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ABSTRACT

In this paper, the adsorption removal characteristic for 10 species of perfluoroalkyl and polyfluoroalkyl substances (PFAS)
was investigated using GAC and modified GAC (GAC-Cu). After modification with Cu(ll), the amount of copper was
to 1.93 and 4.73 mg/g for GAC and GAC-Cu, respectively. The total amount of 10 species of PFAS per specific area
was obtained to 0.548 and 0.612 ng/m? for GAC and GAC-Cu, respectively. A series of batch test confirmed lower
efficiency was observed with a smaller number of carbon chain length and the removal efficiency of PFCA (perfluoroalkyl
carboxylic acids) was lower than that of PFSA (perfluoroalkyl sulfonic acids) with the same carbon chain length. Regarding
the pH effect, the adsorption capacity was decreased with increase of pH due to the increase of electrostatic repulsion.
According to pseudo first and second order (PFO and PSO) kinetic models, while the values of equilibrium uptake and
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time did not show significant difference, a difference in uptake was observed between 24-48h. Furthermore, based
on correlation analysis, Log Kow and uptake have a high correlation with molecular weight (M.W.) and initial concentration,
respectively. These results show that long-chain PFAS have higher removal efficiency due to their increased hydrophobicity.
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1. A

THE-51515HE (per-and poly-fluoroalkyl substances, PFAS)
& AW hEEE HokaCH) AL A7 2
A2 X3E EZo]1 (Du et al., 2014), L% o oF
A Apid o & Qleteo] T4 Aks) WA 3 E, ol

rhu

¢

0:

of A& W B A M &8A & ohFEt fokoll A
AHg-E ot
PFASo|| 4 C-F ZA3h2 44=4J(hydrophobic), 484

7167 (functional group)= Zl4=A](hydrophilic)o|t} (Du
et al, 2014). e 84 7ls7lol webA
perfluoroalkyl carboxylic acids(PFCA)2} perfluoroalkyl
sulfonic acids(PFSA)® E&3}H, Z}ZF  carboxyl
(R-COOH)7| 2} sulfonate(R-SO:H)7| & E3FgHc}. FE§t
ElA o] whaba] ArSY dARSE R B551, PFSA
L n > 6, PFCA: n = 7% 79 AAR&olt},

PFAS+= 2000 T 8] A AJA A5kl A def A
25, kA 6 & ng/l, =50 |th Xu et al. (2021)9]
o2  perfluorobutanoic acid(PFBA), perfluorobutane
sulfonic acid(PFBS), perfluorohexane sulfonic acid(PFHxS),
perfluorooctanoic acid(PFOA), perfluorooctane sulfonic
acid(PFOS), perﬂuorononanoic acid(PFNA)~7} 714
A=doh & Ao B9 2o 90 ngl H=E3
on, 5d oA JJ‘:H 94 ngL H=ESUd
(Shivakoti et al., 2010; Skutlarek et al., 2006). thjgtal=r
& 2017 9E5% A AollA 2 454 ngL=
1= 9] PFHxS7 HAEE Utk

PFASE| A|&A4T A& S0z Q) thefrt
A A=l HE5H (Houde et al., 2011), 1A W

D}o]

of i pek >

ol B 4 ugl EAGT} BT AL =
A% 2 &4 AR AAFOE B 5 Gy A
S

Sstcl (Lyu et al, 2022).

o|e} 72 9l o & ¢l5te] PFOAS} PFOS 2 1
AF5A 87| AdER B3k AES
Aokg Fato] A4t U A FA AL was

I=stetgE, B 4

At vz 37 HE 5 #H(United States Environmental
Proection Agency, USEPA)2 2018\ d%-E| PFOA%};
PFOS®] 7§ E= oA F%=E 70 ngLE A5t
(Choi et al., 2021), 2021-2024d PFAS HgF 2=
ul3Eko] PFAS Agol| el 14 ik ml2 1A
A F= FYg 29 38 B (maximum contaminant
level, MCL)Z 13 ng/L® A A3}91.0.1 (NJDEP, 2018),
ez ol = Al4=o|A] PFOAQ} PFOS] MCL&
5.1, 6.5 ng/L= A5} t} (Shin and An, 2024). E35L,
3yl = 4 E = PFHxS, PFOA, PFOSE =2 7FA]|
gmoz pelstn e

