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Abstract

Phragmites australis, one of the dominant plants in wetlands, has large biomass and high organic
content. Without reasonable disposal, it will easily cause environmental pollution and waste of
biomass resources. In this paper, the Phragmites straw was used as the anaerobic fermentation
feedstock, and different concentrations of zinc (Zn2+) were added into the anaerobic bioreactor to
study its effect on dynamic process of biogas production. Via kinetic models (Gompertz and Logis-
tic), the theoretical biogas production potential, rate of biogas production and lag-phase period
were studied. The results showed that when the concentration of Znz* was 10 mg/L, the biogas
production potential and biogas production rate were the largest, and the residence time was the
shortest. When the concentration of Zn2+* was 50 mg/L, the biogas production potential and biogas
production rate were the lowest. The characteristic shape of cumulative gas production curves
presented as the S shape curve. Both the Logistic and Gompertz models showed high correlation
coefficients when being used for fitting the cumulative biogas yields. However, the Logistic model
fitted better and was more suitable for reflecting the biogas production of anaerobic fermentation
of Phragmites straw under different concentrations of Zn2+*. Therefore, the addition of suitable
concentrations of Zn2+ can be used as one of the engineering measures to regulate the biogas pro-
duction of Phragmites australis anaerobic fermentation. This study provides information for
guiding the internal pollution and biomass resource utilization in wetlands.
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1. 518
11 AIREREEX

BTG G A ST A B EPRAR, SR TE K. MR AR AR5 K K B A, A . KE
LKA g (1], Bk, SR ATEER . AR IR AR AR KT G I N T R O AR
B ST BRI e —[2], AR, @HEZR A S EBRE N LA F] 80%
PL_E[3], ATLAM# COD F#1K 70%~80%, BOD [ 60%~90% [4]. /3 &gt & 8 W A 2 —,
JE KER M AR R A, B BRI 5KIFLRE 10, RSSO . IRE/KMR F I B
LHHARMAER . FEEN MR, BRI, ERAEE R RIS A K [5]. 2, HEMRZ
T R GEh Z 6 K AR ROE B, KRB BRI AE U K R L 20, EA KIS E 77 36
SORBETRIAI KA, BRIE B T 05 e Vs S IR RS, SRS T AR R SRR 6] PREKR BER AR —Fi i
YRI5 YR AE ) R B IR IRAT B [7]. FIRTE SR E R B AR A BB MK AR A, = ARG v Re
T, AR T DU B REVR SE AL A, (R IE BRI R R T R A B fe 5, R N TR MR
PN, f&—FEangm. S5 Jriks].
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1.2. ERSMARIHRE

FOEREF I R B AR PAGERUURT R, ATV 2 FOK = . R T8
80% AN EE, 25K, Jf HAE T LIEERENEZMERE ST, ML, BEiEHTIRE
REERE, PERRCRAE, I 2 EE Hg AT AL BR8] 5 PH45E AR FH R X 1 25 RS FF 4T Tk B, 3
HIRA T IBfREAgE R, FIRGRMIRARR R, MROEEMAgERRE R, Nnfeilid4 R 5
frgefih, BEmERRMACR8]. BhAh, REFFRMIFRE LB, AR BUKMM B RSl Zn® u Rk
NAEAEKLTEIRRZ —, REREE R K B B fE s B B . & REIRE
(1) Zn AT LASR m IREAUR I =S [9] [10], AT AR sy R B P= A RCR [11] . Zn Semays e RAEUR B IR R 4%
RNENG T RE AL RL[12], P LASR = HOBE BROAT IR T R AN S T R ) BRI ME[13). 5 — T i, AR,
Zn §EN § R AR ZR A AR D NS T (14T, H T DR SR R AR & rb o R GE B RIS PR [15] [16]. A BE TR AR,
Zn X BB PR BTN P R I EE[17]. Yenigin 25 A[181WF 7T R, 24 Zn* HIIRIEAE 5~40
mg-L i, ] T R R B R I, IR 2 Zn? HOIR SR 20 mg-L T, ZUEREAZ B4 I
FeEE, BRI (H IR R B SR B (A, B Zn® R R 1 RS R BB )y
R I

