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Abstract: In response to the constrained efficacy of traditional in situ chemical oxidation and enhanced bioremediation in karst
groundwater, novel slow-release materials (SRMs) were prepared employing paraffin and concrete as binding agents. Simulated karst
column experiments were performed to characterize the release kinetics and assess the removal performance of these SRMs against
typical fuel pollutants (BTX). In this study, slow-release materials were prepared using paraffin and concrete as binders. Column
experiments simulating a dynamic karst aquatic environment were conducted to investigate the release behavior of these materials
and their efficacy in removing typical fuel contaminants (BTX compounds). The results showed that: Paraffin-based slow-release
materials exhibited significant media-specific release behaviour, but their initial burst release of persulfate resulted in increased
non-target consumption. Concrete-based slow-release materials demonstrated a more stable release profile and achieved a higher
nitrate utilization rate in the remediation system. Although ferrous salt activation improved the oxidation efficiency of persulfate,
challenges such as short activation duration (<72hours), limited spatial influence, and low ferrous ion utilization (leading to iron
hydroxide precipitation) remained. In karst groundwater, the first-order decay rate constant for benzene series concentration under the
slow-release dosing method (0.154d ') was higher than that under the continuous dosing method (0.044d "), indicating superior
removal efficiency with slow-release dosing. The pH buffering effect in the limestone medium delayed persulfate decay, while the
sandy medium facilitated the enrichment of functional microorganisms, thereby enhancing bioremediation.
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BRL b, AN A T ) 2 5 T K R v v GBI
SR, 3G ML A A7 T S ST TIRAE K 2 /K A B A
e}, 8 5 K S0 TSR ST SRMs (RS IR S R 2
BEPERE SO 2R FI2R. T HZRBTX) G R 11 b )
BfR K .

1 MRETE

1.1 SEEHRE

oy S B T FH R A B TRD . R R
HEORE T VAR A R K R G, o 4 K A ki
RAE 4.00~8.47mm Z [W(GLFi 3~5 H),EbRiAEAE
0.11~0.30mm 2 [A] G 77 50~150 H), H 3G HUFR & &

4 0.287%,28 X W 26961 (ZSX Primus 1)k
T BT R A I Bl 2 0y WL 1.

F1 ZERAIKMRBIUZERSD (%)

Table 1 Chemical composition of the aqueous medium (%)

ME CaCO;  SiO, AlLO;  Fe,0;  MgCO;  Hifilh
T4 0.32 57.54 18.18 8.8 1.81 13.35
D 0.29 56.15 2321 11.15 2.02 7.18
FRE 88.22 1.38 0.40 0.24 9.63 0.13

% SRMs T FH AT by 2 K W ORAR A, e
FHRZKJEFM A GB 175-2007 (I8 JHRERR £ /K8 ) |
JT RS 2035 U6« 108 5 i 0 4 B REARAE 011~
0.30mm 8] (G 50~150 H). 525 By FHR 77 iR Ak 4
(KBr) . i i R 1 (Na,S,08) « L /K & i B2 W 4%
(FeSO,-7TH,O) il 2 81 (NaNO3) by 43 1 4L (AR), ¥ i
T 92 5V SIS AT TR K ER AR X
KB2VG YR 2 A i R K (HHEL) 45m), KAk 244
PRl AHBRIR 8.67mg/L, B R 2.36mg/L, % fif %A
8.10mg/L,pH 8.20, HL T # 290puS/em, 5 & T
62.00mg/L, FE KRR 250.54mg/L.

1.2 ERARMT %

SIS SR FH PR G A7 Ay s R YRR 1 2R, LA

il s 3 2.

*2 ZERNEE
Table 2 Composition of the SRMs

PAGERAH MiamPs i R

RiG 7 SRR .
! PREEmgL) W (KxSxiiem
i P?:SRMS 1598 2 1x1x1
Fe’-SRMs 310 2 1x1x1
WeE T PS-SRMs 640 2 1x1x1
HEVREE LR L TTRDRIK ) i LE A A 10/5/4.

