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# ZE. @JE (ultrafiltration, UF) BEARORAEW, BEWHNERRKESRD, Tif—BRAYIE (nanofiltration,

NF) A5 R e P FH o NF BB FLAR 2 B s e 5 1 RR AP R AL E 5, ATTTSEMRIR A MERE . O 1R IT NF AL X R
WIS FE IR & SRR A5 AT R R2 I, B 7t LAY SEVE M 1) UF 3@ ORI Fixt 4, 43 5% H 800 D+ 500 D+ 100 D
M NF & CPRAIZ 578 2.00 1.06 0.5 nm) FEATHEE, B A0 75 08k B SR FIIRTS JURpiE. S5 R . ARLZ
) NF 2568 s Sk BE Ak 2 75 8 & (chemical oxygen demand, COD) Fl&f (total phosphorus, TP), #kEH KA1k 68%LA
b, X% (total nitrogen, TN) FlE4H (total potassium, TK) HIELEABAL, N 19%~35%. BEEMBFLEAEMK, NF
%f COD. TN. TP. TK MBI HiEm, HBAZERAHE . ANEFLE NF BEERBIRS SR H I T S 1KiE
2R K. 5 1.0 nm [ NF ML, 0.5 nm BEE/NIFLAERT 2.0 nm B K PIGGIE £ 2 SBUIRR A HL— LN BTG
SRR, AT IE K B R BRAG; T 1.0 nm SRR T i) ATCHL &R 8 32 V5 B2 BONERS , il N RN .

AT B AR A 2, #E LAY 1.0 nm [ NF B E TR 48T UF 3B, W54 BT hitEs)
TR AR R e 5 T2 R e 5 H R ST

KR ik, BALE; BEBR, RFE; ek
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JEREFEE I, XN TFEARMA S EMm SR, Ak
IR 53 (IR G & SR AZ I MR PR FR A, 2T 52 2 [H
AN R

BIRVER 2%, SR B — IR 4 R e LSS 77
Dol 0B 7 BB W A TB YN i £ 3 QP N P 1 9 S K
J€ (microfiltration, MF) B#iJE (ultrafiltration, UF) %
E499E (nanofiltration, NF) {/xj2i% (reverse osmosis,
RO) 252 Bk s T2, 15 F 55 — I8 sk
4§ FIT, MF 80 UF Beg A% 2 Brgeid i B wl i BE ) v
VRN ARSI, AR HBIREE )5 41 NF 81 RO 515
FERE# AT G, SRk RIBARIZ TR Fhi RS
WFFR: £ 25 C. #4EKJ7 0.1 MPa 54T, FIH
UF WK 2R 3880k 4s 4~5 1%, @) COD Az i
%) (suspended solids, SS) JEAHEN A E X & &7k
ARE, (B E A KESZ (total nitrogen, TN) FlELfi
(total phosphorus, TP) , I LLidH IS A% ] NF #4680 &
£E. 5 UF AR, BE/NLE H AR 57 1) NF XS/
NTEIREEE T (Ca®) « BEE T (Mg™) EEihe
THABSF I EEY, Wik, NF fEA UF K)q st FE
HARE— P EEFRS, BRIBENE & MEICREN
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IR IEARL, FFARTHE WA B . £ B O 1.2 RERE

FOR I, NF 2R 38+ COD. TN, TP FUE4H (total
potassium, TK) HEIFRGUR, WAGTHITEH & =R
T3 %,

5 UF AL, 3847 /78K NF 552 3 15y s 4
HeEM, F AT, J5K AT RE NF Y5 Jeifiis £ B4
TEEE . BT R DRSS T 22800k, L
KAMERKES R B B W A R R E =, e
5 M543 B8 R 38 A7 R M DA R ok 448 RN i o A T
. RIKENERCT LA N 284 40, 55 80 nm [f]
B LM (polyvinylidene fluoride, PVDF) i, 5T
A ) S I 2 A B AR TS K I I B, 5 SR B il o AL
BRAR, InFUE R IREHR T, 47 Ik R 1 e 22 AN B
W, TGRSR, B AT NF LA K
NIV IR G R 77 43 1 BR A RN TS AT S s e )
FARIE

AR UF 40385 7RSI 0T NF K44,
WAANFEFLEXT NF R4a R 77 5 Fi5 e 1) 4 B8 24
R, FEHE— DB KRR S S
FEFLIE AR RIS BE 3 73 BT, 180 B NF W48 R 155 YA T
NGRR3R 48 ok R S 3 v A B AR
JETS YR 45 1) NF A, DUy HE 3 78 IR 4 1) R e
5 TREN IR MRS SRR %