PR B AR i B AR S A (] AR AR o] DL K i ik, R S AL, RIfE t=0 i
A2 Ja R — AR B, 2 a0 & e Eul K AR e B [19]. X — i X B T RS E S
FIHEREMR) RS 1R H[20].  H AT 3 Kt 228 3= ZALHE Gompertz #57Y. Logistic
BRI AN Richards #5%145[19] [20] [21], H b Richards #E%4 A L4y fa 4k Gompertz %L1 Logistic 457
[20] [21] [22]. M, Gompertz BEHYFN Logistic A4 AR AR S E I Kk 8 77 T B AR, X
ARG NBIASRERBEL RO A, A RTINS FE I T AR SIS AR RN b, I
S B TR T AN SR A . Li A Fang [11]AF9E T Zn S5 R KB S0 BRI, IR H
Gompertz BB A T ANF Zn RS FRIF0L RS, 45 RRAREE Zn IRERE N, RNBHIEL,
Altas [21]3%H] Gompertz #5 %1, Logistic # % F1 Richards 1B 40L& A [ 4 J8 s I 248 R i 75 Ve IR 48 R et
2, 45 K Gompertz # 8 AT Richards #7845 4 J& 52 T 19 IR S R B FE P& BCR AT Logistic A8
GRR . RIM, R A S e R UK I R, TR AR O 32 R R TR VR A R B R
ToARIE

BT Y HiE A Y A B AL BRI B AE IR, AR Zn R T ) DR AR R B R A AN AL B
AR, ASSZIG DL H S 25 RS AT N IEORE, SR T R L [ Zn®*nf R4 R B = S sh A I FE R4, F A Gompertz
BRUAN Logistic HLAYHLATE K EE BB =S EREI R0 28, SRGEIR B K RS & &A= A
SR B I F] 3 MRS, b Zn® SRS 2 AR AR BRI, N BRE B Zn®
L R R R e SRR S
2. M5/ &E
21. EWBFREMH

KU TR B R R, A SRR, PR AN SR T LE B D 11, Horp
EREATIE M TG EWNE B AR, SEI RS BRI LA By, SRS, HFP)E 5~10 cm K,
TEHEFE P T0°C A TRV 24 ho B BET 1075 35 B BEHLESE, 3k 2 mm bRuEDT, PRI 0 10 2 S5 RS AR
TALEARFIR A 6%BERRIA T 24 h, 2 J5 F 25 B TP ELE) 9~10 WK, #Jo 60°CHET LARE . 4380
HAb g E D RS, PRk TR A, BUERELH . e JEURL A g 1 R .
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ARG K T R B AR 500 mL, H A AR A 300 mL, e AR 8%, SEIGHFIATRT, WINAS
[EUR B B Eh(ZnCL) B Kk Bk 2 b, L =AM IR EE, 20519 0. 10, 50 mg Zn-L ™t *FRiid A CK
M, UL, U2 4.

Table 1. Characteristics of Phragmites australis straw and cow dung

1 AERBFMAEOERMR

BEARNE PR -3
K A (TS)/% 83.25 + 2.41 15.77 +2.22
R MR R (VS)%TS 77.65 £ 0.03 72.16 £ 0.01
S (TN)/%TS 0.41 £0.03 2.77+0.01
HHLR(TOC)%TS 34.29 +0.01 32.34+0.01
B 83.63+1.73 11.68 + 0.07

22. XWKRE

SEERAEE I 1 s, FEAFEAFN 500 £ 1 mL R B, 300 £ 1 mL SR L 250 £1 mL
(P = R, SR AHE AR SR & =S8 TR B 9:00 ME Y H S &, REDRE TEE
8 37.0 £ LOCHMEIR/KIBE (TS : DZKW-4, Jbatd2%fil).

