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Table 1 Operating parameters of anaerobic digestion treatment process
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Fig. 1 Schematic diagram of a horizontal anaerobic
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Table 2 Comparison of substrate components treated by different strategies %
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T BUERET T T B 5 PRy 2

fii BL 0 AR e 21 48 S i (FT-IR) BB W8 A 2145 1630 15141419 12341149 1030
R A 040 TS5 MR B RE AT, ) VR AR | b

5 LT TR oL R T R PN N I 2T A 2 45 A 1 AR
FEARHEAR IR, 0 2 s, 5K R 451 AH
Ky T 1234, 1419, 1514, 1630 cm’!
Ab, AHEE T ESRE, TR A BB K S SR
1419, 1514 em ' (RJEEPRFHFRC—HE

i
i
i
i
i
i
i
i
i
i
i
i

1
i i
i i
! & !
1 1 T
i ) i
i i i
1 1 1
i i i
i i i
! ! !
| |
i i )
i i i
1 1 1
i i i

R
RN . K E PR E 2 C=C—OH fif 4 #iz . P I'ﬁ‘kﬁ%ﬁlmﬁg
Bl ARSI RGN T 29 3.5%, 1£1234, 1630cm™ 1700 1600 1500 1400 1300 1200 1100 1000 900
KRR Wk C—O0—C MgiiRsh . KRR g e

5FERER C=0 M4k sh) b FE it FH B2 RAEEAMERENIARAEZEERENTL
MTA52%, XFEH, K TP AT ZEL454  Fig.2  Changes of lignocellulosic functional groups in vinegar
B B T B A P e S R BRI BE |, BPAR residues after mixed fungal fermentation
2R 5 K AL G W) 2 0] B R IR R, R OR B R R BN A BRI /N o AR 4 R RIE AT 2 R A
A SC R IE A2 T 1 030, 1149 e '(SFAE R ML 4R b C—O AR sh . L4 R ML 4ER T
C—O—C H4ifiksh), HBEdFIM T 2 8.0%, WE{R 7 B2 A1k Mo A 5T 28 AH O 1% W 1) 5 B2 45 1 5 fim B
o XRW, IRA EFE LR P H & SR 4 Z R g R L5 MRE . &5 Lk, IRAE
T A T Al O I R AR TR M BE S5 4 e X 2T 4R 3R | R AT R RS MBI BOIR , REE A BB IR R i £ 4 R
Gk, ek BRAT R TS 2 K AR A [ B £ 4 2% A 27 2 3R A 58 00 K i
22 REHEUBURRRAUGIRSH

Xof L B — 1 DR AR TH A Ak B3 B (AD ) R T R B IR 5 DR 4R0TH A Ak B3 72 (FF+AD 2H) 1Y IR )
W5 0, DA T SRS 8 7% ¢ FF+AD SR 73 55 20 A0 RS vh A BT 28 A28 o T AR e fige 38 R K I
2T A R B A R SRR DR T AL R B ) B A i) T 98 b, HLA R LK 3.0 ATRAAE i, AD 2H LR i
T 54.12% W T, EFYEER . AR 4RI SR A X T AR W A I A A 03 00 O 39.82% . 73.63%
M1 5.41%, FF+AD AAL[EM T 81.51%M T ¥, P48 R . 125 4t R RUKR T AR A% 40 5 114 B 1
HRIPHNH 87.65% . 96.34% M1 23.99%. i L IREHE TR, JCIE R IR A T 1A 14 I A R i 2 B — )
R AR f# 2R, FF+AD 41355 T AD 41, B4R FF+AD Sl A B0 26 T 23.99% AR R % . SR, HH



3004 ok L B ¥ W Fl6 &

?4&%/%2@“3*53%&*% ':F'*Ei% H"]ﬁ?\'% (“ 100 'gg&z B £ 4 %
JE i 509)1, ZEMA R A dhiak2 (SR e GEE p
JRAT LA Y, AD 4R I P AR 50 2 5T B
N 23.84%, T8 A4S & A L 5 8K 35.53%
RILFAER . 12.84% HYPAFYER | 7.62% YRR
F A2 oy R figE . HonT BEAY DD,
— [ DR Aol R X AR JB 4T 4 3R 45 e 1) B DR R R 201
AR, A BE R A WO 5 21 4 3R 45 F R 48 1Y 5
ZH. LA, FF+AD AR 2P 4E % | 4T AD FF+AD

2 Z AV 1 9 B B 500 21.74% . 4.45% AR

1 481%, HHF ADAKKIE T, ARE B3 FRRBLEEN TS BRRMARTERERE
2 N 62.32%, IR N 76.01%., HJFEF W fig Fig.3 TS degradation rate and lignocellulose degradation rate
R R R R R AT Y LA A after treatment by different strategies

HCHL B T 27 4 2 FK 2T 4 2 6405 . 3L
TEPR A A LUE S0 B i o Ik, FF+AD
R WS 1 SR T AR JO & 4 3R 45 g 1% [) B R
WA IR Th I LT A R FE P R R G Gy, W

