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ABSTRACT

In this study, the removal efficiency of PFCs(perfluorinated compounds) in the GAC(granule activated carbon) process
based on the superheated steam automatic regeneration system was investigated in laboratory scale and pilot-scale reactor.
Among PFCs, PFHxS(perfluorohexyl sulfonate) was most effectively removed. The removal efficiency of PFCs was found
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to be closely related to the EBCT, and the removal efficiencies of PFOA(perfluorooctanoic acid), PFOS(perfluoroocty!
sulfonate), and PFHxXS were 43.7, 75, and 100%, respectively, under the condition of EBCT of 6 min. Afterward,
PFOA, PFOS, and PFHxS exhibited the earlier breakthrough time in the order. After that, GAC was regenerated,
and the removal efficiency of the PFCs before and after regeneration was compared. As a result, it was shown
that the PFCs removal efficiency in the regenerated GAC process were higher, and that of PFOA was improved
to 75%. The findings of this study indicate the feasibility of the superheated steam automatic regeneration system
for the stable removal of the PFCs, and it was verified that this technology can be applied stably enough even in

field conditions.

Key words: Perfluorinated compounds(PFCs), Superheated steam, Granular activated carbon(GAC), Regeneration
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12515182, DIU=7| SHEH AAY

LM 2

H-&E-3}3}5HE(Perfluorinated compounds, PFCs)2- &t
slene] 7|8 B2 % S4v) Bag AEET okt

A4 28717 F2E £7] 244 sdER 24
perfluorinated sulfonate (PFSA)F-2} perfluorinated carboxylic
acid (PFCA) #=2 EFEHTt} PFSARFE perfluorobutyl
sulfonate (PFBS), perfluorohexyl sulfonate (PFHxS),
perfluorooctyl sulfonate (PFOS) 5| %111, PFCARF+=
perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid
(PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic
(PFNA), (PFDA),
perfluoroundecanoic acid (PFUnDA), perfluorododecanoic
acid (PFDoDA) 5-©] 3T}t (Son et al., 2013). 0|52 FA|
7HA] 4l POPse] EA4M= & 54 9 HSA4E
Aol ZEAH 1940 W= 3MAL 19501 T
DuPontAtof| A Al A4S 18l ARE-R og| 2 o] 52
oA, 3}5HA obA A o] Balalela EAo g olg| 2
AWIA, ERTYAR o7, 71, ¥hEd| L LD
Az, FHE BB FEER AL B9
(non-stick) 51 %] 7] 79} 2 setolgl, W] 5 o
3t RotollA] U] AGET glon] 1 FEE Foby
4 & vk thokslt} (Hekster et al., 2003, Prevedouros
et al., 2006, Fromme et al., 2010). ]2 <13]] PFCs+= 7
AAH 2 BAgIA ALgEo] Sel Aol B4

acid perfluorodecanoic  acid

3 f2EE ANE sttt Eh PFOsk g9}
oo e FHATOR s YukE Az

74} 2o Az m3E gulsl= Aoz oA
¢lt}t (Kudo and Kawashima, 2003). 3| Perfluorooctyl
sulfonate (PFOS)2} Perfluorooctanoic acid (PFOA)= 7}~
w3fl, Fal D Aol dal WS 7HxH A
Apejoll 2] WiZkr] gk ujS- @dl AlZko] ARICHL 1

1= Qlom, A&7l ZojA4E HEZZF Ao
7ato] sjopEolL} Ikl A 22 o] A&t
H1E 3 Q) (Martin et al., 2002).

u]=+9] EPA(Environmental Protection Agency, 2+7
A2l ATSDR(Agency for Toxic Substances and Disease
Registry)-2 PFOS2} PFOAQ] R|&419] =& A4
o= W u, A RHA AnE 2t 4 9
o sion, FEs A0E dHow T ofe
T Ho )
SR 0 AR S, 24 Al 9w

} 5 PFCs®] flsfi/doll thall 2il%al Qlt} (Renner,
2001, Hekster et al., 2003, Schultz et al., 2006, Lau et
al., 2007, Peden-Adams et al., 2008).

