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FERBEE PR ELEREMHEINE M AXFTRRLSERFLE TR RXBSRTREM ST R K
BZ207hAL, FRERTAALIDE P ERABHG I RAEADHE ERBERBERE. AR TARI RN Z4+a#EL
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Transport-deposition behavior of lysozyme in aquifer media with
different particle sizes during managed aquifer recharge

XIA Lu, ZHANG Qianyu, ZHANG Zhiqin, QIN Mengjie, LIU Jinhui, ZHANG Yuqi
(College of Earth Science and Engineering, Shandong University of Science and Technology. Qingdao 266590, China)

Abstract: Microbial clogging represents a critical bottleneck restricting the promotion of artificial recharge
projects. Capable of hydrolyzing extracellular polymeric substances (EPS), lysozyme exhibits potential for
mitigating such clogging and its migration capacity in aquifer media directly determines its practical application
performance. In this study, laboratory adsorption and one-dimensional seepage experiments were conducted to
investigate the adsorption characteristics and migration-deposition behavior of lysozyme in aquifer media with
different particle sizes, and to elucidate the underlying mechanism medium particle size influence. The results
demonstrate that the adsorption of lysozyme in quartz sand sfollows the pseudo-second-order kinetic model,
dominated by physical adsorption, with an adsorption equilibrium time of 120 min. The adsorption capacity
increases with the decrease of particle sizes, with the maximum adsorption capacities of coarse sand, medium
sand, and fine sand being 23.25, 31.25, and 34.48 pg/g, respectively. Regarding migration behavior, the
breakthrough time of lysozyme is significantly prolonged as the particle sizes decrease (80 min for coarse sand,
240 min for medium sand, and no breakthrough observed in fine sand within the experimental period). The
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deposition amount increases with the decrease of particle sizes, with lysozyme predominantly enriching in the
surface layer (163. 05 pg/g in the surface layer of fine sand). The migration of lysozyme exerts an impact on the
permeability of media: coarse sand maintains stable permeability; the surface permeability of medium sand
fluctuates remarkably in the initial stage; the permeability of fine sand decreases continuously due to the massive
deposition of lysozyme, with the surface relative hydraulic conductivity declining to approximately 0. 7 at the end
of the experiment. The study findings provide theoretical insights into lysozyme-mediated microbial clogging
mitigation during managed aquifer recharge, and provide technical support for the safe recharge and sustainable
exploitation of groundwater resources.

Key words: lysozyme; quartz sand; transport-deposition; artificial recharge; aquifer clogging
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Fig. 1 Cumulative distribution curve of particle sizes in the tested aqueous medium
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Fig. 2 One-dimensional seepage device
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TAE R A AE 25 °C (180 r/min TR . 20 7E 0,10,20,40,60,90,120,150,180,210,240 min J7 it
e, FERBUH S H & 15 min, BUEIEWAE 6 000 r/min F B 10 min, ZEIE K 281 nm AW O B, AR P8 AR
e ST S R . IR B 3 A PATHRE .

$2e RO 3098 1 A Ay DD 2 T S TR Rk 22 S W0 WEF 3 g 2 gl 2 9 5 0 S B )y ) 2 R R AT
U AR I B R e AT I B R B Q. SF S B

m

Q.= (D

Kb .Q, Ky BFZIM Wi, ng/g: Co MIE WEF P LAV s mg/L;C, RIE W EEAE ¢ B 2R E . me/L;V
Sy W A 2R e s T T VA TR B R R, mL s SRR B R A SRR B L g

2) W BRI A

A3 R B S 10.20,40.60.80.100 mg/L A7 B B IR, B L 20 mL WA 5 g AN[FRLAE A 50
M RE B D& R, RS E TR IRG & 78 25 °C (180 r/min £&F TR 120 min J5 K FE 5 U 8
15 min,6 000 r/min &.0> 10 min, B EE R AE RS 281 nm A0SR, IFAR H A v il S 3380 0 T il ok 12
BRI E 3 A FATRE e R O T 53 W B 2 L 225 o) 56 ek W o o 2, O 5 20 il 26 L g R A AU R AT L
AU BAE P A B K RN R B i QL B
1.4.3 —#BRIKE
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PLRAEHAEA T DR &,
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1.4.5  ZLAMGIE BT

