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Abstract: To understand the effects of trace elements on the anaerobic fermentation system and improve the biomethanation efficiency, this
study added trace elements Se and W to a pig manure fermentation substrate. The first—order kinetic model and the Gompertz model were
used to simulate the anaerobic fermentation process. Results showed that moderate additions of the trace elements Se and W positively affect-
ed methanogenesis. The most significant stimulating effect was found in the M group (after adding 0.8 mg-L™" Se and 1.8 mg-L.”' W). The cu-
mulative biogas production, methane volume fraction, and methane yield (in terms of VS) were 177 001 mL, 68.3% and 398.3 mL-¢™', which
were 10.2%, 6.1% and 21.4% higher than those of the CK group, respectively. Further correlation analysis revealed that the addition of trace
elements could effectively improve the conversion rate of total volatile fatty acids (TVFAs), particularly for propionic acid. Further, the con-
centration of TVFAs was negatively correlated with the methane yield. The M group showed the lowest TVFA accumulation (809 mg-1.")
and the highest methane production rate(31.0 mL-g™+d™"). Moreover, the hydraulic retention time (HRT) was 4 d shorter and the BDA in-
creased by 21.4% compared to the CK group. The anaerobic fermentation process was best fitted by the Gompertz model (R=0.999 2).
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mg - L (TR ) Zn (06 25 T A0 850 51 EEAS AR I Zn
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R AL 2E A SR P AR AL G o RBRSE ST T8
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Y& s T BV IPLRIET T T B TR AR
G AEIETEAL SR AN PR AR K T 3 G AS i) Bk (1 A Ha
K CO R B Be 2B W & iU 72 D TR T 3R Se
WX 5 35 DR A R e el i rp A LR 1 L AR AR AL, LA
Ko FVBEAE AL 4 5 0] oy A 57 | Ak 3 S 1, [ P A0
SCHRALEE A iR 1E -

ARG AE R TE g BE A B R R AR
KW Tr 2, LB 2N R B , 7 | pH 5 [N 3 A
BATIEH BT PO TR Se W X PRAUK BE
AISEIAITFE , JEIE RS BR B B 4 S 45 R VR DT R
(TVFAs) F1= FGe B Be i F Be = R AR AL AL A, 2] —
28l 127 Fl Gompertz 1R 55 4R AT Se . W X PRAAUE
Pt e R e 7 SRR ROV, DL 8 7 B 265 S5 A AL
PRSTHI PR IE (0 A2 ) 7 H e RCR (BDA) , A 3R T
PRAR KRR K-, R AR A g e h o o R
Se W DI RERUN $ BEREA B AR SR IR 9 S 25
Mo

1 #MEEFE

1.1 RBE#

BT A 2 R R U8 o S B A AR e T
IR RN SR X IR . BRI S T 4 C
UKAR P ARAT o HeA s TR B BT (35+1) CIRIRAS
HR AT o RE5G 3R RS U8 A5 S BT FE R i B[R]
3 d 22 N SE R, ARG B B A R A P o L 1, i e R
1.2 REEKE

K HTHR R TG TR (UASB) A& e & 001 741t
ORGSR E M A VLIRS AR LN
ARV A LR RN AR s A S S B s
IERE, R DL 1 R R R T I 2
i N, 10 min P45 DR AUR BEFRES , A0 N TR A
AL I AR SO W I AR 5y
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2T, 5 R, iR R s 2 MRS
T P 8 = AR AR ) S B i JT & Fe . Co \Ni Mo,
Cu.Zn, T f& PR AU e oK1 i i) 7= A o 34 428 06
S A TG R T R Se W B o AN 7R ZF
A NS SR G A 5 A S £ % Feng 2513 1)
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R BEREMYPHERELER

Table 1 Basic properties of the pig manure and the inoculated sludge

TS/% VS/% (VS/ITS)/% C/% H/% 0/% N/% C/N SI% pH
¥62& Pig manure 27.5 21.6 78.5 28.3 2.5 20.8 2.7 10.5 0.7 7.2
R Inoculated sludge 7.3 4.1 56.2 2.9 0.5 2.1 0.5 5.8 0.2 7.8

TE TS O B R 5 VS Dy H P

Note: TS indicates total solid; VS indicates volatile solid.



