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W E HNBREYRME SIS IE RS (gravity-driven membrane filtration system, GDM) X} 7K Y5 /K /5 4 &
FERBOCRIRA IR B, R H 5 K B (wood membrane, WM)#i5, VAR HBEM A NI ESEESE RN EZRICE,
KWL BT AR S A B 4 ) g (microfiltration, MF) 1) GDM % 45 (GDM1) #1544 i JE I GDM & 4
(GDM2) Xt 7K Y5 7K o HE 42 Jm ) 2= BR A AE S Pl . 5 GDM2AH L, GDMI1 RS R BRIRAER T, H kg R
(GDMI-MF) [ i £k W) BEE TR i O 2 90 e TE g A AR 2548, [k, BRPHODEEL, Re@ET &, REBTE,
GDM1 Z& S5t 7K Ff Fe. Mn Fl Cu A9 22 Bk 300 91558 67% . 43% F1 59%, 475 T GDM2(64% . 15% Fl 36%). X &
i T GDM1 R 4 4= W) 8 g 4h 38 & W) (extracellular polymeric substances, EPS) #1851 LA —OH Fl—COOH 3 [4]
WX, BEAEAMTHREESE. LI, GDMI-MF TIE7EE 2 4G E AL A . BRFF 18 ] Acidobacteriota FE AT 1 &
Flavobacterium, {23t T Mn Fl Cu 2 Bk s AR WF5E M FIH GDM R 4 X Bk B 4w #2473 a0 B Mmook, xf
3 F F GDM F Gt b 3 8 403 15 Gk JRUK 59 i B R 3 X

KHEIR EARSEEALIERGE; EEE; KK KB REVE; MEY

T E AN 3k ) i e A A b IXC PR T 2K B R R = AN A5 el R 4 R B Y K AR A R AR T KK R T,
— LU XA TR AR & AR IR, R K & il . AR AT R ESJE S, ATRES
BB B 0 s L BRI LR R G TR R R IR A, W LA
T AR KA BB T 2 e R A e S B, & 77 9K Bl i 1 8 &R 4¢ (gravity-driven membrane
filtration system, \GDM) 1y —Fh 7> floth o . BRARE GG 8  (RBEAE AR BUA Y K AL BB, A 1
X F K A B T EL AT A G O FH AT S ). GDM 7 4~10 kPa 2514 R s 17, JoT AT fa] 4 BE ol Ak 24 v
Ut, RERUE S TR H B, &M T RN KEHEY S, 7E GDM &G, UK RS
YA, BEAE R I, TR — B A S T5 IR 2, 3 — 0 R A B S G
YL K B AR

RS0 GDM ZGARME L PR & w1, Xk, A5 122X GDM R Se k17 ootk L 3 o 4k 3
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g, —eFR A A B TS GDM RGEHIZ S, DERESESEERR. X576 R
TR R AL PG I AE W R AL B A, SRS UE MR R 2R, R RUE Y R BR A R ER T, b
Ab, DU %504 3 3o 7 B3 T A0 0 AT Mk e TR — 24 Ak, AL SN E AR I e, M
PR FEER 9 25 B o SHI AE ) 3 38 2o 7 J5 3 11U i 25 A 2k DA T 388 Jin A W B 1y 2 AL 454 i Rt B 5 T
EHBEMEERE, B2, ERROBNEMEFNSRERESE, HiE R mgkmmnk, SR ms
Yoo WG, JFR—ME AL T EE R GDM R H &R LB, LA GDM 247K
FHK Ak Hp g R LA E R

A JE B (wood membrane, WM) & — i B A JLZ JL oK LI 25 0 i R IR G (6 g s, e /K b
PR B EA E R R FWE 11, VITAS SRV R B S, $m 17X i 5 BR 3. YANG U708
ARSI REfL, DR PR E AR . B R 20 AR R rT A5, a2 AR R i itk GDM & 48
FERM 5 T8, 41 6T AT EZ H T GDM R G HiiE 5 R = X GDM & Giizs 17 1 52
MAERE . Ht, ARPFFEF AT R (FAR) b A BHE R BB, R 903 T R 6 V) ik
(microfiltration, MF) 5 FIA 5T I ) GDM 2 4t X 8 4 @ i 22 BRARE SO AE WL EE , DA N it A% R R
IK 2 4 ) R (AR 2 € FL R AR B ) b B 5%
1 #Rl5RE*%
1.1 SLIAKKER