5% PFASE A7 Slste] 9%, ol mak, At
Cwean Re, gRe ST dUR 49 99
A

3l Qlth PFASE &2 AgAo= Qg 3
5

3 AA=7] oJF} (Lim et al,, 2020). A3}o] 73

mlﬂl =10 jo o £ i‘i

il AR A A ASLE Bta dAE
AT ST PEASE $YS FYol A5 P
AA| o, AAE AEA Bolgrle %719

CF Aol glof AHE7] ofele FET) (Lim et al,

2020). v, A EHactivated carbon, AC) S2F F4 &

£ AARET} AA 02 PFASE AAT 4 9l
ACS| F51 PFAS A7) Al AUZS 470714 a1,
A ArS Z-8(hydrophobic interaction), =4~ At
th (Du et al, 2014). o}7]°] F2s= S7HA717] 9
i FHFEGOR ACY E¥l AU AP 9o
), Fe = Cu 3H 7J2-& 3§53 PFOA AA A+:=
AP ATt (Ahn et al., 2022; Shin and An., 2023).

B ATl ME Cu §92 Abgstel 94 B
(granular activated carbon, GAC)2] 1 7}&-& 235§
o] PFAS Z&5S =o|1x 3kt E3h PFCAQI
PFBA, perfluoropentanoic acid(PFPeA), perfluorohexanoic
acid (PFHxA), perfluoroheptanoic acid(PFHpA), PFOA 2}
PFSAQl PFBS, perfluoropentanesulfonic —acid(PFPeS),
PFHxS, perfluoroheptanesulfonic acid(PFHpS), PFOS =
1050 et AATE A9, pH FF AF, HeHe
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Table 1. The properties of ten PFAS in this study (Pauletto and Bandosz, 2022)
Molecular
. Number .
Category Compound name (Formula) Abbreviation weight Log Kow | PKa
of carbons |
(g/mol) .
Perfluorobutanoic acid (C,HF;0,) PFBA 4 214 2.31 1.07 g
Perﬂuoroallkyl Perfluoropentanoic acid (CsHF9O,) PFPeA 5 264 3.01 |0.34 =
cazbc(;)(;zhc Perfluorohexanoic acid (CsHF1,0,) PFHxA 6 314 3.71 |-0.78 g
(PFCA) Perfluoroheptanoic acid (C;HF30,) PFHpA 7 364 441 |-2.29
Perfluorooctanoic acid (CsHF;50;) PFOA 8 414 5.11 |-4.20
Perfluorobutanesulfonic acid (C,HF903S) PFBS 4 300 2.63 |-3.31
Perfluoroalkyl | Perfluoropentanesulfonic acid (CsHF1,055) PFPeS 5 350 3.33 |-3.32
sulfonic acids | Perfluorohexanesulfonic acid (CeHF303S) PFHxS 6 400 4.03 |[-3.32
(PFSA) Perfluoroheptanesulfonic acid (C,HF503S) PFHpS 7 450 4.73 |-3.32
Perfluorooctanesulfonic acid (CsHF,,05S) PFOS 8 500 5.43 |-3.32
dde S8 29 JiE avel PFAS 7ls7|et Ake o UEREITh
dol7h Fakol mA= I F7EAH. vke&e
e A= FAF 1RRe) 23 HhE-E = Ao 485t 2.2 PFAS H|7{ & Ccu 2= A
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PFAS xﬂﬂh AMS 9J51o] 1% CuCl, - 2H,0 (A
oHE B, Korea) §912 AHgstolch E0 42 2
Aetel GAC-Cux= Az7F =% 100 mLe] GACS}
1000 mL&] 1% CuCl, < 2H,0 £9-2 120 rpmof| 4] 72
Al &9t WESAIA A 253