1382 URIEIN Xl 53955 64
R2 BEREMYPEERETESERENNRERBETRE(ng- L)
Table 2 Contents of main trace elements in pig manure and inoculated sludge and their
demand for anaerobic fermentation(mg-L™")
TiH Item Fe Cu Zn Ni Mo Se W Co
$% ¢ Pig manure 605.4 55.8 238.2 1.7 0.7 — — 1.8
FEFI5 IR Inoculated sludge 5.6 0.8 3.2 1.1 0.3 — — 0.3
T 2R 90uantity demanded >5.0 >0.1 >0.2 0.1~1.0 >0.2 >0.2 >0.2 0.1~1.0
VE UM R T Tt s O e R & 2 g8 R P 3 CR ) s — AR 1
Note : Elemental analysis based on dry weight; the content of trace elements refers to the content of raw materials ; — indicates below the detection limit.

o URE, B B IR 5 kg, P AR ZE 1 225 g, 3R
1000 g(#FP 3 20% ), JiN 258 F /KA TS 20 8% , ¥4
WEHRASI G2 o BRI BB Se WA A5
25 HVBHR A P15 503 1 bR 3 A8 5 A\ UASB K %6
25 P14 H s p A 25 88 7K CK 41 R ) a4
AN ICE Se W5 LY IR E Se W (0.4
mg -+ L' F10.9 mg- L") ; M 41 R %5 il AP i B Se . W (0.8
mg - LA 1.8 mg- L") s H 41 iR i Wk B Se W (1.2
mg- L7 2.7 mg- L) o ERHEE oS ) PR B rpo
AN, PR (35+ 1) C, AN A E R 31k, B H
S I 7 S MRS R IRV P Y VA VR JEE
1.4 R F %

TS VS 43 5 2R FEAE T30 1A e ol = 92 0 ™, )
SETREE 435914 105 SCHT600 °C;C H .0 N STCE 1Y i
A HCR IR S BT A 72 ™ F i 28 HNOs—HCIO,
THAEG RS B R R SHEIEL (ICP-AES) 234l
7 Fe .Cu.Zn.Ni .Mo.Se W .Cofim It &> &R
AR TSR VFA T LR B, FH 5% 0 BR VA R ]
T pH {f<3.0, 10 000 r+ min™ B 0> 10 min, |75 £
0.45 wm i B2 21 4 22 B U8 F5 11 VA B 74 R 5 4 , E A
1R #5652 34154 200 °C, 2% 33 & 8.00 mL - min™,
M12 E4H145 1 (30 mx0.53 mmx1 pm, Thermo)™'; {HS,
H 7= A AR e o 5 VA A b iR
S FEAUE , AREAE R ®10 mx2 mm A5 94 €443
FE, HGERT I 2% 4« &35 28 0.6 MPa, it i - 20

L ARG B s 2K B ; 3. ARG 4. oK s SR
6. 7K ; T.0EBNAE s 8 I KTAHE 5 9. JE K BEK It
1.Threephase separator; 2.Watersealed bottle; 3.Gas flowmeter;
4.0utlet; 5.Sampling port; 6.Water pump; 7.Peristaltic pump;

8.Thermostatic water bath ; 9.Wastewater tank

| UASBEBREREE

Figure 1 Schematic diagram of the UASB fermentation reactor

mL - min™, PERE CTIRE A IR S A I 45 (TCD) 8 4
24 120,50 CHI120 °C, #EFE R 0.5 mI!™,
1.5 #ES
1.5.1 K EeIF0RF RIS P B e o I i

R TR B B e v (R AR AR IS B IR
SARESAET |, B o A 5 SR — I I R 0T Y
JIERE ™ A I F e B, AT A A R T AR A
BRI B AT, A R A R L
BT B AT R AT R ST i 3 |, FH Bus-
well J5 PR FIE S ARG A, -