1 MR55E%E
1.1 REAHR

IR & B E IS SVAEAT UF 348, LAk
B PSSR TE R E AR T R IR . Xk
B UF & A B FR bR R 1 fR

Fz 1 HIABEFRRE UF B RERMER

Table 1 Basic properties of chicken manure biogas slurry and its
ultrafiltration (UF) permeate

etz B UF &
Indicators Biogas slurry ~ UF permeate

pH & pH value 8.3+0.1 8.9+0.1

ECf EC value/(mS-cm™) 40.1+13 284+08
M Total nitrogen/(g-L™) 3.1£0.1 1.7+0.1
A%, Ammonia nitrogen/(g-L™) 2.0+0.1 1.3+0.1
fit§%( Nitrate nitrogen/(g-L™") 1.1£0.1 04+0.1

M Total phosphorus/(mg-L™) 179.1+2.1  102.1+2.1
S40 Total potassium/(g-L™) 1.8+0.1 1.6+0.1
b2 7% & Chemical oxygen demand/(g-L™")  24.1+0.6 3.8+02

Sl 4A Total solids/(g-L™) 212+03 —

IRI6 BT ) UF A NF B0 F 10 R RHR A R
Awl. KM UF ERERULYMANLES (FEN
500.0 um) , ¥RJENEEK RN 0.2 um) , BRI
RAA R 100 KD, AHLFAR &R, %4 800 D. 500 D
F1100 D 3 FOARFEIFUAS ) NF B CPIEIBEFLIZ 2 BN 2.0,
1.0. 0.5 nm) X} UF &R TSR . 3 Fl NF X A
AR W% (polyamide, PA) AHLEE, ZEEEN 0.2 um 1]
PA IREFELE 500.0 pm LS K Z, &RMES
TV F52 ) AN 0 R Tl L 485 4 F 325 ik

K FH I 4 255 B Ry v P~ AR A R0 13 46 (B 1D
#1559 BONA-TYLG-19, T ILARERFE AR AR . %
REFEME DR, YRR, B, R R, R
ORHE . B AR RS IR AR AR STk, TRk
IR AT RN 7 em < 8 em. S & 1 mm. &K
Z217E 7] 6 MPa.

a. WA
a. Equipment photo
LR
o Pressure
JBCEHR regulating valve
Discharge valve %
FLHE A I .
l\%éiﬁ; Pressure sensor @
tank

o

g
ik
Membrane tank @_—l

FE S 4 e LN Relief valve it E Permeate

Pressure sensor Flowmeter

e @ 56 6
Temperature /.Yl m
sensor P N
— Pressure sensor
W ER
Auxiliary pump Main pump

b. ZitREE
b. Schematic diagram

A1 BRBERGEEERELEMTE
Fig.1 Photo and schematic diagram of lab-scale membrane
system for biogas slurry concentration

1.3 RIEEIT

¥ UF R [ e Tt , EESTEA 08
Mpa. 55 IHE E N 6.6 m/s FIEEENRIRE N (25+1) C,
BEAT XS FEVH R 45 o 30 ORL IR BE SR A 1 R A AR
(DFY-10L/10) #E47#81 o 243E 7K [ 268 2 80% T (R
BIRIRGEREEOE 5 75, F1hikgs, e UF &l Wi
17 NF k45 bl 5 » ¥ UF 3Z 8 3 4, a3 T 2.04
1.0 A1 0.5 nm 3 FRBEFLAARIME 1) NF W46 . /£ NF K461
IO HT, K NF B 2 FREurh, % EI217E 718 1.6 Mpa.
BN 4.1 m/s FAUEERIRIREE N (25 = 1D C, FIH
#2247 30 min. fEMEMEREAR S, I 3 L ) UF
FERRE AR, FHRE . NF ERBAE TH
TR LR, BRSPS miERE, E—en
[ H 3hids% NF & i 284k, DATE 55 e i F
WFIEATIS ] o 2435 K ECRIEH) 67%0, B bRk
Gt Huk 3 4%, 515, Rl T E, e
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NF #4505 NF Edise s, T 4 CEbRE. 5
SEWE, FTPAEANIE A, BT IO 2SR
WE T HE TSP ERTE, DU R Bk
ANF] NF AL RAR I EE 3 Ik, AR R4
HTH) NF .

1.4 MRS EZ%

L4, 1 BRI ARIEAAEATI

pH {EATH S % (electricity conductivity, EC) Il
%E: KM pH/EC X (thermo scientific, Waltham, 3£[E)
ELHEEE KR o

KAk Ctotal solids, TS) FIHE R A (volatile
solids, VS [R5 « J T /KA AR M A7 vl 75 % 25401,
Mo e 2 AE VAT I

TN WL E . B B R Ak, BTt
E o

TP WRFERIINE : R EERRE 7 o EINE -

Z & (ammonia nitrogen, NH,-N) FIFH% (nitrate
nitrogen, NO;-N) & &ilE: BN EKELITHRE, &
0.45 um K RUEM, BT AA3 ELRE P (Auto
Analyzer 3, Seal, f&[E) Jll5E.

