
pH and Zn concentrations of influent are 6.87 and 15.7 mg/L,
respectively.

3. 4% ¢ nE
3.1. 535 ¥ Zn 50| M2 pH BElel N &8

dd &21A] 7INF FHRAY oA FHsS Bk
A3l Zn F= 157 mgLe] §A7 FHAE THgA)7H
ARl W FE WakE W7sICkFig. 3). ¥ A 2]
pHE 6.87%1 A o2 YERHAL, ¥h8 $-9] pHe 6.91~7.31
o] M9E Bt a7 AP ¥kg A, T A
PHREEQC BE¥&-& 435 23} Zn(OH),] SI7} oF
204 ~-1.09 HIZ 2] g3 vehlo] A iAol
v Ao g g9t A7 A Agtel wet s&=rt 3
adhe FEo] T Ushsten, Zn == 1058
~180% Atelol] MiES871F(A A, 1 mg/L) ©l5t=
2=kt

219 A7 Aol FAF 121 HheE5E 2 (pseudo-first-
order kinetic model)@} A} 22} ¥H8-5 %= Ed (pseudo-
second-order kinetic modelyS &8s} H7|sr Ay}
o) gt A} 12} vRSEE REl(R2=0.9904)7 FAF
22 HReEE RE(R?= 0991504 25 H& ARAS
£ UERICHFig. 4).

Lagergren 2% I3 AL 12} ¥hE5E Bdl2
SEA oMY =2 F 27] F3F WAUSS
Argshs d Adsi, 24 F2E A ] & site
o Agrsttial 71 st (Tejada et al., 2016; Zaboon et
al,, 2018). oA &2 AGAGT+= 27] F2 FHo)
H siteol|Ao] Ax71H FEaRgel o8 & dWE 5
o< ofnjgith. WA, AL 230 WSS Bdle S
A7F FAAY 7 ) B4 siteoll ST 7S,
sk FHA 9] B o AT EITHHo
nd Mckay, 1999; Shikuku et al., 2018). A =&

O,

Ay

o
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Fig. 4. (a) Pseudo-first-order and (b) pseudo-second-order kinetic
models for the Zn adsorption experiment in this study.

S A
A 49 QPAT) 2w 7eg T 3% ol
F2 W7UES 72 5t F4 3 o
(Pajak, 2023; Silvetti et al., 2015).

Table 1. pH values and Zn concentrations after reaction with the
adsorbent, according to initial Zn concentrations. Initial pH was 6.3

Zn concentration Zn concentration

before reaction after reaction pH a.ﬁ e

(me/L) (mg/L) reaction
0 0 8.24
11.6 0.1 7.91
222 0.1 7.68
254 0.2 725
51.6 0.2 7.21
285.6 0.9 6.95
438.0 1.0 6.86
542.0 12 6.85
1000 1.0 6.86
1250 7.4 6.52
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thTable 1). 53], Zn %7} 1250 mg/LE & 75l
T el okdol AA=E 7.4 mg/Rt FF8ISI=H],
o= ofddo] FAEES Fsk Hxdshe FEolM B
OH7} ARER7] WiEo2 ket ofe} 22 Avl=
Zn §=7} &5 OH &HI7}F $718l] pH S7159]
HEPES vehith, =3, 4 S A 71N FEA
FFEHHo] 5250|122, pH 5.25 ool F2A] EHo]
SRS B Aol Slol H'E FHeAE 7FsAel
=0k pH S7100 71o8e Aoz F4Hn

8
6 F
B4t
=11}
E
=2
L2
® Experimental data
i i s e Fruendlich fitting ling
seerees Langmuir fitting line
22 " . n -
0 20 40 60 80 100 120
C, (mg/L)
(a)
40
35
_ 30
|
= 25
& L] Ps
= 20
= * o
S s 4t |
10 g E | y = 0.1829x + 7.3101
¢ - R? = 0.877
5
0 i |- i i L
] 20 40 60 80 100 120
C, (mg/L)
(b)
0.8
0.7 . T T
06 | y = 0.4516x - 0.3048 .
05 R?=0.943 e
204t .
L e
02 | g
0.1
0.0 . . : : .
1.0 1.2 1.4 1.6 1.8 2.0 22
log C,