Figure 1. Experimental device diagram (1 Reactor, 2 Gas collection
bottle, 3 measuring cylinder)

L SWREEQ LME, 2 K5, 3 BE)

3. BNHFERB MG 4

FERAR B R, AR5 R A B R R — s J) A AR SR P . Gompertz 5 F& R Ay il
MNIERAGF AR, ZH T AR S RUESMEHRFEA[23]. Kk, A # Rty fin ek
i, HSEMRRAER, RGN 3 NS EEON S B KA AR SRR S 5L JFH
oAt 1) Gompertz 7 REAS AR SRAR AU TN R 80 A (1 7 Y be i e [24] o

Gompertz 415 F2(1):
y(t)=a-exp[—exp(b—ct)] (1)
KK ot Je Gompertz 7 FE T AE BN /1 S50 Hyaxs Rmax~ 4o B0HE G Gompertz 724
y(t)=Hm-exp[—exp(Rme/Hm(/1—t)+1)J )

A y() R NI TR] t R BAR= U Hy = a NiOK=Ui: Ry A=acle iR K= Ud%; A=(b-1)/c
HFEAINE] ;e A exp(l) = 2.71828.
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Logistic J7 #2240 S FIG AR Y, -T2 RO AR A Rl = U 2, BRI IR S R IR 8 70
S35 TGS vZ N . Liotta [25] Briillmann [26]%5 F Logistic 75 2 RASULR S0 s Bt F2 , A SCR A Logistic
TIREor BT KB 115 28 Hyas Riaxs Ao

Logistic /7 FEN:
y(t)=a/[1+exp(b—cx)] -
ARG Logistic 7724 T MIEEN /15 B8 Hnas Ruaxs 4o BGIEIE Logistic 772 -
Y (£) = Hip /[ 14 €X0 (4R e (A= 1)/ Hip ) + 2 @)

A y(O) R A IE t W RB TR Hu = @ NRKEBTE: Ry = acld NE K UEE;
A =(b-2)/c it BRIl .
FIF CurveExpert 1.3 #E47RRIL & ; SPSS 17.0 #EAT 4170 47: Origin 8.5.1 X Hdi 1F &«

4. BR5VE
4.1 FEXNREEFE ST RN E

2 NANFREE Zn® st FIRA R BT R P H S B R B 1 REBERIKA SR — 2
IR SRS, WEBMACKE, SN 26 RIYRE KBS RS, HrRE&5EA 205 FECm
fat, 7 1~8 KW, BAFAERK, CK. UL, U2 AR H~S 8258 0.24. 0.35 f10.14 mL-g™
TS, X B [8)J& T 5 shB B, R EEJERLTT GG /K AR AL, (R GCA NI T 46 3@ N FR R, B A= SR IR [27]
RS 11 R, UL PS8k FEM, H1.89 mL-g TS, M4 H4l CK Al U2 414> HIFESS 13 A1 14 K Fik
P, Bk H P S BRI 9 UL (1.89 mL-g * TS) > CK (1.77 mL-g ' TS) > U2 (1.60 mL-g ' TS),
P 10 mg-L ™ Zn? IR AN RT T PE A I Bk, ik T R R B . 5 15 1 22 K, S 4IMgksk
K, X TTRER TR IR R E S AR, MECARRAR, e S nshiEEE LA 2, AT 51 AR
TRFER . BT A RRARIRRE ., RIERNAESE 22 KOG, SR EHEITEES, BEER
ARSI

g
=)