K & 2E : R K FEEA TR R, 3 0.45 pm 7K &R
JEME, A7 EiE{ (Aquion, ThermoFisher, 3%[E)
AT SE

COD ¥REEMIE : F FH HEES TR PRIE T A 4 e e ek
AT SE
1.4.2 JReg5 & kil MG R AE

JEE E J: HET R RPIL R I E R = AL, A
=t (D) 5.

M

- pxTxA
X M BT R, g p NETTREE, gem’s T N
RLYERE], by A4 RFEHMBEEE, m.

VISR % R: 23 5E NF iR HT /5 UF & i
NF i@ sk iz, A () b8

R:(l—%)XIOO% 2

A ¢ FR W FRAE NF B WP K, g/L; Co o
FWIRAE UF i@ IR iE, g/L.
1.4.3  JET A Fafi 17 4 FU AL A7

FESRH il e e it 55k FIAR (3) ~ (5) iHA
AR A BH A

Q)

P

uJ,
A R, NEEA B A7, m™, B RAS B o7 51 14 [ A B
71, m'y AP NEEREEZ, Pa; ufe (22 £3) CHBE
WA, Pars; J, AT NF EHEAT 4K BB g i
JEEE, L/(m*h).

(3

_ AP
- uJ,
X RONIEALIR PR A5G, m', RPRFL 3% 2E 7= 2 1) BEL

-R @y

m

R,

73, s L RIBIORAREE RS, K5 S NF B B,
M K il B S T, R AT R A I D Y
L/(m*-h).
&:éﬂ—&—Rf (5)
),

X R NVEDHEGEYREN /7, m, B RE R ORRIE R
MBS, m's J AVEBIRAEEE ARG, KT s Atk
HIEIBATREWBLE R, L/(m>h).

BTG QL. AL I R RS e S R, —
WA Ay AsE AL, AREFLIE . PR fLE R LI
ANRIFLIE BB o 5 LR 2.

FR2 REFABENEBRTERRE
Table 2 Mechanism and formula expression of membrane fouling
pore blocking

115 30 Formula
Jy=J =4y 17

HLEE Mechanism
564413 Complete pore blocking
Frife LI Standard pore blocking

YT +B=J,/v "

) fL3# Intermediate pore blocking InJ,~InJ=cy ™

PHZFLEE Cake layer formation 1/J -1/J, =Dy 13
TE: JABNEE, L-(m™h), o AYABNER, L-m>h), 4 ARAILEHA
#, (m> b, B NKREILIE RS, T, CONTRAALIE RS, D NHETLIE R
3, m*h, VORI, L, TR, b
Note: J is the membrane flux, L'(m'2~h"), Jo is the initial membrane flux,
L-(m*h™), 4 is the complete pore blocking coefficient, (m>h™"), B is the
standard pore blocking coefficient, s, C is the intermediate pore blocking

coefficient, D is the cake layer pore blocking coefficient, m*-h, ¥ is the filtration
volume, L, and T is the filtration time, h.

1.4.4 JRFEEAE

R 491 4 R B R A AR R (OB IS 4 (SU-8010,
Hitachi, A FRALMBER H175 52 RIS S F 240
BTG ER o DUARHIT K it A5 FH 32 F IR ] i TR ) ot 28y
by FFAENE SR TH SR FH S 95 BT (SPI, West Chester, 3
ED miyr&Ei 120 s, HHEESFEME. SARMGECH
20000 fi5, TAEHHEN 5kV, HHECA 10 pA.

) FH e B AR 4 ek 4= 1 4P 65 {X. (Frontier, Perkin
Elmer, £[) £ 600~4 000 cm™ 5 i P I 52 5595 42 /2 )
B Re o MR R R A T804 [ it Cattenuated
total reflection, ATR) B 77, ZLAMGHAE ATR ffk
P R A SR A I B TS AS I KR i e . 1 B R
N4cem’, FEEHE 32 K.

FIF X GFLRATHM (Ultima IV, Rigaku, HA) X
JESZR T S AR5 Y RAL . I8 FIAS B Ve K P 3] 5 T
&, FIH CuKo $&HHTE 5° ~90° 74 A G Py EAT AT 5
SREEINGE . WARBIT W E ALK 154180, HJE
40 kV. HJit 40 mA.

K Hef f &A% (Dataphysics OCA20, fE&[E) LA
KA, AT SRE K RIE o BT, E 4
K BIIARE R T 0.2 s I RIBR IS SRS £, DLW R 1
159 SREK M .

1.5 BBSMSEE

K F] IBM SPSS Statistics 26 A AT EHE SL 1H 70 H7 .