K 1 B 27 48 96 3% Y (fourier transform infrared spectrometer, FTIR; Nicolet iS10, % Bk & 1 /K
D W W B 50 AT S A e b R T E R A B AR Ak . MNKET B T RS R TR R S LA L s 99
P LA Ot b 5 5638 21 KBr iR & 5 il i R #8547 FTIR 208, i X3 4 000~400 ecm ', 73 FE %
H4em !,

2 ZERE5iHE

2.1 REBE AN RE ARG SR IR E A IR M

2.1.1 W3 T2 ol +>|:E%:§E
U 30 125 0 4 A e . W L 7 | ehea
B T O WS 2 5 40 0 B O T 2 ol
T BUHE T L T S SR R B o
AR AS . I 4 T RLFE . 0~20 min % %sm |
Bl [ 75 555 T 0 6 40 b T 0 gzo__P%Ak4\*,+\yﬁf
BB, R 7 20 1 O 0 T LR 2 V&
e 4020 00 3 B O A M O Al

18.49.22. 84 fl 22. 04 pg/g;20~120 min, W ff
v 32 S R TR S Ok Tl =L ¢ \ \ \ \
TR AR G MDA B 5 A 18. 49 pg/g WE R o = o e a0 s
23.29 pg/g, TRV AW BN 22. 84 pg/g WEE fif [ /min

26.86 g/ M AWML 22.00 pe/e ME gy wameRRneEED R E0ORNDNSH S
30. 82 pg/g;120~240 min, HLED | RS R A0S 41 HY Fig. 4 Adsorption kinetics curves of lysozyme in
MR B i 43 53 AR S AE 23. 29,28, 86 Al 30. 82 pg/g. quartz sands with different particle sizes
ARG RE] W AT R 120 min WL 7 S
TE = FlORLAR A0 S 00 2 11 Y I B 2558 T AR E L ik
1) K7 0SP48 BT A [ AR 15 7K A B X 3 T A ) R A
R AU (30. 82 pg/g) =P (28. 86 png/g) >
MAP(23.29 png/g).

ABFICR I — BRI~ G By s h@Q) ke
T 1) SR AU B ¥ TR AE A [RDRL AR A b R - t L

W= 3 8 i

F1 HHHAZEEREXANX
Table 1 Formulas and parameters related to

adsorption kinetics model

By J) A FAE:N

T A4 I B o L S5 SR 5 R L LA S RO 3R
2. HLRD . TED RN I T T SRR S8 R (4 Tk 9 E— G B R R, min T sk, SHUE S
%"J?'U 0.997.0. 995 . 0. 981,@7{5‘3%*ﬁﬁé2ﬂ%7/€ B33 SR H . g/ (pg » min) 3 Q, Sk - 1 I Y W B H:  pg /s

4G R ; ¢ 2R B
G R {5 (5918 0. 865.,0. 995.,0. 963) , R LLLE NS

I LA AL - 08 T i 1 1 6 {15 9 — 20 OB R 8l g " R R ) BB ) 5 B0 B TE AR 25 F T L R o
TSR RE G T L 3 TN I BT T A A [RDRE A A7 S D 3 T AY W MY B D S AT Do HE s 1 A R B iR
LT S R A T 5 R 50 2 1T R o IR 14 9 S B0 P LE L 3 R 3 52 390 W R 5 % T 1
A S0 PR P I B ek A o 45 S L AR AR R A A A T A TR AR A A S A 3 T ) R R S R R T
TR 73 15 0 S R TG AR R A
2.1.2  WERR AR

NS 6 5 i 2 VT J2 B W O A R RSP 657 Bef (0 80 AR T) A AR L0 LI A AR 225 8 A il ik
W 45 Y £ P 5000 FG e 11 Y A 4 56 IR B S B0 AT Langmuir, Freundlich Al Henry #5850 A%
TRk Nk 3 s .
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Fig. 5 Fitting of adsorption kinetics models for lysozyme in quartz sands with different particle sizes
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Table 2 Fitting results of adsorption kinetics model

E— 93l Iy A A

W= 93 Jy o i

g

by R? Q. k, R* Q.
bRl 0.009 0.865 20.616 610" 0.997 23. 256
LRRE| 0.006 0.995 21.795 2x10°" 0.995 31. 250
b2 0.010 0.963 42,559 1x10" 0. 981 34. 483

VA T AR N 6] R AR A D 2R T Y
AR L E 6 o, MK 6 Al

x3 ZEBMEBBEXANX

Table 3 Relevant formulas of isothermal adsorption models

VLA . BE & W T vk B2 9 3G m (10 ~ R it
60 mg/L) , HeAE AR RLAR A e b 3% 18 1Y) o c. C. 1
Langmuir f& 7 a:Q Q7K