PFAS §-91-2 Wellington laboratories(Canada)ol] 4] 50
mg/Le] PFCA 53(PFBA, PFPeA, PFHxA, PFHpA,
PFOA)¥} PFSA 5%(PFBS, PFPeS, PFHxS, PFHpS,
PFOS)9| 7| Gl FYJstich FE A vst
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gt 8919 pH= pH H=HThermo Scientific, USA)2. Protection)?] MCL¢] 13 ng/L (FA)E Z-& A], PFSA
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3.1 PFAS XM|7{&£= H|uw

Fig. 1(a)i= PFAS 1059] ¥F3 & 25 5=& e
W Aolth. g AHEE HE PFASS] 2E Fri
AA tietul= 8 e=e) MCLSI 70 ng/L °]st=
E}ltth PFAS Al AE 93 dutd oz AREE= GAC
AREA] et} ml=t MCLS: 9hE53E &= 99ic). Bk
743}=] NIDEP (New Jersey Department of Envirionmental

50 400
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Fig. 1. Final concentration of PFAS for GAC and GAC-Cu (a)
and comparison of PFBA and PFPeA final concentration
(experiment conditions: adsorbent dosage = 6-10 g/L,
volume = 50 mL, PFAS concentration = 160-304 ng/L,
sulfate concentration = 34 mg/L, pH = 7.0+0.3,
reaction time = 48 h).

GAC®} PFAS g2k &4 A 2Hgof o8 A
Argol AAQHH, 25044 4T 289 Al7l= Ak
Aolof w5t} AAET} o]= Table 19] ¢li= Log
Kow® UERH T, Tl PFASO 4] PFBA < PFBS <
PFPeA <=0]T}. 0]% PFBSi:= PFPeAX T} W Log K,
Yolll= PFPeAN T} FFHE AARES HUth ol
PFSA 2] sulfonate”]7} 7393 7](hard base)©]il, PFCA2]
carboxyl 7] 7} 2F& 7] (soft base)o|”7] wj&o] PFSA7} 2
Aste S Heltt (Du et al, 2014). GACS} GAC-Cus
H)IL Al =2 AAEES Yedl= SolA Aol &
olgk 4= %19lol}, PFBA (C4)9} PFPeA (C5)olA]
GAC-Cu7} GACHT 22 HF 55 ¢5 5 AUSlHh

Fig. 1(b)= &2 =Y&F= 03 gollA] 0.5 goe= &
7VelE S ©ARS PFASY HF w=E H|ugh
Zlo]th. GAC®| PFBA (C4)9} PFPeA (C5)9] & %
T NIDEPY] MCLQl 13 ng/L oJAfo|glont
GAC-Cuts =2 AAELS a4 11 ngl, 7 ng/LE
NIDEP®] MCL 7|0l 2 &s}3lt

GAC9} GAC-Cu®] Cu: GACOlA 1.93 mglg,
GAC-Cuol| 4] 4.73 mg/gO & GAC 3FH 7§& A] 2.44u)
Z7¥sltk SEM-EDS 242 531 Cu g2 GAC
ol A 0.331%, GAC-Cut= 2.05%= ¥H HEL Es}
6.19v] 271381901, GACS} GAC-Cuo| H|ZHZH
592 m¥/g, 512 mY/gle 2 TH /WA A] 13.5% 7H4s)
th (Shin and An, 2024). 2 HFol|A Fd H|EHH
PFAS Z-2EF2 GACO|A] 0.548 ng/m’, GAC-Cuo]4
0.612 ng/m*’& GAC-Cu7} 1.128)] =9fc} o] 33 &
AR 213t porefilling F/o] WSt H|EHA o] ZF
28Rk, R E Cuoll ofsto] FafFo] F7hehE 9
u|gtcl (Henning and Schifer, 1993). o|& Z£3}¢]
GAC-Cul] AARE g2 ¥ /NE-E Foto] S7F
gk Fo]2 ARQl Cu®l Foli 7|2l PFASE| ¢4
gtofl &gt Ao FhdE Tt (Shin and An, 2024).
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o|t}. Table 10]4] BE PFASO] pk,= 1.07HT} wHo
e YER L Qi o= £ pH A3 271(4.0-8.5)]
Al PFCA(COO)%} PFSA(SOy)7} BE Sojeom =
Asto] wiel E2ael Ast ek melg Wask
1 Qlth. Salt addition ' (Mahmood et al., 2011)& ¢]
23+ GACS} GAC-Cu®] pHye= ZH2} 6,03} 5.00.2 2
A= At pHpe RTH W2 pHolA GACS}
GAC-Cu®] 3tHo] f(He Alet AAG)E 7471 d
ol BH71A Ql=ge] ol PFASS] A A7 My dE
UpERT.