SEHS FH K B A A6 TR K K IR 2 — B 2R 51K 9, HoK o Feo Mn Fl Cu (14 57 2 9 5 4331 A
(111.3+0.2), (4.240.2) F1 (31.69+0.1) pg-L™'c A T AL LE M [X Mn & & AR 1T Fe 1 Cu & & A @A
BB, A5 %K TR A FeCly,, MnCL #1 CuCl,, i Fe. Mn il Cu Jfi & ¥ B ¥4 200 pg' L' #%
AR HAAL =T . pH Dy 7.8~81; 5% 353.5~376.1 uS-em 5 S ALEK K 9.4~13.7mg L,
HOK DA IR )3 AR T RO K BAEARTE ) (GB 5749-2022).
1.2 IRMHREE

A SCHG ) GDM R Ge e B R N E 1T, SR FH R (B8 AR R R 27 4k 28 15 43 il 4 b R J g
(WM) R G ) 008 (MF) B8 o R BT DA 248 AR AR N R A 2 B1 I 3K, fLA2 20 10~70 pm, %% B2 K
039 g'em™, JEE K Smm, ZHF K025 mL, LERBAN 2.13m>g!, BEEAHR 7.07 cm?, A X}
Cu YW B £ 4 0.06 mg, *T Fe Fl Mn 1Y WK Fff 5 294 0, I 7K 38 5 24 442.5 L-(m™h) ' RA W
UENE I FLAE N 0.45 pm, X Fe, Mn Fl Cu MW B & 298 0, ¥E/Ki &R 1 151.8 L-(m*h) "o A5 5 Al
RA W B0 2R DR A0 18] 3(a)~(b) Iz, AR J5T R 3R T LR HL AR AE B RFLTR 1T 2R 5 W A e e 3
MBS, L E 2 2 GDM R4, 4 1 48 KR & R A Y HOEE £ 4% (GDMI1), HfAk
JT R GDM1-WM, 13 & i< 5 GDMI1-MF; 3

24 R B A RN 2 55 (GDM2),  H: fok B N i BLAH
&7 GDM2-MF. ' SZEGHT, B A B AR Gl i 2 L*
[ 1% NaOH FIHGHE 4l K HEATHhug vk, HE i o N (YR

i AR Y K TE 2841 254 nm Ab Y T S B
(UV,s,) /NT0.001. [F]FEHE, B 4l K 8
I P Yk 2 UV,g, /N T 0.001, 2 2H GDM % %; LU
Bt v o PE A IR E AT, A BGE I AR

_ AL L
3om, SR30FE S W AEIE S kPa(50 em K 3k). hy P FEt
TR gD HAL R AR, 2 Had g R G \

HKICHIR

1 AERKA . Bfrd T, BRIEF*S

L X o El1 GDM15GDM2 R4 £ EREE
Fwima, WU K IR K BT AT R

Fig. 1 Schematic diagram of GDM1 and GDM2 systems
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1.3 JK BT

HE KRR i 58 A WO B SR 2 A1 -1] DL 43 O BT (UV-2600, Sy al, HA) W, #IH
680 nm Ab M S 5 4G KRR FURL ) Wk B B A8 Ak . SR 2640 O EE T (F-4600, H 32, HAR) PRI
AN AW (extracellular polymeric substances, EPS) A4 & FH A1 FH 25 W) i . /K EEH Fe, Mn A1 Cu )
i 2R RO 2 e R A 4 S IR BT 5 X (inductively coupled plasma-mass spectrometry,
ICP-MS, Agilent 7800, 3 [E) &,