#3 KWigt

Table 3 Experimental design

14 Code A Treatments J3% Pig manure/g R Inoculum/g Se/mg- L™ W/mg- 1"
2 TR Se (W 0 1000 0 0
CK TR Se (W 1225 1000 0 0
L IR Se (W 1225 1 000 0.4 0.9
M I EE Se (W 1225 1000 0.8 1.8
H IS R BE Se (W 1225 1000 12 2.7
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C.H,O,N,S,+1/4(4¢=h=20+3n+2s)H,0=1/8 (4¢—h+
20+3n+2s) CO+1/8 (4e+h—20-3n-2s ) CHy+nNHs+sHoS
(1)
T 3 AR (2) {8 AT A A L A e R 3L
FEH e I X (mL-g ' TS) «
_1/8(4c+h—-20-3n-25)X22.4%1000
12¢ + h + 160 + 14n + 32s

1.5.2 K™ besh 117

g — 2 8 1 AR (8 3K 3) Fil Gompertz 15 7Y
(30 4) 5 DR K B B 96 1158 30 ) 2 FOns o
B0 AR A D 2R BCR W BT A4 U0 BE EAT EL R, S
e S Y BE - SR R AR T2 R VS

— RS IR

X, = X[ 1= exp(—ht)] (3)
o X A R T L I A 2 e 8, mL- g 75 X,
O oI 2R 2 B A mL - gty b R BN R AR R
d™'5e A ERTTE], d

Gompertz model J5 FEUNT

Xe

(2)

X, = Xuexp{ —exp| RX'—f(x—t)u]} (4)

AR HBEHE AR mLe g - d e A HEL,2.718 282;
N AR ], do
1.5.3 RIEICY AW 4™ R e sl

DAAS [] ik ] 52 PP e R A d 55 A D e ) 40 R
Bt 7 R W H B R & I R e 7 28 [ (Methane
production ratio, MPR)"",

U0 DR AR A T 1) A= 2 A 7™ B e 58036 (Biode-
gradability, BDA )il i 15

X,
BDA=1"x100% (5)

A X R e B Z VS BB GE = %6, mL- g7 X VS By P
WHEE % mL-g ',
1.5.4 Ak 3

K 1 SPSS 25.0 #4784k 4k B K J5 22 43 By (R 2%
PEACOE B E 4 0.05) , % Origin 8.0 B P HEA 7425 (8] 2
DRI R B AR IS 4 A TR A0 R B AR
I3 VEA P8 s S F0 Bk T 28 4L 2 HoR
3R EE M T-HIME.
2 ZR5itie
2.1 RMHEITTE Se WXBEFSEWH M

B2 kg RAE R Tk i AOH - Rt R .
HA SR S B B B R IR A X
i TR B S e A 1217 RIFER TRIRE L

b £10000

WA

Daily biogas produc
wo
S w
S S
SRS
T

P S g g , HL b iiE— 25 Bk I T & & A s 1 B 35 1)
ReAEY . EIRE R BRIV HA H AR Ak
SIS B E MBS SABHEI TR
U, 5 B A WF IR R — 80, Hodh, CKAm =<
WA ) BRAE 2R 4 .10 d Al 21 d, AR AN JC K Se
W 3 A BRAL (L M AITH) B 7S e 06 34 43 331) o B
TESE 3.7 dFN12~15 d, 5 CK LA EL , X B () 725 g e
PIHE T P A R A IR AR BT R Y K, R4 B
TN AR A i H R 22 53 8 35 (P<0.05) L fefE M 4
TR T A7 A W dRe s H 7S (12 712 mL) B CK 417E
5510 d 7 A i m H A (11 253 mL) 350 13.0%
R3S 7 RZEUAA AR, £ 4l 225
#(P<0.05) ., M4 BEBIRA K&K (177 001
mL) , 5 & /INAY CK 4 (160 595 mL) #H HL 3R 5 T
10.2%; L H 20 09 RFIA S 30 b CK 4 8

4.9% F18.8% . 1AHA5 R U Se W i L H X
IR AEUR B TR R R B AN TR R B A B A T, R BN
PN AR R R E R T A
FEHIE SR Se W SR A ok Y I vk g 5 SR R R

15000

in=]
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Figure 2 Variation curve of daily biogas production
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Figure 3 Cumulative gas production
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Table 4 Significant analysis of differences of daily and cumulative biogas production