Fig. 2(a)= pH W3lo] W& F PFAS Fatg 2}

oh 2 AdoA 7 2 pH 4.0004 7HF 2

& qlglon, pHrl 7H4E S
. E3] pH 7.03} 8504 Ao]7} 2]
Lol 2 gAOIA ) PEAS A7) et 5
15k Aaolnl, plizk F/Ka4s A4 wheol
Z71sle AAEES A3t (Son et al, 2020
Umeh et al., 2023).

Fig. 2(b)2} ()= GACS} GAC-Cu®] PFBAS} PFPeA
o 1% FES UE Aot Fg 2 FASH
pH 4.0014 7Hg W& %EE LERHAL glem, pH7}
FHE4E A% sEE S5 B4 0
=713}Q] PFASQ] @78_7134 st =50 OH &
7hol| whE PFASSLO] Aol ofsf A A A& #ast
oty 2 A3 ATt A% PFSAKTH PFCA, 181
HAEol A pH RSt ogt AlAAE Wkt est
A UeRetch. E3h GACS] 4 Eo| GAC-Curt} 7]
o, oy et 7 AFHE F5ke] Cuofl o7t v
Aol A7 JFE A= Aew wdst
St} (Shin and An, 2024). S-A}SHA AbskHEe] st
PFAS Z2tof| A= 543t PFASO] 75717} vl 2
3o ZgPsirtal el Tl (Gao and Chorover, 2012).

GAC-CuZ A3t A4 pHi: 4.0-85% TEhE|w,

7] 27 A= PFAS S2to] L £ Zlos
TetE ) wheba PHpe s —7]'/‘]7:] FHstE == pH

£ S7HZ 4= ok AL NaCl, FeCl; -§-<Hof A
pPHy 7t S718HS %:‘0]'0:] FAsHE == pH

ol

oy B
S 3L B oo
£ rlo o 2

g S f
2
o

[¢]

]

HRIE S7H7I= 718 A7 28 Aor
Bolt} (Kim and An, 2021; Nur et al, 2019; Park et

al., 2007)
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Fig. 2. PFAS total uptake (a), final concentration of PFBA (b)
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o
O_,---o//
/
/
/
/
/
/
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and PFPeA (o) for GAC and GAC-Cu at pH of 4.0-8.5

(experiment conditions: adsorbent dosage

volume = 50 mL, PFAS concentration = 78.2-253 ng/L,

2 g,

sulfate concentration = 44.1 mg/L, pH = 4.0, 5.0,

6.0, 7.0, 8.5+0.3, reaction time = 48 h).
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3.3 USaE MY PFOS} PSO W&lS o] -gafo] 3 PFAS 10%0] o

Aukz o 2 FA}F 1xKpseudo-first-order, PFO)2} 3-A}
2ZKpseudo-second-order, PSO) WH-&E= wdlS %8
sto F2F Hhe-&LEE vlaglty. PFO+= Lagergren
(1898)0] oJaf AA=IGon], 4] Q)= FAL % glch
PSO+ Blanchard et al. (1984)o] *2 AolE|¢loH,
4 ()& AFE.