121 AERERANSIS LR R A/ A
LG 122 BREUIT TR o A T
WA 90°C, A A R 56 Bl LAY S0 TR & A0 i Ak
JeL FREE B IhfE I R HE 24h VA H1AK IR R I
B PS B ¥ E H bR IR B (R & e RS
BT AR R R (0 TR W 2 TR, PS/Fe” R
Y16 L2 3,PS/BTEX 4 it (i L 49y 3080 A
AR GEREAR) PS HARKREE N 1598mg/L. G IR I
oA s 8 A4 (Fe® —SRMs) il #% J7 2= [ it i 1 2
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VeHTP-+7K) o b 1:2 FRECET 05T, I 1] 50mL
ELE L 1200r/min B ESFE 10min {584
TR RN op 4 9 450 5 HE B 00, i B T
FErh AE 30°Cal XA T 4 3d BRI il % (1 22 R
R, 70 0 S M 2 B A 3% IR R A, LA FH T 58 56,
AR EE LR PS HARIKIE A 640mg/L.
1.3 SERREE MK ISHL

P

3 2 1

| L~
[N

i\ e ———
= KT I

/ i

i

K1 ARSI R R
Fig.1 Schematic diagram of the box—column experimental

setup
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Table 3 Hydrogeological parameters of the box—column

experimental setup

ZH Hitk FEAE
HIREH W HIRERE o
FLBE (n) 0.38 0.26 0.38 0.26
S BRI IR] (h) 95.66 95.57 52.51 60.92
$i’Jif7F§J$I#(m/d) 0.06 0.08 0.55 0.47
FIRERS(mYs)  2.68x107  3.14x10%  1.00x10°  6.60x10’
Wi (L/h) 0.065 0.065 0.065 0.065

AU X KR AL B K 3R 85 LU R AT R

IR 5T 2 5, M R AL B (KBr) T RER VG e 1F
PRI 7R B I B, L T ) 9 Al B, R A A i I i

IRk FERIETN
ZHLE RN 3.
14 SEWRTT%E

16 5 R ER S U0 AR (R 1R K 0 2 4R, 43 T
SRMs SRS AEGRAR T 0 G0k« AR KK TE
T 585, 5T B SRMs Z2R 15 5 5250, 413k 4 Fis.

PRI RE I RE R 1) SR HICR B

x4 FEHXERE
Table 4 Box—column experimental setup

SRR SRR B 9y R

SRM Hi 571

SR PE(SRM AN EDCRAS B AR ,mg/L)

VUBEE (mL)

PS Fe** NO;~

A(s) VEp = ey - 2x1598 1x310 50

- B(s) VEp 3= Vel - 2x1598 - 50

C(s) W Al - 2x1598 - 50

S D(s) [ UL - 2x1598 1x310 50
! A(r) VEp 3= Akt 100 2x1598 1x310 50
R B(r) Ve i 100 2x1598 - 50

C(r) (i el 100 2x1598 - 50

D(r) [ i 100 2x1598 1x310 50

- E(s) ARE T - 3%640 - 50

P E(s) R TR - 3%640 - 50
e E(r) FRE TRt 10 3%x640 - 50

F(r) R TR 10 3%640 - 50

E: “Hit 5 ()" 5% (1) (s) N “slow release” B 7B, (1)l “remediation” ¥ 78, “— RIR RIS AR AL 7y FOMBEE BARMHERPS H AR SR BE.
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1.4.1 SRMs ZZRSEH  ANBIERAR, AR
Je) g IR IAE (A - BUREFL NO; < PS. SO4” « Fe™
WRE, TR fe.
142 ZR-BESE F1#KA. B. C. DA
FEHL A 0~20d FRELIE ANV RIALEE 20d 7R
FEARTREARO L7 BRI 100mL ¥, 26 2E7K 4
78 50mg/L FERERWG AR 27d IN$E PS M Fe™' 42
AR 49d “IRPLTE SRR R 2 #HIRSERS EL F AR
PR 55 0d BERHEA 10mL YO, 55 1d kbR
PS—SRMs.
1.5 HUFEHT