AA A W PFCso] =8 2oz dail 4k
o A o] w4l & Zhe] =Rkl o, v=, f1,
33 5 AAXFoA= W= =°lA PFOS, PFOA,
PFHxS & % PFCs 5= & 7|02 1A E 44
sto] weleta Qlok el Aoole A 20184,
G ARSE Q4R St AAe 25

oA S5 0] PR/} A5 el 6o
A PFCs 3%(PFOS, PFOA, PFHXS)<
AR o7 Z=7IX|A st on, v

He = a8y

o #elE Sl

o

A ujg- ¢by S5 A A9 2018W 7HEEH 7]E]— ]2 2019
ow, by FoA ;W 7|7F AFIHEA TR, WXHE PFCs 322 42 29E3 A 2oz X
FES) 2 AEE ] gt YA 7= B4R Aoto] FEst==E ot
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g "ol T UXT AA Mol
HES AL Sl AA7HA| PFCs A& 9]
LSRR D meolzt B3g,
(Advanced Oxidation Process, AOP)&74,

e

4Fo}A]
A2, ©&AEL UVERAL 5 ofg] 71| PFCs A&
o el we A7t A HAAT, PRCse]
54, 204, A7E4E 5 oY 7 =24, 3
2 4=l oJsf AA PECs A A ojHa& # 3
(Takagi et al., 2011, Flores et al., 2013, Rahman et
al., 2014, ZiwenDu et al., 2014, Lim et al., 2020, Park
et al., 2021). ¥, 2HJehs 0|83k PFCs A|A Atdl&
o Pilot F2 AT F W Alvh sl glon],
PFCs A Ao QlojA 4" FasAvter: a4
?l PFCs AA7} 7hsd Aoz ¥7b #Hi glow
(ZiwenDu et al., 2014, Espana et al., 2015, Park et al.,
2021), AA Ygd=t= A 2o YA A
Y YeE e R o " F2EA o] PFCs A
Aol apAolgtal R3IHTE (Eschauzier et al.,
2012). kAR, A" 342 37Xkl Holdel
ulel FAERe] S259] AR AAY(Regeneration) E
£ WAL 208 EAL AT gk SRS A4
Ay st s o7k ofer Ee3tehy
A7) 714 2 Azl vlsle] WA wrjolnz g
¥ AN ¥ RARTHE RS st ThsE @ ol
g AHAHESE= Aol viEAsih AR Z/dE QA
HO 2= IxAY(Thermal regeneration) HHHo] HHS}H
ol ok RS S FUlEE B2 2R 7
sl A WHolth Ea F4 FHe
Ao AT BATS Aol A uiel] U
A7 &G A Algto] WA EHA AL, o] = sl &
2xdu)go

EF

1=}
B AT 5 Y= AEAAG situ
regeneration) 7|42 R Ao] Q&1 T} (Lee and
Lee, 2020). s}x|5k, @A =W A4 & @A &
Aete A s AEE &9 $8 52 CA] O
SPARIEA] W 4=4] 2] 842,500 m¥/Y

N

AN
, Yo SR e
g4 Aol8(1,600 m/Y) T 3] UFo| Exls}
o, djHE X 22o] LAdEr 22 off-site regeneration

services WML Ql= AA ol

wehd, & ATolAE AR F
F08 dHoR 712 B 34
PFCs®] a-&242l A& ¢lsh
52 A|A"”I9] PFCs A|A A% % PFCs2] W& boiling
point(PFOA 189°C, PFOS 133°C, PFHxS 238.5°C)o]| 4] 2+
Sket EF 7o ot E/det As A Al "] A

= o
o] 34&Y % dsdes= THsA (Fig. 1, Fig. 2).
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Table 1. Characteristics of wastewater in the experiment

Pollutants | Value (lab scale) | Value (pilot scale)
PFOS 0.020 pg/L 0.019%+0.002 pg/L
PFOA 0.299 pg/L 0.468+0.084 pg/L
PFHXS 0.010 pg/L 0.004+0.003 pg/L
TOC 9.85*0.25 mg/L 9.3+0.9 mg/L

Table 2. Characteristics of Activated Carbon in the experiment

Activated Carbon Norit® GAC 830
Origin Coal
Activation method Thermal
Iodine Number (mg/g) 1,000
Methylene blue adsorption(mL/g) 190
Ball-pan hardness (%) 97
Density (g/mL) 0.50 - 0.51
Particle Diameter (mm) 0.6 - 2.36
Surface Area (m?%g) 1,100
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Table 3. Operating condition of the lab-scale experiment