gt 9SS T Aol I 4E GACSF GAC-Cuz

sto] Table 20] A@|stath. PFOSZ A 9lat1
PFAS £33} GAC/GAC-Cudl| 7 $10] PFO} PSOO] A]
I =90 R¥(coefficient of determination, 273 A4S

Urebii Tt PFO%} Psosq RS nlaste] Eo) Ei= 3}

=]

L

st g3 uAUES A4k 977 e (Kim and
An, 2021; Magdy et al, 2018). LHujz] FHAHRLA

(one-way ANOVA)S E3j|4] PFOS} PSO2] R*E u] o

— kit
=q(l—e ™ 2 =
o alime ) @ sge 49, 0999 prHlEBOR o5
M 5 005 gels] dhe] = wkgAle] Aol o
=
1 kgt t}. ®3l, GAC/GAC-Cu®} PFCA/PFSA H]iL A], PECA
7} PFO%} PSO ®5F & H &2 & YElle AA
A7) A k2 FAF 12} HES& T AF(hr), ks AL 2 Bo| Ak, 02609] pgroE olate] zfo]E gholst
22} oS Ad(gug - hr), ge= HE AJE S PFAS  ~n oot} 2 ZAzto] R? v|n2 B8] B 3131
S (g, gz WS AIZE to]l HiRE PFAS F2AFU  mabo] the] meiRhs Ea) - 31512 S3bo] T Ao
]—‘ -
gg), t= REgAZHh)o o]FolX = Ao el Zlo| EfFstlch
Table 2. Kinetic parameters from PFO and PSO on GAC and CAC-Cu for PFAS
. ¢ PFO PSO
. ype o
Category | Species | # of C adsorbent | de€XP qe-cal k-ll R? Qe-exp qe-cal ko R?
(ng/g) | (ng/g) | (07 (ug/g) (ug/g) | (g/ngh)
orpa |2 GAC 3.59 3.66 | 0.0267 | 0.967 | 3.59 454 | 0.00580 | 0.968
4 | GAGCu | 3.56 3.78 | 0.0328 | 0.985 | 3.56 4.48 | 0.00823 | 0.994
prpen | GAC 4.43 453 | 0.0305 | 0.980 | 4.43 549 | 0.00575 | 0.982
(&)
5 | GACCu | 431 461 | 00401 | 0.983 | 4.31 5.33 | 0.00896 | 0.995
6 GAC 5.89 5.93 | 0.0284 | 0.983 | 5.89 7.36 | 0.00375 | 0.981
PFCA | PFHXA
6 | GACCu | 5.71 6.02 | 0.0357 | 0.996 | 5.71 7.5 | 0.00541 | 0.999
N GAC 12.6 12.6 | 0.0399 | 0.996 | 12.6 14.8 | 0.00298 | 0.996
P 7 | GACCu | 12.6 12.7 | 0.0480 | 0.996 | 12.6 14.6 | 0.00387 | 0.999
oroa L8 GAC 10.4 10.9 | 0.0632 | 0.990 | 10.4 123 | 0.00637 | 0.992
8 | GACCu | 10.1 10.8 | 0.0734 | 0.981 | 10.1 12.0 | 0.00808 | 0.992
PEBS 4 GAC 6.40 6.38 | 0.0367 | 0.994 | 6.40 7.59 | 0.00519 | 0.993
4 | GACCu | 6.26 6.43 | 0.0447 | 0.996 | 6.26 7.45 | 0.00689 | 0.999
pEpes |2 GAC 6.54 6.56 | 0.0433 | 0.993 | 6.54 7.64 | 0.00635 | 0.992
€
5 | GACCu | 5.44 6.56 | 0.0525 | 0.994 | 5.44 7.51 | 0.00822 | 0.995
6 GAC 7.33 8.23 | 0.0453 | 0.993 | 7.33 9.60 | 0.00520 | 0.984
PFSA | PFHxS
6 | GACCu | 7.16 7.98 | 0.0563 | 0.985 | 7.16 9.14 | 0.00709 | 0.974
S GAC 2.64 2.87 | 0.0505 | 0.970 | 2.64 331 | 0.0174 | 0.959
P 7 | GAG-Cu | 287 2.87 | 0.0582 | 0.950 | 2.87 324 | 00220 | 0.941
pros | ® GAC 6.49 6.20 | 0.0761 | 0.963 | 6.49 6.87 | 0.0145 | 0.960