K F Origin Pro 2022 #44-AEKE .
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2.1 PENBRFIHNEERR

ANAIFLAZ ) NF BEAEIRYE UF & A A2, %+ CoD.
TN. TP Fl TK (AR E—E 2R (KBl 2a) o HH,
2.0~ 1.0~ 0.5 nm 17 3 PR [EFLIZAT NF %5 COD [ %
Y (> 68%) HAMEREZER (P<0.05 (K22 .
ZHAN Z5UIRE e AR R B, 1.0 nm [ NF BE6HE3ERIT
COD #iF % 80%, FERMT NF BRI, fed
i Donnan 1 FHA &R &6 707 1 LS AERR . 20, R
SNy FREAEIN . ERERRZE, BILE KNSR
O eV ORI IE 222U = S R T=T 52\
FLAZHI NF XN T IR R X 5 32 Ak,
AHFFEH NF B0 UF i+ COD B e b LA2 1)
FRARMIIER, IERIEBEN 3 fAR4E %A+ T, 0.5 nm [ NF
JEEX UF &+ COD (W& EEH &R, B 1 fE 2
AL, 0.5 nm ) NF #R4iH COD &&ik 6.9 g/L, A
UF Z& i 1 COD & & (3.8 g/L) M 1.8 fkitis

3 i NF JEXT TN B8k R 98HIK (< 35%) , {HEES
JEFLAR R 4E N R R A 4 . Hod, 2.0 A1 1.0 nm ) NF
JEEXT TN BB R IR E 25, 7308 29%41 30%, 17 0.5 nm
FIENT TN HIBEE R 35%, SEST FH (P < 0.05)
(B 2b). R 1 AT, UF @I N I 32 248 NH, N,
i TN 1 76% /A 47 . CAHEPFAERMN, T NH, AR
KEH4E (0331 nm) 2%, NF BT NH,'-N 48 AE fr%ess,
B R UN 18%~44%1, Rk, Hik 1 Al 2 a7
B, IR AR RIS S5 AT, % NF R4 TN & 82 773.4~
2962.0 mg/L) {4 UF Zid TN & & (1.7 g/L) 1) 1.6~

1.7 f%. 5HAhNF ML, 0.5 nm K NF BEFLARN CF
BIZ 0.5 nm) , ARG G AL, T s
5 NH, N I B R e

3 i NF JBEXT TP FI#E 2 8m (> 68%) HAREXE
5 (P<0.05) , Rl EbiE BFLERZE/N, #RE S 1Y
(20 o« FHRSEPHIREY, BRI TR
DIEHAES (BF&) BFE, mlik 42.8%0 -, FEMQ
& PO . HPOS 2 IR 7o Rk, RFEFLAER NF
JEXT TP (13 B R e e 2 T PA R THI 1Y) 6 FEL T 55 PO
HPO, 25 Tty i) 57 BT P2 A (O e e SR A Y. kb, B
EREFLRII4E /N, NF XF TP #k B Rus A 1, AT HE
W H . ARl T POSHKERRZEN
0.339nm, 5 0.5 nm EFLAE (0.5 nm) #iT, 5 RAEMRL
WIS TSI PEAE R, $2TH%F TP AR M RERY . tk,
1 FIE 2 WIA, RAESE AT, 0.5 nm [¥) NF BR 40+
TP [ & S AR, NF IRZATR 1) TP 7 F#1 385.7 mg/L,
N UF @ TP & & (102.1 mg/L) 1 3.8 5.

5 TN KL, 3 F NF XS TK I8 R 8K
(<24%) , HFEE LR/, B RAE . K,
2.0 1 1.0 nm [¥) NF JEX} TK #E R LR EER, 25N
19%F1 21%, 1M 0.5 nm [REXT TN (R Fik 23%, B&
BT =% (P <005 (F2d) . XATRERHT NF )
PERBR N Kk BaE T =, 1M 0.5 nm ffEFL
BHEBRET KHKEEE (03 nm) P9, WIS T NF
X TK IR . K, 0.5 nm ) NF K451 TK
WEE (2803.3 mg/L) By T HAh 2 /M, A UF 1&gl
(1.6 L) {1 1.8 544, 1M 2.0 nm ) NF K457+ i TK
WEE (21513 mg/L) , 0N UF & 1.3 5kt

CINF#4iii NF concentrate [ NFiZ&idifi NF permeate v 4§ % % Retention rate

®

+ =N

COD content/(g-L")
[

s

2.0 1.0 0.5 2.0 1.0 0.5
fi# .42 Membrane pore size/nm fif.#2Membrane pore size/nm

a. (L¥TEE b. B
a. Chemical oxygen demand(COD) b. Total nitrogen(TN)

100 3000r ¢ b a 100 _
8 o E D3
E a a b
b b A 2
=
o o

400, a 100 3000 100,

a
a
b 1 80 £ = ¢ b

60% 6

108 a a b
b b 2

a 2
b C

0 0

20

2.0 1.0 0.5 . 1.0 0.5
fE 4.4 Membrane pore size/nm JEEFL#EMembrane pore size/nm

c. KL d. g
c. Total phosphorus(TP) d. Total potassium(TK)

°

E3

=
S

Retention rate/%

S

2
Y

S

T FA—HE AN NS AR EREE (P<0.05) o WRAMGEN 3 5, BUKEWEREES] 67%. FH.