—a— CK Omg Zn/L
—o— Ul 10mg Zn/L
—4— U2 50mg Zn/L.
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Figure 2. Daily biogas production in fermentation process
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RIFHE Zn? 5t B RERIE M E 3 FoR . 2RSSR/ MRF 2 UL (16.10 mL-g ' TS) > CK
(17.90 mL-g™* TS) > U2 (16.06 mL-g™* TS). 4 Zn*#RINIkE N 10 mg-L i, RF=S &8s, A
1 14.25%; 4 Zn®H K 50 mg-L i, RS A ALK 10.32%. BIGE IR EE K Zn® AT Rk
BRREA RN AR, MEIRE Zn® &40 5. X A] A8 i T ER AL FE AT AR IR A B 41 4 K 1 fh 1A
ghf, AR RAENAERRE IR, TRIKREN Zn® 78 RE R B FE R e HE LR 4E R IR
CTRIIEAL, WIS T 723 24 Zn? IR 40 mg-L Y i, HBR2E sdmi] 224 50%, M) 7 7S
[28]. WFFUIEZEBA, Zn> 5% PRAE A B AR IS MR AN B8 i o B ok P rp JfE — L R P2 AR By, 17 A o DR SRR P
EANEEFERVRYIBEME . BRSP4 R EF[29].

— MR, FEAT S5 42 A R RN RS FERIUA B B [30], X2 T R IRY A 3
YRR R, 2R EE R EERHEAT, SRR R R AR 4E R B R TR ERT S e A K
Z AT AR, BRALEE AT LAS AT =S m e R BSR [31]. Rk, FEARWFFLH, WIS g [z
RUE Bk L REE = SONF B, Ak E, SRR SRESHE S BUEH, fFEE LK RM
P RA .

—=— (0 mg Zn/L
—0o— 10 mg Zn/L
7 —2— 50 mg Zn/L

PASB/(mLg' TS)

0 4 8 I 12 16 ' 20 I 24 I 28
R IR [/d

Figure 3. Cumulative biogas yields in fermentation process

3. REAXBEZR =S EMhkE

42. FFREIHFERYE

W 3 LR SAUR BRI BT 15 (1 7= VA SR A DB i A& TE J5 11 Gompertz 77 #£(2), 58I & 455 . W
Zn?* {1 &A 04 10, 50 mg-L iR KR B RS 5 B0 1) Gompertz 75 FE A 225020 5 r = 0.9893. r =
0.9917. r=0.9918. ¥ 4 vJ&1, FMEIA LR ELIHARFEARE S, WHIEIEER Gompertz B4 g%
TRAF I SR e AR I

¥ 3 A BRI ERIE T NEIE G I Logistic J77F2(4), S28IMAEHETSIL. W8N Zn® &N 0. 10,
50 mg-L " i R AR R B A2 S ik I 1 Logistic 7 F2 AIAHSS R %5331 r = 0.9968. r = 0.9978. r = 0.9984,
FKH A2 EA T AR . I 5 A mT A, Logistic TR 5 se b S A &, v LISk
HIRA B =S AR

FH Logistic HA A )5 AN S = S5 R M T, 8N Zn® R, R SR (Himan) &
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B K E (Ra) R A . Zn® 7RI E 0. 10 A1 50 mg-L i, H KPS & Hne N 18.87. 20.61
A1 16.68 mL-g TS, HEFFFMK Ky UL > CK > U2, #8124 Zn® s & A 10 mg-L i, PS8,
Hk U2, HG CK, XRUER Zn® Mdindts 7k 0dR.. it aufE o 5~8 X, X+
BRI ANRARBYIARTTA PR G4 R LAERMEAZEE, MEUBMEDRIA, &Rk EEE,
RIERAG[32], SFEG=SA AN A, AR RPH, UL e e R, XEZEE TR
WS Zn? 10 RAEUR B FE v BE AL RE LT 4 R MO0 ZBRAOHE AL, AT 45 K35 B 1 1] [29]. Gompertz 5
RE LR, UL AR R B R R B & T HRWA, MWL T 4~7 X, UL AR
AR E, X5 Logistic BRI, a6 ERBER LA LE R, ATLGH Y Zo® MBIk E N
10 mg-L 7B, AT DASRASE R P2, [ R 7 A T S A B ) 4 e e