8 | GACCu | 6.25 6.19 | 0.0747 | 0.831 | 6.25 6.77 | 0.0156 | 0.828
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Fig. 3. Total uptake of 5 PFSA, 5 PFCA, and 10 PFAS for (b) PFPeA-PSO
GAC and GAC-Cu (experiment conditions: adsorbent 5000
dosage = 0.3 g/L, volume = 500 mL, PFAS concentration .~ ————
= 901-3920 ng/L, sulfate concentration = 46.3 mg/L, 4000 — -
pH = 7.05%0.3, reaction time = 168 h). o .+ -
2 3000 1 7
= s
Fig. 32 PFAS 105(5% 2] PFCAS} 559 PFSA)Y o '
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‘04 E‘J:%‘% 14—151—1}:“1\]:]— ]I’]-Fl]—}\_] GAC_Cu7}— GACEE]’ mﬂ- [] 24 48 72 96 120 144 168
2 7 458 Holt Zow Wt Time, h
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< v ]_JLO]- I #siA < Fig. 4. Non-linear PFO and PSO of PFPeA (C5) from GAC
_1':1_51 e, ki = ke %Q’%k'% Table 301] ‘/]’E]'IH (21]:]' and GAC-Cu.
= oA g2 H3= PFOOA -0.917%f| A 3.28%
Table 3. Difference between GAC and GAC-Cu
Experiment PFO PSO
Category Species ge A ki A ge-cal A ko, A
e-cal A (%
(%) el A9 %) (%)
PFBA 6.03 3.28 22.8 -1.32 41.9
PFPeA 3.88 1.77 31.5 -2.91 55.8
PFCA PFHxA 3.27 1.52 25.7 -2.85 44.3
PFHpA 0.896 0.794 20.3 -1.35 29.9
PFOA -0.0198 -0.917" 16.1 -2.44 26.8
PFBS 1.43 0.784 21.8 -1.84 32.8
PFPeS 0.869 0 21.2 -1.70 294
PFSA PFHxS -1.23 -3.04 24.3 -4.79 36.3
PFHpS 0 0 15.2 -2.11 26.4
PFOS -1.04 -0.162 -1.84 -1.46 7.59

: negative means the value of qe for GAC is greater than GAC-Cu
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Table 4. The values of correlation analysis
Type of GAC GAG-Cu
adsorbents
Initial Initial
Parameters ta M.W. Log Kow Qe ky futia MW. | Log Kow Qe ky
conc. conc.
Initial conc. 1.00 - - - - 1.00 - - - -
M.W. -0.101 1.00 - - - -0.101 1.00 - - -
Log Kow 0.124 0.926 1.00 - - 0.124 0.926 1.00 - -
Qe 0.881 0.253 0.404 1.00 - 0.887 0.253 0.393 1.00 -
k, 0.0168 0.899 0.853 0.260 1.00 0.0688 0.897 0.855 0.326 1.00
2 H3leFo] xlol= x| gkow, Al¥oA A3t ¢, (1) GAC9] PFBA, PFPeA %] F&F =+ 13 ng/L 9|
Hokel Blseskity SHAIRE PFOSE AlQet Re Aol GAC-Cue 11, 7 ngL= 743hE NIDEP

PFASQ] koA 15204 31.5%, koAl 264904
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21v 1 —

O2 kit kb W
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A% WgHEs} BES

OJu]gtt} (Shin et al.,

2021).
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