Note: Different lowercase letters for the same indicator represent significant differences (P < 0.05). The concentration factor was 3, which meant that the water recovery

rate reached 67%. The same below.

B2 RRILRG A AR ITROR S 342 F COD MR BALE ReI¥h
Fig.2 Effects of nanofiltration (NF) membranes with different pore sizes on the enrichment of COD and mass element during the
concentration of ultrafiltration (UF) permeate

2.2 BERMNEIESEEENTL

AT LRSI [E G B /7, NF YA bl
LR, b 20 nm 19 NF BERIGGEE AN
332 LAm’*h), 5 0.5 nm JERTAAIBER 2.4 544 (E3) .
BE% UF iEdOR4ERIET, NF BHEEZE N, BIARK
KT 32.8%~72.3%, LL0.5nm i) NF i A E . AL
£ 2.0 nm [ NF JEF7KGHE & 2 BUPE T TR Bl
%, ATRER R TR E R, B R L R,
PRSI, ERUKIEETUE T ST JTE s
REVIBTERIEDHZ, # B EREE 204 L(m>h). HT
FEFLARGR /N, FR T WG RR R, BPERIED RS,

EFLAEN 1.0 nm 1 NF R RE R, /KiB 8k 21122
18 N RRRES, HAIAEH) 26.8 L(m?*-h) R %3] 18.0 L/(m*h).
BRI, B RRESLAZE 0.5 nm, KBS EHHGE -
Pha—H RBEREASA . 75 NF iEE R 16%Hf, 0.5 nm
JEE R N IR EAE 9.6 Li(m*h); 1H24 NF &b nl
WCERIEE] 65%HF, B TS 3.9 Lim*h). XFEEL
AT BEAE T RURAA LR 2 2 fLEE e, S BUE1T R
AR NREE, EYSEERIK, EVERREE, &
RROKE R TR SIEUHERR—EEE R, 53
FERHIEE, FEAEIRA R, Ca¥ R Mg IR
FEEFE, SBIRSR A WL TEHE A5 4R, et
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JEBIAER, SR, H SRR T RS,
SURACE RIS K . fEREM 3 AR &4,
2.0 F1 1.0 nm SBATH A ZZ AR, 435008 1082+ 1204 min,
BE5T 0.5 nm % 3 200 min [is47E] (P<0.05) , #F
— B UIARUR LA NF RS2 555 Jeiom], IRAESORISK.

351

BlorS fL{%Pore sizes/nm
020 010 A5

30

25%@

15

%
IA,/ AA AA
2,
10 LYYV YYYIIYINALINAA A
Am,l ”
Y00y
sk 57409 oy
YN

0 10 20 30 40 50 60 70
7K [F1YL Z Water recovery rate/%

7K i Water flux/(L-m-h)

B3 REILE NF JERYE UF Eidkidsg ka3 2k
Fig.3 Changes of water flux in the process of concentrating UF
permeate by NF membrane with different pore sizes

2.3 BRMNEIIEFRSENRIE

I T2 8E (scanning electron microscope,
SEM) KEGnT LLVLEL BWR A 1T ) NF R 6N, o &
PIFLAREE ), (AEeid k45, ANEFLAEH NF R o
TWEERHE (B4 . HE 4R, ERgEERES, 8
/NFLAR R 0.5 nm AN 468 B4 1 2.0 nm IR 3 T R
TURIREE M I E S YLZ, 1.0 nm BRI H A B B
R AR RN, AT AT RIS BT5 G = BON B « B TS
PZM R ATRER BT UF Bl b & A SRR . & 1R
LN T ENDAMTHE, (ESEEEEEITA G T,
SYUURRAE NF ™. 2.0 nm JEFLARROK, HAMGEE
B, FEORE Y R FLE I E, R e 7 IR
DI RECE TS G ZR . 0.5 nm BT HBONLZE S
W R R FLEE R, (S A A PR B2, & Rl
WIE R R TRGE E AR, RGBS Y2, it — R A
AeE tHOEEE (energy dispersive spectroscopy, EDS) $
TR, R 3 A1, 2,04 1.0 0.5 nm JER 5 4
BEAHLTE (C. 0. N) FLESHUA 92.9%. 92.0%.
93.3%, VLB 3 PRGBS LA NS B . SO
FLAEH) NF JEAHEE, 1.0 nm RIS 32 Mg fI P & &
B, ST AARRY, W i L R T TS Y R 5%
NEikA. BRI, £ UF E R4 R 1.0 nm f{) NF B
HEZE T, 1RSSR E A G,

Nt RS R R T WU IS Getb 5L, % NF
Jis G R b AT Tl B AR R 2T AR % (Fourier transform
infrared spectroscopy, FTIR) 1 X ¥}£&4i75+ (X-ray diffraction,
XRD) 737 B 5 W, 3 FBERIGAYZEAE 1 500~1 540,
1250~1 500 A1 1 234 cm™ 4b34 HH B HA B (AOmR e . S5t DL
BREFIRIL, 1500~1540 o ARMMRISIEA R ML 1T FRE
(N-H. C-N) , RIFIGYSZ PR AR 7R