1.4 E£REN

D) AEWIRREERAE . 78 5250 45 o 5 4 A D RS AE S D BBk (i o B 1 BRAE R EA TR R, ot K
Jii S8 A% B #Z R (deoxyribonucleic acid, DNA). 2 & Bf# 5% < Vi (polymerase chain reaction, PCR) § 1% 55
WA, 7E lllumina MiSeq *F & X} 16S tRNA #1710l )7, HEXHFAEY = F & (LB RHELEYEZRH A
PR ED) AT R A0 38, o AR W B T B AR D BE VR AR M5 2 o AR IR S S VR TR S, T S
EXTRE S AT AR, TEFHE B T B AHBE (scanning electron microscopy, - SEM, SU8020, H &) T MK
AP R AR R RS . BEA, AR AR KT R AT an R R AR H X 4Ot i TR (X-
ray photoelectron spectroscopy, XPS, ESCALAB 250Xi, 3¢ [E]) &7 A= ¥ i b 18 T K 41 Bl S HoAb 27
{5 85 18 3 B A8 6 21 48 % (Fourier transform infrared spectroscopy, FTIR, Spectrum 400, 3
[l X A W B 14 R RE AT R AT FRAE 5 SR A A1 4 (Dataphysics, OCAISEC, f[wl) 7 £ 4y IR 11 2% i
K.

2) EPS M 2 B 5 M 2 o HOHS 43 A8 W B, o HE B 6 O B T Wl R £R 92 vl % WX (phosphate buffer
solution, PBS) ', F#EATINHENR 7 A1 &S0, B W BN 4 EPS $2 B ", EPS i & 11 & & H
Bradford yA I " 2205 1t 2R R 1 At R 12 0 e 0

3) B 4 B 7 v o B b BE AE Microsoft Office 2019 1 #E 47, I 4fi Fij Origin 2021 /K . 2 40
GDM G (4 20 7] 22 S5 dad P X ¢ A 9607 Wk HE AT 56, 75 IBM SPSS Statistics 26 H1 AT .

2 #FERE5WE
21 GDM ZZBES5EEREEMK

WA 2(a) Bron, GDM R4ttty 67.d, MRAEE & #9220 53 0~10, 11~40 Fl 41~67 d 3 B
B, X5 FENG 42" & 3 GDM # Gt i 2 L et B AL 9 B — B, 72505 TR B (0~10d), 241
GDM ZA &l fe iy, (ARG, X5 3E K 975 e 3 ZE AL LA AE WIS I T 1 f 65 HE 4
I B BE (11~40 d), EIZE18 PR 58 BBt (41~67 d) T, 2 41 GDM 2 G0 2t 1 4k Jr 7 — AR
FERPIRAS . B2, TR BB, GDMI R4 1.1 L-(m>h)"', GDM2 R 419125 it
0.9 L-(m*h)"', GDMI1 RS i i 3 & T GDM2(P<0.05). FUtFm, & 2b) i, A#iin
K F1BH s B SE AR R R H, JF H GDMI R S8 B 77 B 2K T GDM2(P<0.05). X %W
1E GDM1 R4, RBUBERIAFERRR T RS MK BT, i, GDMI R4 B A e i e il it .

1E GDM F Gi A 7] 35 47 By Be 2 18 B 5 A Bsf 18] g I o 43 J8 25 F B s vk . Q& 2(c)~(e) Fias
GDMI #I'GDM2 R G 7E iz 17 J5 WX 3 Fp & 42 J& 19 LB B R I Fe>Cu>Mn 1 #LAE . Horr,
GDMI1 fEfa 2 1T B Bt (36 T B BY) (4 Fe. Mn. Cu [ P35 2 BR 55510 67% . 43% H1 59%, GDM2
H1 Fe. Mn, Cu (V3 KBR300 64%. 15% Fl1 36%., 2 4 JJ I & 4t Fe Al Cu 9 L BRR & T
Mn, X J&H T Fe F1 Cu 76 H M 5 55 Bl M 1A R h 5 T U EAL D BAR T BB 2 9 Rl /8, [RIAs,
T W BT T R SR A | e O A L RE B 1 BT SE A SRR, I Min 1Y R BRTE AR T 5 AR W R DL RrE
FE AR WU VR 0 B A BAE P2, e v wiia b B, AR AW, A5 AR Yy B S £,
Fe M2 BR800, Bifi 2 W BFEA7 A B i A, Fe B9 5B R A T FRAK. BL4h, BT GDMI By & & F
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Fig. 2 Variations in flux and membrane resistance of GDM systems and water quality improvement during operation.