H =i Daily biogas production

FBIH(35 )

pir il 7d 10d Cumulative gas production
Treatments
${H Value/mL-d™! F P 308 Value/mL-d™! F P $0{8 Value/mL F P
CK 8 100+248.9h 315.28 <0.05 11 253+136.1a 28.72 <0.05 160 595+2 575.5¢ 48.08 <0.05
L 12 654+142.7a 9 881+249.9b 168 468+1 015.4b
M 12 712+177.7a 10 920+357.0a 177 001+1 904.6a
H 12 512+285.2a 9 820+110.9b 174 789+1 493.9a

T AN ENE FRHRFRAL B ) 22 55 i 25, R IA)

Note: Different lowercase letters indicate significant differences among treatments. The same below.

AR SR M O B REOT R HAE A U S A
B A0 1 P TR S AR OG . A i — 2P B E T
T8 B Se W I BERS (L 0F DR A0 % e = VH R R, 2 5
BRI S
2.2 FFHRIRFAES
2.2.1 USINfHEICE Se W Xf VFA {5211

FERAERR iR (VEA) J2 i e PR A K T el R e
PRI A 1) — AR R B 4a B 4b 0] LA
E i, L2 15 TVFAs 19 60% A A, & 4H AR AL B S A
— Rk R TR, BR B TR . TEREEY
G B BK R R T B e %, TVFAs e BTV T
fr, CKZHAESS 3 d I8 3 7= 2 e, L M AT H 41 e CK 41
PERT 1 d 3k 2077 R = 04, X AT RE RN U JT K Se (W
TEK IR AL B B AR B &2 SR B 3 & T 7 BR A 1Y
TP i T R AR I SN IS ], S 30 I e P B
Bl J , TVFAs FI R MR BTG R B, 2 R S o, LM
A H AR TVFAs FI £ 18 R AR I AL F CK 41, K5
BN TVFAs Fll £ R SRR 1 22 57 B35 (P<
0.05), Hrf M4 B/l th CK 415 5B A% 57.6%
F41.4% ., X R IE BRI ITTER Se W Al R
TR R DA AR VR S5 AR, LR R Rk I R 4D
VEA MR s P BRI 5 7 B B 1 B8 AR SC R 1]
TR 7 FRRE A BB 1) 2 A S B R = Y (e
FGETE sh il & A o BRIL, WS 038 it Se W RE S 21 2% fift
TVFAs FURIGVER i = Btk e

N R 2 fi 7y L 28 L e X i 1) — R g 7 PR
H ] de AT, CK 2 A N R MR 32 - A B TV F As VR JEE 11
REALR T R ALK, T A2 76 2 ViR JE 2 356~2 484 mg - L™ X [fi]
INYERF 14 d(36 3~16 d) 5B FFE, L M A H 41765
2 d BIGRIEAE J5 R B, T4 ol s A R 3R A i ]
BALT CK4A, RS BR&AENRKZE S B E(P<

7200

As/mg- 1"

<2400

Total VF

SR AMERE TR TVFAs
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= 7 4800
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Figure 4 Variations of concentrations of TVFAs, acetic

acid and propionic acid
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LR ARGt A3 5 28 DU
2.2.2 IHHCERICEK Se W XT FBE = 2 4 2 1)

FF ot 7= S5 2 BN I 2 (A AL 48 IR ARk e 7
F o A AR, 32 B2 T R AE AT ML 55 Ak 7= PR o 14 i
JIB e ER AR R B FE TVF As # 4L S FRBE IO R0CR
H1 Il 5 AT, F e AR A 50 SR B e ol s K 5 ks T
FROER AR, CKALR AR e 1R 14 d (36 6~19
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e R AR5