£ 1250~1 500 cm™ 2 [a] (MR C-O A C-H FREM],
AT RER AR RIS 6 1234 em™ PR
HILTR IS, (B P=0 BREH], RAAEEH AT A7
RS . WARZA A, ik, TR, NF
JEAEMRAR UF @R AT AL Jepifl, FEhEN
R, TS, BERREE. JAESEA N

2.0 nm

1.0 nm

0.5 nm

m-2.00k SE(UL) |

45 J After concentration

nm<2.00k SE(UL)

H#Hfi i Before concentration
e R BIBOR RO 2 000.
Note: The magnification of the image is 2 000.

B4 FRFEFLE NF BRRYE UF SR a e R A d 424w F 241
BenHr
Fig.4 Scanning electron microscope (SEM) analysis of membrane
surface before and after concentration of UF permeate with
different pore sizes NF membrane

&3 ATREIFLEE NF [RREE UF B REIRREREER
B
Table 3 Energy dispersive spectroscopy (EDS) analysis of
membrane surface after concentrating UF permeate with different

pore sizes NF membrane %
TR FL#% Pore sizes/nm
Element 20 1.0 0.5
C 66.5 60.8 68.2
(6] 15.9 18.2 16.0
N 10.5 13 9.1
S 4.1 2.1 4.7
P - 1.8 -
K 1.9 1.7 1.6
Na 0.9 - 0.4
Mg - 1.0 -
Cl 0.7 - -

Btz A, 3 Fl NF BRI AE7E — 8 22 57 I fie o
Forpr, 2.0 10.5 nm B IS Y ZH7E 750 cm™ 4bHBR
A2 W e, 3R BAAEAE 5 V8 W R AN R I U R S
HWHNAE RMRIR TR (C=0) M1 C-H FHEHPY;
IEAN, 2.0 A1 1.0 nm {5 4 2B 7E 1650 em™ 4bAa B 1)
Wi, X% N-H. C-N HReHl, it—IPRM THEA
BRI AEAERY, 177 0.5 nm EAE 900~1 000 cm™ 4t i
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B3 i AR I A ) T R Y E 11 1) B S MRS, R AE
FEZWHSP R X e 2 0T RE 2 3 F NF IR FLAR AN,
3 AR AANR] 3 T R VR R R A LA R
T P PR 5 5 EE A 22 5

fL{%Pore sizes/nm
—20 1.0

1250 1234

EhE
slransmittance/%

1350 1100 850 600
# % Wavenumber/cm™!

a. 8 BLHASH LA i
a. Fourier transform infrared spectroscopy(FTIR)

w‘m
e A A\ S S —

1 1 1 ]

5 10 15 ZIO ZIS 30 90
#T4%} fDiffraction angle/(°)
b. X S EATH
b. X-ray diffraction(XRD)

B 5 AF3ULE NF ks UF iR/ A& FTIR 4= XRD RAE
Fig.5 FTIR and XRD characterization of membrane surface after
concentration of UF permeate by NF membranes with different

pore sizes

i XRD EIRERTEN, NF BERHTH R R RS, PR
FELZR T fi Ay YRS A Fase A m (B sb) o X
FRE/RTE NF Is/T R R T (1.6 MPa) , UF i&iiliA
Wk, FECETIBWER, ML T T A 52 1

000 1600

)% Intensity

BT, VB Siv Feu S. Ca S c&=l, @it
XRD i 5 PDF bt e, NF R St Ts G al fg
N Si0,. FeS, fl CayFe,0sF" . {HAHERAIZ, NF Kg56L
T Ca® RURFE 2 AIAE RS K AE LRGSR IR, HERK
AP, T IR R T A WL TEH LR A5 5.

WARRIGHTIS, 2.0 A1 1.0 nm ) NF Rl 28 218
KGR 4 . XA TE A SRS A VTR
TR T K PRI D), 0.5 nm ) NF J5AE k48 UF
B, RIMEAA HIGE R 57.8° BEH NFEH] 55.32° .
454 FTIR I HTEE 3, RERIZRAE 900~1 000 e HAFRfHIEE
TEZ PR R rE (B 5a) , Ml FRETT RS
F T K PR R 22 2 S L ISR T ()R Bf

# 4 TEFLE NF BEREE UF B3R a G IR R EEm A

Table 4 Surface contact angle of NF membranes with different
pore sizes before and after concentration of UF permeate

Lz JER A A V5 YL
Pore sizes/nm Primordial membrane/(°) Fouling film/(°)
2.0 61.5+0.1 61.9+0.1
1.0 68.7£0.1 73.2+£0.2
0.5 57.8+0.1 553+0.2

2.4 BRMEIIEDRESRRE
IS QAL A FT AR, 3 Fh NF BEARAESL
PR e AR St 0.98 (B 6) , BLUIRRE, i
M. ARSI FAENILLL Ca®'\ Mg SRS HE T
TSRS I TIRALIN S, IR AL /N P