GDM2, flif3 GDMI # @AY RE L, Wi B AR EZ WAL, Bk, GDMIL Y Fe X%
T GDM2., GDMI1 Xf Mn I 23 B R B 4 ] (8] (0 4 4 i @i 384 in . 11 GDM2 19 5 BR R AN REAI, PR
HRES FES5MAY M Mo Z [ AHBAERA XD, %528 — 1 . GDMI Al
GDM2 %} Cu [ Z3BRJFHE 5 Fe 25Mbl, 2238 o 2E Wy B 25 B Cu®, GDM1 B |7 55 2 T GDM2,
B, GDMI % T Cu 925 5 R A X 8 o % T Fe Fl Mn £ B8 27 49 d J5 52 0 HH AH T AR 1) i 34
AR5 1T O 2 2E A K B PT, B UAE 67 d X R
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HRAE 20 Brs, BT i K b B A — 8 B2 B2 19 3, GDMI1 FI GDM2 £ 45 ¥4 fig b 2 B AR b i
(P<0.001). B GDMI1 1 GDM2 R G fi & R 4 iy ok sk AR B B e )1 . S LAY, GDM1 R4 ik
A 83 2 AR H 7K DOM 1935 7 (SUVALL,)(P<0.05), i GDM2 £ 48 4 A 8.3 (P>0.05).

22 EYIEMS R

PETER-VARBANETS %™ JA Sy A 1) 5 10 25 M4 5 Pk J2 52 ) GDM i i 9 2 2 I K, IR AR FF 52 06
AW IE S ZE R IEAT T 3RAE, 3 Fh A= P B 1) 2 10 AR 3170 25 M FE SEML T S I B K 22 0. i &
3(c)~(e) FI K1, GDMI1-WM AW LR I AFAE R Z LI, H GDMI-MF A W) R 1A B A 2 L 10 45
¥y, T GDM2-MF 4= ¥ B [, GDM1-WM F1 GDM1-MF 34 8 s . Ao 0, AW 240
45K F1 GDM By f2 g i Z M AR FE IEAHOCOC R, BRI EA B Tk aret . 5 —Jrm, Wi
3(H)~(h) Ir7x , GDM2-MF A= ¥ i (1 J& Ji 22 K T GDM1 H WM Fll MF A 9 5 (g SRR, R 7K i
W, B, AFEREEA AU T GDM A=W I i) 2% T AN R AT 25 4, 35 i 2 PP GDM & e 13l i
FUK I 1255, X6 R T 1Kl 2(a)~(b) T GDM2 Z 4t [t GDM1 252 (147K 1 BH 3 Bk HLfa 5E i
AR A

wE 3G) frn, 24> GDM F 4e A W B i 42 fok £ s HOR B K HEAAAE I i 25 5% . GDMIL-WM |
GDMI-MF 1l GDM2-MF A= 1) B i 400 B3 422 il £ 53 391 R 141.6° . 93.6°F1 87.7°, [A itk GDMI1-WM E %))
R P SR K, GDMI-MF R 555K 4, i GDM2-MF b 5525 K . GDM1-WM 4= 9 i (1) 3 2%
Befhfa N 2218, 1 GDMI-MF Al GDM2-MF ) A= 1 15 3l 25 422 fol £ [ o0 B EL O 9% 3 38 30T 00
GDMI1 Z G5 2 Fh A Wy 5 2 R B0 g A M, T 0Bt A o LA XUt w5 3R A ) T 5 4 R B A
TEBHE F-n s AE L, X AER AT REINS: GDM1 R T RS R SAEYB WA EA/ER, FHAESEE
D E P, A, [EAEENE, ML GDM2 245, GDMI £ 4t b A= ¥ 15 5 fin i /K (B HFa il
S, K B A IS A R ) 3 AR SR R BRI TE ] .