SESAMTH 20mL — PR A S 25 7 ) 4
Y 15mL #Ea,HP SmL BEGEAN S 1g EALBINE
T30 0 P, A FH A0AH € 3% 13 (Agilent 78908, 5 [ %
FEARRME AT B\ 73 B R R L L AR 10mL FF i
K FAAE A AT 23 BT A (HQ30d, 5 I W 5 2 v ) AS: DU
DO. pH ffi. EC J ORP Z/KA =447, ML SmL
FE 2 B ER e AL T Calcium—test A1 Alkalinity—
test WA G T Ca> Fl HCO; ¥R B 2mL FE M
A PR ANARSE B I PS. Fe? RIS gk i,
i A 58 143 D6 6 BETH(UV-6000PC, I ifg T AT
AR PR 7)) B ImL R B Al KRR bR
FE%80 A8 F (%A ISC- 21001C, 36 [H FEBR K HH/R
RHEA FRATDEI SO& . NO; HIl NO, #eJE . SEid i
H Tescan Mira4 37k 5414 HL 1 W A6 (SEM)X B
TR 5 SRR AT RAE, S5 NG HU AL By C. D AE
DUBIARE S, B A T A TR B BR A 7] 58k
AEY) 16S WF TAE . KFERAER H JC 54, DNA
PEH# ] PowerSoil® DNA Isolation Kit. 3 #4954k
168 rRNA LK V3-V4 X BLPCR 41 H5:95CAR
3min,25 MEFR(95°C 30s. 55°C 30s. 72°C 1min),
Beha 72°CHEH Smin A FiE lumina MiSeq 53
(2x300bp) AT Xl 7, B 28 J5ids 5 A QIIME2
AT ZFENE 3 HT.

2 FR51E

2.1 PS-SRMs &R 3l )12 Je s el 2%

T8 L 34 BE (SEM) 43 BT A7 i 2% RN R
R REARBE AT 5 MO g5 RS (K 2). A
U IS O B AR T G W L AH BT IR RE R R R AR,
KOH B ERAEE. HAERM PS JG RN

2 LG A SRR AR XS PS A B RE I
TR B AR L RAE 45 I UE T S8 B R
1) 2 e 1k

7E SRMs ZZ B B PS MR JIUR Ik PS K HY
WM i AR A5 SO WRIEZ ML &AE 3 1 5
SHUREET PS EVRE JSOA B B I 1) A8 Ak an 1 3 BT s
B MR A SRMs)A H:(f K5 PS
W FEAE PO T )5 DS A A P s S 98, B4k PS
WL T B AE,Cy D AP i) PS WAL HH 2 i T
A B HE S T HER($E TR E 12 SRMS)E (1 K
o PS IR SR A BN (8] 43 A1 35 &) () FF
EF A (D J52) D) 2 B0t 30 o 9 B R I8 P AR T
BoE PR R AIE.

BRI FE B IS [R) A8 4k 1 28, PS SR TBOKR FE E 7t
BTG RGN 1R, N BTG R AL (R 5).
H—HE AL B C. D AE 3 Fil S S HURE LI R
K 691.3, 13.5, 64.5, 308.3mg/(L-d), V-3 %
BT I 0.124, 0.039, 0.232, 0.485d .55 it
R B~ FAE 3 F 5 S5 HURE 1P 3R JEOH 26 433k
947.7,1317.9mg/(L-d), V- ¥ FE 9 K043 99k 1.219,
1.247d" WY JRAR(C D FE) P RAR LR ZE 0k i T
FABENTUAS B FE), R LE IS T U KA
JRIB 35 5w, A8 R R ORI PO s A 4 1
THZRAR(AL B AR SRR T AR A R I
GEREAR(CD AT HED R PR A W5 A I T PS IRV AE,
IR AR A K SRR T R F
)R 2 FLIOAS TR PEC Y SR o iy 1 4 i 2 22
BARB. C ).