34r 035, s 0050
3% R=0.858 030l R*=0.999 : "%% R=0.884 R=0902 g
%, P<0.05 ) P<0.05 3ab P<0.05 o045t  P<005  F
~30p 025} - =0
N; 28t 5020 Oh 0.040
20mm = ot Sois} 232
= o4r 0.10} gl 0.035
L ! 0.05} i
22 g, N\ ol m— 0.030¢%
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P<0.05 P<0.05 20l P<0.05 P<0.05
~24} ) 0B P e~ = 0.050
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g 22 20.10 e < 0.045
1.0n g 22 s - 2 |
= 20t - 3.0 = oo40f o
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08 035
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Fig.6 Pore blocking mechanism of membrane fouling surface in the process of concentrating UF permeate with different pore sizes NF membrane
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GRS, T 0.5 nm I NF i (R* =
0.89) , B KFLAZN 1.0 nm A1 2.0 nm JEGFZ FLEEAT )
R* L 0.9, HBAIX 2 MBS YL 2 I UHE B K
X RE A TR FLAR NF VI a8 &% 5, {2dt UF
WK TR R R T RS, 3 —
5 5 HAth i 25 (W R R DO, TR — 2 R UHE
AN, ASFEIR) NF f5e 4L A (a FLEg AR ) R tHiA
£ 0.85 LA, PEHT 3 AN TS Y th 2 LI R, R
B UF 3% 3 Ah 8 A5 J R R A5 K 4 T4 o ] B4k DA
BRI, LI ZE e Y, K, NF X}
UF &b kg #E v, AR IR TS e fL3E bndE . BFE
WA R S A FLIE B A TE R, B2 BEFLAR K/ N RE AN B I .

K 5 WA, R, BEEBEALEMPFIRTIE R, Mg
B TR 3 R NF BERIH) 468 A7 7E B2 2 7 AL
M) NF BRI R, 5 LUk 2] 80% A L, ] i it e it
P EER R . UF ELEMR4EEFES, 0.5 nm fET)
R, (8.3E+14) WE&ET 1.0 f12.0 nm i, i S HoKiE
AR T HAy) G E TR, 18 723% (K3) .
0.5 nm =M R, EEZ B TRUNMIBEFLZN RAT R, E
K, BEIBUNIIRSLAS S 5 e fLEE S, R AE AR TH
TERREE Y E, i KB B PR . 2R,
R 2.0 f1 1.0 nm [ NF JEEAARFM R,, &RYILHK
WEAAEESR, HIX 2 FEEEITIESH Ry R R,
AEARL, AT AT AR 1S3 7K &
=5 AREFLEE NF [RiRk45 UF & TR 2 i85 Rk m g 5

V2Kl

Table 5 Analysis of membrane fouling resistance during the
concentration of UF permeate with different pore sizes NF

membrane
1Lt
Pore  Rum' R.,R/% R/m' R:R/% RJm' R:R/% R/m’
sizes/nm
20  L7E+13 107 12E+13 7.4 13E+14 819 1.6E+l4
1.0  17E+13 97 13E+13 73 1.5E+14 830 1.8E+l14
05  1L7E+13 2.1 19E+13 23 79E+l14 956 83E+l4

TE: Ry RJEFEJS, m's R, BEREARLY, m': Ry TESLWRB S5 SR T,
m's R JEBHELIEA, m'.

Note: R,, total membrane resistance, m™; R,,, inherent resistance of membrane,
m'; Ry, membrane pore adsorption scaling resistance, m; R, Fouling resistance
of filter cake layer, m™.

3 &

1) AEFLIERIZE (nanofiltration, NF) JRIGEEHE
AR AR, AR RIE 68%LL L, HEf
JEFLAR PR B E N (P <0.05) , {HXF BERALEZ K
BB ZEA L, BB, U8 19%~35%.

2) NF IR4EIRE, HI4A 38 & B LA 3 K 48
FHEIR T AE RIS R4 N, SECOBE N RS,
FAE N 32.8%~72.3%, LA 0.5 nm EfHNE. 5 1.0 nm
ff) NF AL, 0.5 nm BEE/NFFLAR 2.0 nm FEEK 1)
W46 38 35 2 0 RS 3R T A HL— LB V5 Y R R
A, HNFLARBE R FLIE TS YT R B, AT i i P
HEFK. SR, 1.0 nm BER RIS J)ZBENGHA
W RBCNENE.