K 3G) BT 3 R AR 25 0 . 3 T A Wb 1 634, 1545 1 1457 em ' &k AU 5331
H—NH,/C=0, C—N/N—H LA C—OH. XL A5 AW 7 s i & L 2R i A OGP0, fif 1 244/
1257 cm™' 1 1024 em ! 43 B C0—C f1 C—O, Tk [ T LKW HEY, GDMI-MF 4: ¥k h
ff)—NH,/C=0., C—N/N—H. C—OH. C—O—C 1 C—O W§ ) 35 & i 51 , HIKJ& GDM2-MF #I
GDMI1-WM AW, XKW GDMI-MF Al fig & A H ZE A MEMRY . 3274cm™ 11727 em™ 4b
UK F F—OH F1—COOH ') C=0 M hr e 3131, X g #E GDM2-MF 3 i 7 i 341K
B 5 B o [F B, 5 GDMI-MF il GDM2-MF # b, GDMI1-WM 4 ¥ i o —OH 5& J& o i
CHOINSKA-PULIT %2 {A -~ OH FI—COOH % 7] LIE 2y 16 Pk 4 J8 45 & 7 a5, AR HN A i 2
Bro P, -GDM1 RS AR IR B E 4R LRGeS o AR WIS P b2 SRR M 1) XPS A
g5 AN 3(k)<~(1) Fian. Ols i 532.5 eV b A IE Jy C—O—C B C—O—H #, & WTHE. 44
M. BECY Nis BLi5h 399.2 eV ik 1 0 9k f B o B 9 N—H, 5 E AWM AFEA LB, GDMI-
MF E W) C—O—C I N—H {5 5 i ik, IR JE GDM2-MF fil GDM1-WM. [k, FTIR il
XPS it &5 Feeth) 22 B AR 5B Al 77 A6 T BERE I T GDM R G RY B 1 28 &

2.3 =R LA R

ot AE MR T AR R BRIVE AT, I TSI 45 T EPS v B 1 AU M) BN I AR
o WA 4() i, BB AL Fe, Mn Al Cu A9 & HE7E 2 41 GDM 8 4 A= 4 i v 35 26 0 A ) R
#, Hl GDM1-WM+GDM1-MF>GDM2-MF, Jf H. 2 41 GDM £ 4t " {3 i Ji5 2 {7 5 i FR2E ) JiE o Fe N1
Cu 1Y & & 45 GDMI-MF>GDM2-MF. iR %5 R % B] GDMI (AW EXS Fe. Mn Fl Cu 1Y 2 B {E
- F GDM2, AKFEAE#E T GDM1-MF %} Fe Fl Cu 1) 4 .

Sy itt— 2L BRGE AR W I A RO B A B A R BRER, XA TR A R 2R & i T
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Fig. 3 Scanning electron microscope images, contact angle, FTIR and XPS spectra of membrane