(c)
Fig. 5. (a) Comparison of experimental data with Langmuir and
Freundlich models and (b) Langmuir and (c) Freundlich adsorption
model fits for Zn adsorption isotherm experiments. Error bars
indicate double standards deviations of duplicate experiments.
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Table 2. Langmuir and Freundlich adsorption model parameters
for Zn adsorption by alum sludge-based adsorbent

Adsorption model Parameters
Langmuir {max Ko K
5.466 0.025 0.877
Freundlich & 5 R
0.496 2213 0.943

ofdo] Zn(OH),Z HXE= 2 WAsH| #lsl phHE

Sk ¥k 39 pHE 6.5~7.09) M= UeRten, §2
A3 A7 Freundlich F2EES 89S we] 27
7} 094322 Langmuir S222 9] ZAAA4(0.877)H T}
%7 YR, Freundlich §22dlo] A3 Hlo[HE R} 2
Arshe AoZ YERITHFig. 5). $HH, Langmuir S2F
2dS 7pko 2 & Hdl T (gna)S OF 5.5 mggS 2
FAE A Table 2).

A3y A7-Ade] wEw, g 719 F2AC] gk Znol
A TH e (Gra)S F 327 mg/gdl RO Z UERLOH,
Freundlich 374 Ho} 2 2= Ao 7 et
(Silvetti et al., 2015). Freundlich S-&=de] AA 7}
Langmuir S5 9RHT}E =4 Yehd A2 S2HA 31H0)
oldAola t}Udt &3 siteS 7HAH, HIAEZQ)
2 545 B MR R siMEr ol ¢ 7
A7 oFet A A BITAEAQ site X
7HAL 5= ARFeITE

=

&

o
i

5 ol5ld wioll= ¥kg- ¥ pHY} S715HH
ZHasld T (Fig. 6a), 1 3.18004 =2]3) Hle} o]
PZC7} 52591 G W= Ao= ddEn

Zn 559 79, E3] Wk & pH 63 2 789014 Zn &
7} 34 el olE SRS o= SMIEE e A
108 2 429 mg/gO 2 *J33] =A| YERIT). T8, PHREEQC
5 o] 83t A1 pslerA mHlEy A kg F pH7l 63 H 78
o|NH Hkg-719] Z7] pHE 7.0 2 8.00]=], o] Z74)
A g k87 Gl = Zn(OH),2) E8FRET} -0.11~1.65,
Zn(OH)S0,2] ¥E3}AG7} 1.64-6.94%A4], S4K31E 2 3
AHASANEHE FoE FelEo] AdE = e ZoE A
AR AT weEbA, s 2719 kg TIE M e FREYE

500
450
400
350
300
250
200 |
150
100
50
0

Zn concentration (mg/L)

5.0 5.5 6.0 6.5 7.0 7.5 8.0
pH after sorption

(a)

500
450
400
350
300
250 +
200 +
150
100 |

Amount of Zn sorption (mg/g)

5.0 5.5 6.0 6.5 7.0 7.5 8.0
pH after sorption

(b)
Fig. 6. Plots of (a) Zn concentrations and (b) amount of Zn
sorbed per unit mass of adsorbent versus pH after sorption.

HZol| oJs)) ofdo] AAE Aoz FAetect

&, HkS- 3 pH eolde A oF 40 mge] F25-2
HJOH(Fig. 6b), ol 3289 52583 AN 4
& Al FHH(G5.5 myg)Ss SERIZTH Table 2).

34. HEAE A1

Zn 4.6~6.4 mg/L, pH 6.42~7.729] Y55 A}&31] 341
A7 T2 AHS Gt olF 271(1 phase, 91
7k, 285U74A]) 2 Z7](2™ phase, 286~309Y)0ll A A F
Alzto] 713l Wt Zn FErt HAadhe B3-S Btk

3.5
o Zn (1st)

30 Fo * Zn (2nd)

25 F A Zn (3rd)
) ° 4 o A
-\a 2.0 i o Do o5 * -
Eis | . o °° A
S o [Dischergecriefa o3 7 o B .

° 8 , e %% °
0.5 ° :
0-[' A L L A1 A
0 1 2 3 4 5 6 7

Residence time (h)