Volume fraction of methane in biogas/%
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Figure 5 Variation curve of methane volume fraction in biogas
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F CK 2 (62.2% ) 42 5 6.4% . 9.8% F1 8% ; M £ (1) 2 FH
o 7 R f 75 (3983 mL - g™') , 5 CK 41 (328.1 mL-
g ) HHE T 21.4% ., Gerhard 25 [m) 55 32 3L Hh A RE ]
W™ B e B A K B I DT K Se W, COLFE by F At
AR B RCRIR S T 25%. BHFTas R E R
T Se . W BB % £ 2F 7 B e TR 0 A R RN I 0 30
PE, 5 B 0 2 FEME 5 A R BE I AR
0 (G145 1R T2 COL  HL 55 ) A1 238, X 2 8 B e 7™
FFNRBE IR FUR W R Guia 7R A i 3 nfie it
YEM .
2.2.3 Her= R gl )y 2f

B0 R H — 2% 8l 7 2= B R AT Gompertz 45 7Y )
B ASWIRA KT R et B, R 750 T 2 P AR
SOE{Y R 2 ¢

MALE G5 0T LA Y, Gompertz FE 1 Y e 58 280
RP¥IRTF 0.998, $UA K10 5 = , 1 HLH ot 7= R 35
{B5 SEMHE I, e R 2ZE(EAUHN 1.0% , 16 i 7 i)
LR Ay YA 1 S e 45 2 7 FR e ad B . — sl ) 2
R P 28R/ T 0,978, HLAUA -5 52 0 41 1
ZERR VLRI A SRR & DR AR R I R

RS ABIRDRATENSELMENRR ZCRIRBNESEZHEST

Table 5 Significant analysis of differences of TVFAs, acetic acids and propionic acids during fermentation

L TR B ZPENRIITR Total volatile fatty acid TR Acetic acid TR Propionic acid
Treatments  %{f Value/mg-L"' F P (Y Value/mg- 1" F P B {H Value/mg- 1" F P
CK 1 906+62.6a 300.07 <0.05 1 143+12.3a 229.97 <0.05 715+9.5a 9192.17 <0.05
L 1 256+74.7h 878+14.2b 252+3.6b
M 809+9.9d 670+20.8d 58+2d
H 932+7.2¢ 750+30.5¢ 89+3.5¢
Fo FHRKRERSYSRRTREREEZEST
Table 6 Significant analysis of differences of average percentage and yield of CH,
JbEng - 24 F AR B3 HL Average percentage of CHa 427 & Specific methane yield
Treatments B Value/% F P B Value/mL-g '+ d” F P
CK 62.2+0.06d 4663.0 <0.05 328.1+5.61d 171.5 <0.05
L 66.2+0.03¢ 367.7+2.28¢
M 68.3+0.11a 398.3£3.99a
H 67.2+0.04b 386.5+3.63b
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Gompertz f 8 1 | CK 21 119 7™ B ot 3 % 85 /N (19.1
mL g™ d™) , M 4L H e 4 0 K (31.0 mL- g -
d"), 5 CK 4 H 42 7 62.3%, H L4k 22 (28.6.24.5
mL-g™-d™), 5 CK4L L7 542 55 49.7% F128.3%. 73
A, M2 BRI A (1,13 d), 5 CK 20 (1.93 d) He4i
FE41.5%. LA W, 1) ik = B —Fp el JLFP R TR
PR A8 T 22 490 HP I F0 A1 I 9 sl o0 3R 7 Y o 7R
B A BB, P R B B AR 1 R TN R S R R TR
15 BRA'E A 5 37 0 Jo 0 A8 05 ) b gl 7 PR e B A 2
IR L 5T [ G 82 ) N v A< 9 e B T P 1
NN IE B 0 S G &K Se W BE RS UE 77 BR T A7
Jot T PR A Ny P ERIR S PR = HE R VERR TR B A
R AL P e AR, BN 7 PR R A AR
i A4 g
2.3 MEITE Se WX R EZEE LY =R E RN

HR 4 B SRR (32 1) T 2 40 B 45 SR vl HIE 25 1
A2 4 BH CiosHii00ssNsS, , 38 3 7 #4 (2) 1 VS/TS
SR R R T RN 1 O 566.7 mL - g, T
Mgller S5 320 48 25 oK A5 4 81 15 R D5 55
A PO B AR B PR 7 e J1 516 mL-g'.
% 8 WA ULAEAS ] K et 8] A9 BDA A MPR {E. BDA
hy i i SRR e AL R IR EE S, R AT