Column 1 | Column 2
Space velocity (hr?) 10 h'! 4 h?
Activated Carbon GAC (GAC 830)
Activated Carbon Volume (L) 0.11 L
Activated Carbon Weight (g) 50 g
EBCT (min) 6 min 15 min
Influent flow (mL/min) 18.5 ml/min | 7.4 ml/min

2fe

T

ikl

—t

Influent water

&l

@

Filtered water

(5um)

5

Treated
Water

Fig. 1. Schematic diagram of lab-scale adsorption system.
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Fig. 2. Schematic diagram of pilot-scale adsorption system.
Table 4. Operating condition of pilot plant (column A, column B)
Category Unit Value
A 72
Capacit m®/da
pactly B day 28.8
A 6
Inflow EBCT min
B 15
A 10
SV r
B /h 4
Flow rate m®/min 0.113
Backwash W /. :
Time min 10
Inflow steam pressure kef/cm? Less than 200
Regeneration Heater temperature °C 600~700
Activated carbon temperature °C 450~500
Cloumn A 300
Activated carbon volume L
Other Cloumn B 300
Activated carbon Cloumn A o 1.0 §
bed height Cloumn B 1.0 &'
- _ e _ o - fo)
% AW AW T AW BE A% FAAY B ATelME 19 13 Sk F/bHoR BBCT 8
o= eostem, AY WL AT BHBS BU o SVE fUUS 932 o2 st] sk
s z7om Hm 300 L, o] 1 m2 %4 akich o 7t A FH o] LAEAL Table 40 e Y0
AHe S fdes & @FEAD wet =R, ™, 4 NF=E Fig 20 UepfSleh
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PFHxS:= 0~200 ng/L it AL 3l S AQYTo=ZHN A pilot
AFARS TOC BAe §olese) Hejses g DAl xwa ekl B4, 4 o PRCs A

Sato] Gl BAstglon, 224e] TOC A7 A4 =T
= w3l TOC AARES ARt 4T vt _ . -5

B 3 ) 3.1 AlsAl o 2MEF SRR test
AlS oldstaat shelek. TOC 2£497]7]+= Sievers ©EEE ses ETEs

ALl InnovOx ES Laboratory TOC Analyzer2 A}g-3} 3.1.1 PFCs 3Z N7{ EAM 7}

Bo sl
o TOC £4% sttt Lab-scaleo A9] @14:4] Bt 52 Ad Ade

Table 5. Pretreatment procedure and methods of the samples

Procedure Method
1 200mL of the sample is collected, and the internal standard material is injected and extracted.
5 For purification and activation of the cartridge, 4mL of methanol and 4mL of distilled water are passed

through each cartridge.

3 The prepared sample is passed through the cartridge at a flow rate of 10 mL/min to 15 mL/min.

After maintaining a vacuum state for 30 seconds after loading the sample, the cartridge is washed with

4 12 mL of distilled water and 6 mL of methanol solution (20%).

5 Maintain a vacuum for 10 minutes to remove moisture.

6 10 mL of methanol (0.1% ammonia-containing solution) is passed through and eluted.

. It is concentrated so that the final volume is 0.5 mL or less while heating to 40°C to 50°C using a
concentration device using nitrogen gas.

8 Methanol (0.1% ammonia-containing solution) is added to obtain a final volume of 0.5 mL.

Table 6. Detailed conditions for analysis of LC/MS/MS used in this study

LC operating condition MS/MS operating condition
Column Eclipse XDB-C18 5 um , 2.1 * 150 mm Ionization mode ESI negative
precursor (m/z) 399.0
Injection volume 2 uL PFHXS
product (m/z) 80.0, 98.9
A 5mM Ammonium acatate in water precursor (m/z) 413.0
Mobile phase PFOA
B Methanol product (m/z) 369.0, 169.0
499.0
Flow rate 0.3 mL/min PFOS precursor (m/z)
product (m/z) 80.0, 99.0
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Fig. 3. PFCs removal characteristics at the lab-scale experiment.
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Fig. 4. Removal characteristics of TOC at the lab-scale experiment.
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Table 7. Performances of activated carbons before and after regeneration

Test Unit Before regeneration | After regeneration Method
Methylene blue adsorption ml/g 120 150 .
- Standard solution
Iodine Number mg/g 857 967
Ball-pan hardness % 92.3 98.6 KS M 1802
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