Fig. 7. Plot of Zn concentrations versus residence time for the
column experiment. Periods of the 1%, 2, and 3™ phases are until
285 days, 286-309 days, and 310-341 days, respectively.
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o]
=4

26

] Atomic %
Elements Atomic %
error
C 9.401 +0.816
53.532 +0.713
Al 15.409 +0.280
zn 21.658 +£0.224

Ut - A - Al - 071 - ol - g4l

(b)

Fig. 8. SEM-EDS analytical results of the adsorbent surface after the column experiment. (a) Surface morphology of the adsorbent at
5,000 magnification, (b) detailed view of Zn precipitates at 10,000x magnification, (c) elemental composition from EDS analysis, and

(d) SEM image indicating the EDS analysis region.

(Fig. 7). 1% phase 713t Z AFAIZIO] 4X7F o] w)
Zn FE7F 715X 1 mg/L olE= A=t el
2" phase & 3™ phase(310~341¥ pllA= FLS AFARE
FNME Zn FE7}F 1% phase tiH] AH oz Folxl
Aol ol =A veRget, ol 9 Al sk
< ARt mEba] g AL 2869 (CF wiE)E 37}
Hon, ojufe] A X 1432 BVRI ALE =&
= Aot

A4 29 95 F F3A ¥He| SEM-EDS ¥4 Ay}
T2 ofIo = o]Foizl WiFe] AXo| thEFoa T
ZA3o] B AKFig. 8). da Silva et al.(2013)# Richetta
et al.2016)= ZnO2] SEM-EDS ¥4 A3} s Apxl=}
AR W 24 Fels Basitt. Zn0S] 735 Zn(OH),
o] Ax % g5 wE} AgE - lemz o= ZHY
9 Al FEA AN oA FAksFEo] 3] MET
A5 AR B3 ol 3.1d 2 3.3FolA A|AS
FEAl oJgt ofd S=kelE A JIS S
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3 A FHA 9] SEM-EDS &4
Az}, FEA 19 T2 A-Y g3 125 7R
Ao 7 WAL ACKFig. 9). EDS EAo e 74 Ao
o] Al O yehd, &4 7IRE FEAL F2
A20)F (G REE R 2R A RHFig. 90).
w3k AY A GAlolug o}le AZEA] Lirh
4.2 E

2 Aodae & £9A 7 FEAE ARESHA
olAS AAsk= i 2 Ah RS Faste] oA
AA 5497 Ay 58S Frisin. 29 A48 29,
NZE ol AF Al 4.6~64 mg/lle] o}AS &S| ET|E
ol Mt om, ojd zn F2 HH| sIrHe
1432 BV 7}#ko. 2 oF g7l de) sfigdalict. thddt zn
SOl et pH7} STk 93RS B7kekal thke pHol
e} ojdo] HYHe &S HI8E A3 43 &¥A

=



E R S VAR E R 27

(b)

(©)
) Atomic %
Elements Atomic %
error
G 5.540 +0.678
51.050 +0.766
Al 37.225 +0.330
Si 5.316 +0.308

Fig. 9. SEM-EDS analytical results of the adsorbent surface before the column experiment. (a) Surface morphology of the adsorbent at
1,020x magnification, (b) detailed view of Zn precipitates at 2,830x magnification, (c) elemental composition from EDS analysis, and (d)

SEM image indicating the EDS analysis region.

71140] EA)
© olodo)

718 g 1 g«q SO pHE Hole
AR sﬂ%sl»

Q3RS A, pH
53 ZoAM el 5283 A8 2 Langmuir 22 H7} A}
HNFE S 5.5 mg/elE FHEHUT. webA, At
o SR 7RE FERAI= ")”‘}Hﬂfﬁ 2 i, 1eja

AR SOl 23 olds T TY 7IFeE AA
3171 Hﬂ A E2A Z80] =2 AR UERT o
H7ES Qs 83184 adet 3 AUAE
*]-%0}7‘] oFe APdsla FaMke o] uidEA Z]diEc.

Ab A

o] =& 2022~2024\ =B FPTHOZ N E

7)&ATAII RIS xl Hkorom Wt 20242025 AR
EFTFHENY] APeR s ggabtel7 e x1E-d -
AEH LAY FHTIHANT AFY(RS-2022-KS221655)°]
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