B HE(H A )PS SRR R R T C A
(D J50), 12 2 A0 A 1 pHAEZE P T 5 850 3510 1
A, D RO ] W m T AREA R By C A HED
2 Fe” WAL FECA ISR AN PS PuisiyE 1K
%, [T I BB 4 AR IS T PSRRI

X B3 — e LA g IR VR e R R R A
A 0 2 % B A LA U i PR TR R IR B
L EL FAE 3. 5 5 HURE P SR T00H 2 45 3l o
947.7,1317.85mg/(L-d). %} B, C.\ E. F ¥ 5 ‘5 HUff
1 PS iy B I T kAT TH 5L (GR 6). TR B T 2R 22 REAA 1Y)
5 T R IS TSR A S 2R 10% 2 A5, I8) e A it
U 7K R VR Tt A R R i 4 SR B
I IR) e A — B A IS R REAR A AW S KA TR
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Fig.2 Schematic diagram of the morphological changes in two types of SRMs
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Fig.3 Temporal dynamics of total PS release concentration in the column during the slow-release phase of SRMs
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Table 5 Parameters of the linear rtegression for total PS release from the box—column setup

N , THB FFEE
RN | - — — —— > rT—
VAR ] (d) B B (mg/L) BRI R [mg/(L-d)] G R )
A A3 1 870.2 870.2 ¥=1033.7¢ *""4¥ 0.979 0.114
A5 3 1629.5 512.4 Y=2445 4¢ *'3¥ 0.926 0.133
B B3 7 149.6 16.9 ¥=265.8¢ "M 0.865 0.049
B5 11 125.1 10.1 ¥=219.7¢ "2 0.626 0.029
c C3 9 687.7 72.8 ¥=6931.3¢ "2 0.824 0.224
C5 11 625.7 56.1 Y=16758.3¢ "2 0.898 0.240
b D3 5 1500.9 308.2 Y=1762.2¢ ¥ 0.902 0.125
D5 3 870.3 308.4 Y=687.2¢ “0%¥ 0.845 0.086
. E3 1 918.3 918.3 Y=4282.6¢ 7Y 0.946 1.347
E5 15 1316.9 977.0 ¥=8947.2¢ 000 0.930 1.090
. F3 1 2138.4 2138.4 Y=6188.1¢ 7% 0.942 1.379
F5 15 792.2 497.3 Y=4719.1¢""%¥ 0.960 1.114

R 6 PSTEAERAH )T B E

Table 6 Average retention time of PS in the column

HUFE H FRARKEA B PR N [l (h)
cs VR R 22.7
F5 TR {9 23.0
B5 i KA 190.3
D5 i Wb 242.8

2.2 PS-SRMs R34 fE

7t SRMs ERAE B B, A A h 22 BAT I R I
Ze (K 4).A R URBEZ) 58.6%111 PS 25 BTX (1)
AR AL N B AR 28d I [1) PS 73l 31K
T A HEB3 HUFE T PS WEEIREELE B1 PR 59.5%,
PS 25 BTX [4fi#4E+1E B1~B3 B.C & HUFE T PS
I3 R, C2~C5 Bt PS IR JE WS /KI 7 )i Jaks D
W PS IR JEAE 5d NIUE [%,D2~D5 Bt /K 77 1) F
1, SN IS TE) 4. 565 4L E ATF #E b PS IR A/E 5 48h
IR FIEEAE, RILPUE TGRS TR

A. D HENFEEFETET PS AR EY
FEPY XFEL SRMs SRR BE 25— B ST B LA A
PS ZEREIHR I T3 0, HEDU S R A YA A AL

3200

IR T AT S, T30 PS SEREMDITR(C FEWBIE RS
THIENTB )P PS 5v5 Gtpsfi Js N i )4,
AT RERS .28 —HER E. F HE3E4A PS IRIE(R
FARBEFTTUIN SRMs ZEREI B ERR I IR Bl 2%
IR T RS AT A ARV S Y sg .