3. I 4b) TP UV, G K/NE L : GDM1-WM<GDM2-MF<GDMI1-MF, 5[4 4(c) H 4= ¥ i
MR EA MRS S A B, DL g SRRV 3R LR T EPS 1Y% & 8 : GDM1-WM<GDM2-
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Fig. 4 _Contents of intercepted heavy metals, proteins and polysawccharides in biofilm and the optical properties of EPS
MF<GDMI-MF. 14t , &l 4(d)~(f) B 7n T A= 91 5% 8 2 O A HL Y 19 2 B A% i . GDMIL-WM Al
GDMI-MEF L4yl EPS 975 658 J# 438 T GDM2-MF, K W{E GDM1 R4, AR 09 47 16 15
RGE Y I b i = R (PO6 X D) AE IR (9O DX ID) 28 o DL K e R 1 1 7
(FICIX I IV) B . GDMI & G¢ A= Wy 5 vk 1 £ 1 A0 2 % s T GDM2, 5 FTIR Al XPS 455 —
B 3K AT RE S D A 1 I R BT RE 6% S A ) A K AR SR S B R AR, AT HE EPS Y 3
Ul GDM1 v EPS Ay B B iy, DA XS B <6 Jas A 1R B4 T B s )0 ZHAO 257 3 & BLAE 1 2 ) ot
H5&RETAEME - 8EN, i GDMI REEPS P mER S EEH TESENER. 5
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I RIEE, EPS 763 fe fa o h R ¥ EZAE R, A5 1 GDMI & 4t [ i B A7 5 5 & i 9 EPS FI R
R, BXAF A TANG S50 & 300 LLUER 1R 2 05 9 FRAE 1) EPS & 58 5, AH G I 174 e il
A AR . AL, 7E GDMI-WM A= ¥ 5 b A7 7 B S5 1 i 1R 28 ) T 1 98 G0 5 (OB IX
B V), AT RESE BT R R R S AR A R R T K S AE ERT, iX 5 GDMI koA Bl oY
itk (SUVA ) 2(0) W E BEARA — B0, 53— Jrifl, 3 678 A T R 2 17 5 A 35 19 8 4 2R o v] 5 4
JB AT AR, X GDM1 & 4t Hi /K T 4 i o W B A B A — 52 BTk
24 WHEDEEEMK

WKl 5(a) fr7xn, GDM1-WM, GDMI1-MF Fl GDM2-MF 4= ¥y Ji5 b 3 2 90 9. OTU %043 51l 219,
181 F1 264 4~ Hob, 3RS 116 4> OTU &3 A 1Y, X F 8t ¥1A 7Y OTU $iiE, GDM2-
MF % £ (81 1>), HKJE GDMI-WM(38 ~) 1 GDM1-MF(27 1~), 3 H GDM2-MF 1 Chao(270.4) 1
Shannon $5 %1 (3.6) ¥4 15 T GDMI1-MF(43 5l 4 202.4 1 3.2), X & WA it I A 47 E RER# Ik GDM R 4 41
WREE M E S EMERME. BB S50b) nT I, 3 F ALY R 28 I 08 ) Proteobacteria W A X = i 35 i
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Fig. 5 Comparison of the composition of microbial communities in biofilms
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Gravity-driven filtration system based on wood membrane coupled with
polymer membrane strengthening heavy metal removal from source water:
insight of performance and mechanism
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Abstract Gravity-driven membrane filtration system (GDM) with polymer membrane has a disadvantage of
low efficiency of heavy metals removal from water. To address this problem, it is coupled with wood membrane
(WM) to promote heavy metal removal in an environmentally friendly and low-cost way. In this study, we
compared two microfiltration-based GDM' systems, one was the wood membrane coupled with polymeric
microfiltration (MF) membrane (GDM1), and the other was polymeric microfiltration membrane (GDM2) only.
Their removal of heavy metals from water was compared and the underlying mechanism was further
investigated. The results showed that, compared with GDM2, the GDM1 system with wood membrane had a
thinner biofilm thickness with more sparse reticular structures on the microfiltration membrane (GDM1-MF).
Thus, GDM1 system exhibited a lower membrane resistance and a higher stable flux. During the stable operation
stage, the GDM 1 system-decreased 67%, 43% and 59% of Fe, Mn and Cu in water, respectively, which were
much better than GDM2 system (64%, 15% and 36%, respectively). This is because the coupling of wood
membrane increased the protein content as well as —OH and —COOH groups of the extracellular polymer
(EPS) in_the biofilm, which contributed to more heavy metal retention in the GDMI1 system. In addition, the
presence of more manganese-oxidizing bacteria, Acidobacteria phylum and Flavobacter spp. in GDM1-MF
promoted the removal of Mn and Cu. This study provides a new insight into the removal of heavy metals in
water by GDM system, which is of great significance to promote the application of GDM system in treating
heavy metal contaminated water.

Keywords  gravity-driven membrane filtration system; heavy metals; source water; wood membrane;

polymer membrane; microorganism
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