W o6 et 2 Ik A, R A 2 W B i
9.94 pg/g W E 27.32 pg/g, PHREH WK
Bt 12,55 pg/g #ZE 39.11 pg/g.
YD 41 W B o 13.93 pg/g ¥ E
40. 43 pg/g, XA W R A HE T L
R 2 B A7 B 6% Ay VS AT TRt T it I
G LT B L o 7 N
60 mg/L ¥ & 100 mg/L B, ¥ B B 75

Freundlich #& 7 InQ.=1nK l_-+LlnCc
n

Henry & %1 Q.=KC,

WK b Langmuir B8 19 0% 7 i 5 80, (L o+ pg) /(g » mg); Ky
%7 Freundlich B 5 i) W% B F- 5 % 0, (pg/g) » (L/m@) "3 Ky
Henry 5 5 {1 108 B 7 85 % %0, (pg + L) /(g « me);C, P ik &,
mg/L;Q,, MR KW &, ng/gsn SRy W BVE FBLH Y SR AT 8 50,

AN TR KL AR Ay A0 2 1T 14 W5 R ek 24 R AR e L LA 2L L v 0 R A D L A O T R 0 0l 4E R AE 27, 32,
39. 10 1 40. 42 pg/ g, X U W1 T T 15 A7 8 A0 38 TAT 149 W% R O AS 1 B 2 3 W1 Rl R 2 ) 1 oo T 98 v 19, 24 A 9
b 3 T 8 A A0 R A A7 8 B AR R AN [ A A S B 8 T4 T 1) 1 RS 8 31 i K 1R
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ch Al Henry #& 8 JEA7T L5, 45 R a0 7 FF
NLME SRR 4, HLED b R A0 ED 1)
Langmuir £ 8 Z %0 R® {H % % F 0.994.
0.953.,0. 977, ¥R T & K42 41 19 Freundlich
BRI R A (4359 8 0. 984.,0.906,0. 954)
1 Henry BL AU R* {H (4 3 & 0.930,
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Fig. 6 Isothermal adsorption curves of lysozyme in

quartz sands with different particle sizes
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Fig. 7 Fitting of isothermal adsorption models for lysozyme in quartz sands with different particle sizes
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Table 4 Fitting results of isothermal adsorption models

Langmuir £ %1 Freundlich £ % Henry #&
145 41
K, R? Q, Ky R*® n Ky R?
bR 0.032 0.994 41,667 3. 455 0.984 2.016 0.281 0.930
R4l 0.037 0.953 58. 824 4. 144 0. 906 1.767 0.333 0. 644
41040 0.033 0.977 66. 667 4,221 0.954 1.736 0. 301 0.621

2.1.3 VA DA AE A D 2 T A R A AL o

1) Zeta HL{V

W B 56 J5 A P Y Zeta HLA 23 KA kA . TR BN AT SR AP Y Zeta HAA O —15. 43 mV, R I N B 5R
4 70 FL P 5 TV TR A Zeta HLA R H5. 02 mV ., 5L 55 15 B Pk 3 S R far M A S W B T G A
W T 52 5 AR 1Y Zeta HLAL N —6. 24 m'V AT W BRI A7 S 20 B HEZ (—15. 43 mV) , FL67 HEL 67 19 266 XoF
EFEAR 9. 19 m'V, R W A1 S5 1b 55 15 B4 G =2 18] 77 78 L 51 0 46 FH L AR 0 3 O 8l A A 0 100 38 10 % A W T TR
A AW . A AR v TR T A IE R a5 43 R RN T A D 3 T Y E g, DT S RS T R A R

B 7
2) FTIR 4387
T
HPEL 8 B 7 o 7 SR I v U 0 -

FREMTAZ AL . X L i 1 AT, W RS oA BT

FE G R 0 22 9113 T T LR 2
S 4 0 T 00 2 1 0 B wTV\(fMMMWWWWMMWWW

R B A B L 1 ) 1188, 22

2.3 EEEER FREE SR 0 AR -
AT K T o Bk A I B0 KA VWY\lf

PR BT RS T I IR R 2, K 1188, 32

Vo5 TR I E B B DX A ROV L 0 A R A
MIVE A B B R R R ). W 9 fiR
Sk U T AR S DR AR A S0 TP G T RS 20 B il
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