7t SRMs ZZRE I B, AR N BTX i il
AR LR 545 IR A B RECH KT ,A0 BURE
I BTX il /e s 34d IA R4 (62.1mg/d),Al
BUFE D BTX il A A0 1 27.5%.B0 7E5 30d
L FIEE A (67.6mg/d),B1 HUF: I BTX Jiiili &4 BO
(1) 23.8%. fHAEAH RN TA) BN, T A5 BS HUFEH
BTX M #EA L Al B HUFE RS T 3.5%H1 5.2%.
MG SR KT PS W BTX (A A A 22 R AR A A A4
i, N PS PR IR HEW N R R PS E
Al. Bl HURE T R B0 G By B, AN T A 1 X Sl
TLH I B AL R AT FHLA /BT 2 A3/B3 TSR R
T VSR B ARG, LA I 21 NOy (SO ALAE FH v 18] 77 4)
LN 0.16~2.97mg/LUEM] AL B #F M B A%
A P L o W
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Fig.4 Temporal variation of PS concentration in the column during the slow-release remediation phase

C. D HWPFR)BTX il R ILHT KU 7 ) i ek
Ha#hC K C1 URE L BTX 307 28 B AR T 1
26d WAL, G 3d NEER S Co AHiEKF
25 26d I,C1HUFRE O BTX il 2 b €0 R % 18.1%.
55 30d I C1HUFE @S5 CO NP4 68.4%, M C3
IR 118 ATy R A s KT (8 C ey 61.9%),1M0 CS
HURE R C3 NI 61.9%, s FiEis 280 S
B G HHEAT.D KN BTX AR 15 L I 5
Z1.D1 BUREIAE S 30d I BTX RS & Lk DO K%
87.8%.D3 HUKEIIEEAE 28~30d BT 220 T B4,
LA E R g N E SR PSRV EL S E Ry N
1) PS S8R5 bR E HECH A F AP T E
BOBTX B &S ETHR G PAS, BRI 2R T
ZE5E AE EVF FE N, BTX i Bl ERURE P 129 0 389 K 1
WA FARAR, AE A JTU(F AT TPoxX — I % T 1.

R 7 AT50,AL B (A ZKE)BTX 5 3 9

HSEHIME A WA 0.070 A1 0.153d T RIS A

IR v i IE o B ab B 7 P B 0.066,
0.043d PR B 7 A AT A BTX 1%
B, D0 22 B 5 X B TR AR SR R Y S A e R
SRR RS AT B KR I ) A R o R
T C AR5, X B HA K 7 7] BTX ¥5 Y e
SRR WP A1 P B B B A T2 K
X—IME.

K7 EHORBTXRETHREE—RRREEEHG
Table 7 Pseudo—first-order decay rate constant for BTX

concentration decline in the first batch (d™")

' IFEH 0 IFE 3 FEH 5
A FE 0.049 0.066 0.071
B fE 0.163 0.179 0.120
CkE 0.097 0.117 0.075
D A 0.103 0.083 0.066
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Fig.5 Change in BTX mass flux in the column during the slow—release remediation phase
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Fig.7 Temporal variation of NO3 concentration

*8 FAEPHEY Alpha ZHMSF
Table 8 Alpha diversity analysis of microorganisms in the

box—column

Yy Chaol 5%\ Shannon #8431 Coverage 5%
A0 64.5 1.01 1.0
A2 35.0 1.02 1.0
AS 33.0 1.00 1.0
BO 157.6 1.40 1.0
B2 66.0 1.13 1.0
B5 64.0 1.24 1.0
Co 917.6 3.43 1.0
C2 583.3 3.14 1.0
C5 678.0 3.28 1.0
DO 490.0 1.62 1.0
D2 671.5 4.09 1.0
D5 651.4 3.27 1.0
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