20 O 0mgZn/L

1 Gompertz fit of 0 mg Zn/L (6]
18 O 10 mg Zn/L

1 Gompertz fit of 0 mg Zn/L &
16+ A 50 mg Zn/L

Gompertz fit of 0 mg Zn/L

S B/(mL-g' TS)
|

(=2
|

IOI12I14I16I18I20l22l24'26I28
RIS Hl/d

Figure 4. Modified Gompertz equation curves in fermentation process

E 4. RE 4B Gompertz Il & Hhsk

20 0O OmgZn/L
1 Logistic fit of 0 mg Zn/L
18+ O 10mgZn/L
1 Logistic fit of 0 mg Zn/L
164 A 50 mg Zn/L
1 Logistic fit of 0 mg Zn/L
~ 147
n
[_1
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°0
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=
L
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Figure 5. Logistic equation curves in fermentation process
E 5. RE 4B Logistic FT2HA& Lk
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2 Richards A2 K 7 FEH IS v 43 0556 0 F 1 B, AR 0] LAy 3 #7469 Gompertz #5584 F Logistic
BLRL[20] [21] [22]. 4% v ERALES, Richards A2 K 7RI R 2 KA — BRI BEESH v
WX, Pt EEEme g 5, S MM R ERA, i R, XRWAE v BUNIRHE L
EE R FIAREAE KL, BEE v 3G, BORERE &R R A KR I A K R [33]. s 3
SR A AR Ak BTN, AR 0 PR FEAE R = S g K, BT & Logistic #5584, &
2 ZHATLAEH, Gompertz 1 Logistic 3438 FHl T i RIS AL AR N Zn®* () PR AR B = S B S i DL A 0
o %o PR AR TR S0 B R 5% K r B B T S, ERAR Gompertz AT LA B Zn® R INXS TR K B B
PR EMARERA, (HRIHAHKARBA N Logistic B84 & Hk, K411 Gompertz #5578 (1) 5% 22 ¥ J7 FIER
1T Logistic, X% Gompertz #5552 brff S5 AL &8 2 18] 22 S VEROR . DRI, Logistic #5704 B 3 & A
BRI A 72 25 SR ) 7l .

Table 2. Parameters of Gompertz and Logistic equations
52 2. Gompertz #E4H Logistic #EIE ¥ 5%

o zmmgLt | JOSUUE CROUUERWENR RETER RN

(Hmad/ML-g 2 TS (Rya)/mL-d™? W SSR
CK (0 mg-L™) 25.52 0.94 6.78 7.88 0.9893
Gompertz Ul (10 mg-L ™Y 25.78 1.02 4.89 7.74 0.9917
U2 (50 mg-L™Y) 20.95 0.95 7.97 5.29 0.9918
CK (0mg-L™h 18.87 1.05 7.78 5.16 0.9968
Logistic U1 (10 mg-L™) 20.61 1.14 5.98 452 0.9978
U2 (50 mg-L ™Y 16.68 1.06 8.93 2.22 0.9984

5. &

PE 9 IR K AR 2 —, P 2R Y5 e 25 BRI/ T A 7 T RS 2 S AR A, LR JRAb
A AR AR R A I B ASHIE T LA B A AT A SRR AT IR AR B = R, B8R T B a R R IR
RIFENR, FFEE 3 AR o A AR B 1 . E A5 NT

1) ZnZIRFEXH S HEREF R AR BN RS B H A BRI . S HR RS R R R
SR RFFGFE Y UL (10 mg-L™Y) > CK (0 mg-L™Y) > U2 (50 mg-L ™), 5 8 i ] HEZ I 4 UL < CK < U2,
B 10 mg-L ™ Zn® AT DASR 0 R e e A e, 4 R T R BT

2) MR PIAMERT BRSSO A 458, Logistic 5 7 (1)5% 27 5 Al L Gompertz AL S/, H A
R A A o R B =, Ud B A AT DUSE I B SE M R MRS [RIVR - Zn®* 26 F R P 35 A FT R SR B A P2 S
B, PRI A AR T — R AR

ELWH

FKARYG etz 4] 5 6 ¥ RHE B K% 15 (20172X07101003) ;. H ok 4 JE A BF IR Y 55 9% 5 T 4
(2021MS047).
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