W, R RN 17 A, L M ZH AT H 4649 BDA H CK
Iy 16.7% .37.6% F131.1% , Herb MZHE45 13 d
i) BDA { (56.6%) 5 CK 41%F 26 d ) BDA (56.5% ) $%
T KBRS BT LM 41 F1 H 41 59 BDA 43 51 ik %)
64.9% . 70.3% F 68.2%, W & & F CK 41 #J BDA
(57.9%) . MPR RIAE R f 2 7K 45 B 5 [8] (CHRT) /9
TR, A BFST H DL MPR 25T 90% 26 735 PR 48R 1%
S G R R A 2 1) DR AR TR 5 SRS (] )
524 18.92.16.23 d A1 17.01 d, H:+p M AL %) HRT #¢
fi,HCK41(2023 )4k T4 do IRg5 RERW i
PNl JCZR Se W AT 82 T4 2 BE IS 0 5 AL 23T K
KA J R WE7K 45 B IF ], 252 BR 1 B H, BDA £
v FIHRT Y 46 i A B 1o 1 R T IS o e A7 A0S FR
FIFHZE R T A FEAR

3 Hig

(1) B INAMIE R TG Se W TEJE 2845 & Pk i
PR AR SRR R A T e R R ot R e
Rt 7= SR A5 T4 A AN [ R B BV E A, b ik
FEMZ(Se 0.8 mg-L" W 1.8 mg- L") X} KA K& BERUCR
P2 RO, fe R 2, BB (177 001 mL)
I H e AR T340 (68.3%) Fil BDA (70.3%) Lt CK 4143

RT MEFENELBARRTRHENUSER

Table 7 Model—fitting for methane production curves

FEH Model 24 Parameters CK L M H
Gompert 175 R 0.998 6 0.999 0 0.999 2 0.999 4
Gﬁﬁ‘z SR Measured value/mL- g 328.1 367.7 398.3 386.5
P4 18 Fitted value/mL- g™ 331.5 369.9 401.3 389.6
IR el% 1.0 0.6 0.8 0.8
Ru/mL-g"d" 19.1 245 31.0 28.6
Ad 1.93 1.26 1.13 1.17
. CIMES R 0.970 1 09775 0.9717 0.973 6
Firf'iifder A Fitted value/mL- g™ 408.0 4248 438.2 430.7
model IR /% 24.3 15.5 10.0 11.5
k/d™! 0.056 2 0.070 3 0.090 1 0.083 7
8 REAEILFRERS B8 S A9 MPR #1 BDA
Table 8 Methane production ratio and biodegradability at some points of the anaerobic fermentation process
s gl F e e a2 13d 17d 26d 354
Treatments  Methane yield/mL-g"  MPR/% BDA/% MPR/% BDA/% MPR/% BDA/% MPR/% BDA/%
CK 328.1 69.2 40.1 81.7 473 97.5 56.5 100.00 57.9
L 367.7 724 47.0 85.1 552 97.9 63.5 100.00 64.9
398.3 80.5 56.6 92.6 65.1 99.3 69.8 100.00 70.3
H 386.5 78.0 532 90.9 62.0 99.0 67.3 100.00 68.2
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R T 10.2% .6.1% F121.4% , 48 K& 3 7R A 2
VRN, N AR AL LAAF 5 Gompertz FEAY

(2) F B 7= 3R 5 TVFAs Jii &8 1k 5L A 5¢ , Bifi i
OGRS I I E RS . R ITE Se (W
REAS 0 1E 7= P o PR RN ARV A, i R e e s i i
A0 FRBE 9 S R 38, A2t 7 B e E R, FL e X 1R
FAAFA NI A 2 . MATSUR e, B IR TVF A
FEHAE (809 mg- L) e K e s 2 (31.0 mL- g -
d™") g A5 K g s B E TR (16.23 d) AR i 3 (1.13
d), T INGEICEK Se W 1] #2545 28 R AR A%
R (Too) A 50 KR L BB A . X5 & 24 1 W B
ZIRA KBRS, BV INE BRI R Se W, il
LR R G0N R A RN e 1 B AR IR
BT WFIE LSRR DA R e AR S e 1o FH 2
RSH A%
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