3) EWGER) 3 AAPURAEECT (BRI NF B [l
YR 67%) , BHLL. KETTREFRTEREET 1.8~
3.8 f5. LRERE/KEEMIZIEE, i€ 1.0 nm K NF
JEALAT S A T B R
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Effects of membrane pore size on nutrient enrichment and membrane
fouling behavior in nanofiltration of ultrafiltration permeate from biogas
slurry concentration

HUANG Zhixiang**3, CUI Wenjing®, LIU Wancen'?, XIA Ruohan'?, CAO Dingge'?, DING Xiangrui*>,
LT Guoxue™*, LUO Wenhai'?**

(1. Beijing Key Laboratory of Farmland Soil Pollution Prevention and Remediation, College of Resources and Environmental Sciences,
China Agricultural University, Beijing 100193, China; 2. Organic Recycling Research Institute (Suzhou) of China Agricultural University,
Suzhou 215100, China; 3. Key Laboratory of Low-carbon Green Agriculture, Ministry of Agriculture and Rural Affairs, P. R. China, Beijing
100193, China; 4. College of Resources and Environment, Qingdao Agricultural University, Qingdao 266109, China)

Abstract: Ultrafiltration (UF) can effectively concentrate the biogas slurry, but a large number of nutrients are still remained to
be further permeated using nanofiltration (NF) and precision membranes. The pore size of NF membranes can directly
dominate the retention characteristics and flux of the membrane, thus affecting the concentration performance. In response to
the lack of research on the effect of NF membrane pore size on nutrient enrichment and membrane fouling behavior in the
concentration process of biogas slurry, this study aims to determine nutrient retention and the characterization of membrane
fouling. The research object was taken as the chicken manure in the biogas slurry of UF, while the NF membranes were set
with the membrane pore sizes of 2.0, 1.0, 0.5 nm for the concentration. Results showed that the retention rates of chemical
oxygen demand (COD) by NF membranes of 2.0, 1.0, 0.5 nm were 68%, 77%, and 81%, respectively. The retention rate of
COD was higher, as the membrane pore size decreased. By contrast, the retention rates of total nitrogen (TN) by NF
membranes of 2.0, 1.0, 0.5 nm were 29%, 30% and 35%, respectively. The retention rate of TN was higher, as the membrane
pore size decreased. The retention percentages of total phosphorus (TP) by NF membranes of 2.0, 1.0, 0.5 nm were 68%, 71%,
and 73%, respectively. The retention of TP was higher with the decrease in membrane pore size. The retention rates of total
potassium (TK) by NF membranes of 2.0, 1.0, 0.5 nm were 19%, 21% and 23%, respectively, where the retention rates of TK
were higher, as the membrane pore size decreased. Once the biogas slurry was concentrated to 1/3 of the original volume, there
was no difference in the running time between 2.0 and 1.0 nm membrane (1082-1204 min), but the running time of 2.0 and
1.0 nm was significantly less than that of 0.5 nm one (3 200 min, P<0.05), indicating that the smaller pore size NF membrane
was less efficiency in the concentration. Energy Dispersive Spectrometer (EDS) revealed that the contents of the organic
element (C, O, and N) on the surface contamination layer of 2.0, 1.0, 0.5 nm membranes were 92.9%, 92.0%, and 93.3%,
respectively, indicating the dominated organic contamination. The inorganic contamination of 1.0 nm membranes was more
severe than those of 2.0 and 0.5 nm membranes, resulting in a looser contamination layer on the membrane surface. There was
a slow decrease in the flux and higher concentration efficiency. Compared with the 1.0 nm membrane, the smaller pore size of
the 0.5 nm membrane and the larger initial flux of the 2.0 nm membrane both led to the formation of an organic-inorganic
dense contamination layer on the membrane surface, resulting in a rapid reduction in the flux. The Fourier Transform Infrared
Spectrometer (FTIR) showed that the organic pollutants on the surface of 2.0, 1.0, 0.5 nm membranes were mainly
macromolecular organic substances, such as protein and humic acid, whereas, the organic pollutants on the surface of 0.5 nm
membranes were also contained the polysaccharides. X-ray diffraction (XRD) demonstrated the high overall diffraction
intensity of the NF membrane, indicating the relatively stable and pure state of crystal pollutants on the membrane surface. The
crystal pollutants were identified by SiO,, FeS,, and Ca,Fe,0s, leading to the organic-inorganic dense contamination on the
membrane surface. The smallest contact angle was achieved in the 0.5 nm membrane. The FITR was also combined to reveal
the adsorption of the more hydrophilic polysaccharides on the membrane surface. The membrane fouling pore blocking
occurred during NF concentration, as a combination of complete, standard, and intermediate pore blocking. There was no
influence of membrane pore size on the cake layer formation. The resistance of the membrane originated mainly from the filter
cake layer, where the resistance of the filter cake layer accounted for the largest proportion (81.9%-95.6%). The 0.5 nm
membrane with the smallest pore size was easy to plug the pore for the formation of a dense filter cake layer, leading to a rapid
decrease in flux. As such, the NF membrane with a pore size of 1.0 nm was highly recommended to integrate with the UF in
the two-stage concentration of biogas slurry for stable water flux and effective nutrient retention.

Keywords: nanofiltration; membrane pore size; chicken manure biogas slurry; membrane fouling; nutrient enrichment
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