80

60

Fiefif 22/ %

40t

AD: 47.06% AD: 28.21%

PRI AR TR AR
FF+AD S lig v, FF i BRI AD Bir Bt 2F 4 FF: 52.94% FT1LT9%

B CRITRE R SRR | LA R e o) e

; N H e N 1L . .
MHﬁmffTT@4®ng4%”§i’FFM&’ Bl 4 FF+AD SREEh FF B EX A0 AD B ER O 4T 4 SR RN R 4
L AD Bir BLEF 20 5 B 17 1L 57 50 %5 52.949% 7 G FIRERTRE . KT FRRL D
47.06%, - £F i 3 W fif o b 230 D 71.79% A Fig. 4 Cellulose and hemicellulose degradation in FF and AD
2821%. XKW, ZKIE I FF By B AE 3R R phases as a proportion of total cellulose and hemicellulose
R4 Z 45 IR, SFEY) &4k £ fnk 4t degradation in FF+AD strategy

WeRA—EIRERIER, HEREERRAEX LR RKEREM . HIEETREE, AW
AT ERE L, SR RN L g RS IR, SR, TR EA &S5 Mm
&, HAHRBEDWATRREIWM . M2 T, PEgERM05Tm/NBEEME S, BT EY
Pk A B, A, RA E W ARG MBS A KA sk, R R A R R R,
7 4 R B R 1) 28.50% . H— 1Y) FF [ Bt B AR RE A AUME IR A TR £F 4 R 454, SR, WF R H £F 4
FHYREARAE I AR, oL AR R R Al Bk . AD W BEREA SUVR#b FE [ B SHREBIFE , 32 &S
VIR SRR, PRI A B2 2L R .

FF+AD 3R W B & T 5 IR AT AL 2 b R M Th RE B Ah, Wt TRk e aifb A
JRERRCR, RAFEARFTRAE N 62.32%, FIEN 76.01%, ZLEE K AT EEBASE . H
L N AN 3 1| DN =0 e v I = Rl X B A A R (R o R W NI T 1 78 NN NI 1
R B RLA B2 R
23 BEMTHRLAINKIE (FT-IR) 547

FT-IR [ 33% & — Fh 8 P40 A AR 27 4k R 45 A e BE A AT R i 2 —, RERE DR W iR 5T AR
[Fi) S W Xk A Jot 41 4k 3R 4500 W B ff B o AR BF X R FT-IR B R 4347 17 A R 7E 900 ~ 1 700 em™
P B Bl K T 41 2 R AR I (i AR AL LA, L2k I an &l 5 s .

1S AT, S ) SRS & I8 I ) VR T 5 R (R 2T AT A E L S ) MR g 0 1 56 38 728 £ s 30 B
WS, 751030 A E BT Eh C—OM4ERsh) F 1 149 cm (P4 ZMF T4 £
C—O—C 4 P sh) b Ay e (5 3 AR 48 T IS AS AR fb B B, B ad RN 10% DL o XUER, KW
R LF 2 Z R R R o R . L2 R, 76 1 2340K R R Wk C—O0—C 45 IR 3h).
1 419(R L ZE RIS C—H BB IR 3N) . 1 514K TR PR M2 C=C—OH 4 #3h) F1 1 630 cm™



55 9 1] TS FIRIEER L P Al AR B BRI B R RE Al 3005

RUSHY -~~~ FF4] ~~~ AD4] -~ FF+AD#

1630 1514 1419 212341149 1030
! 1 B RS B

(K2 o 537 B A% ) C=0 145 3 5h) Ab 1)
S 5% 3 M A T I R AR AR R /DN, i R
TNANE] 3%, X R, ABREMBERMIK, K
FREBS D, H5 2.2 9 KL 4E R 8RR R
G5 3, A, KIRYAE 1419, 1514 cem’
Ao 1) W A 5% B AR AE 3 /N FAE 12340 1630 cm™
Ab I B B AT . IR, KRR MR
HRAR X [ fi i

AN TR S W & T I 18 i 22 1) O 2T A0l 1 1 ;

i
ST
g

i
i i
| i
i i
i i
i i
i i
I \J
i )
i i
i i

HAEWE 2%, Hd, FF+AD KM KB G 8918 17.00 16.00 15.00 1:&00 13.00 1200 1 ioo 1600 960
i M B 2 SR L A RO i R et
BRI MR M R A R T Y 2 2 A B 5 BEREROR IS & B R R4 Sh i
MR FERE e s . MH T FR4L Ml AD 4, Fig. 5 Infrared spectra of vinegar residues and biogas residues
FE+AD 2 {14 16 {8 35 12 A5 4k, 3 3542 th 7 1 030 A after fermentation by different strategies

Z 5-3

1149 em™ X 2 NS4 | AP Z AT, 76 1030 em™ 4 AYE 5 98.75%, 435l Lt
FE 441 AD 24275 T 4.20% F12.36%; £ 1149 cm™ ZbH935 3 %K 99.47%, 43 5l Ht FE 441 AD 2 4%
T 1.91% 1 1.45% X AT RESE K R, FF+AD 3R W X A ot 21 4k 28 245 h0) 10 A R0 IR 3 8 17 IR S0 v FRE )
IR B KRR, A FHAEZ MY FHEREM P REC—OBMC—O—CHKH., B—1
AD Kb FEXF A BT T 45 2 450 SR AE /N, IR S5 W A7 e BELAS T DR R XS £F e R AL 4P 4E R 1Y)
BE—E R ; B—1Y FF AL B SR BERE IR A R AT 4 R 454, SR Hoxt 4 4k R (0 e AR . I
I, ADZ41HIFF 4N EF 4R | B4R 0 TR /NT FF+AD 41, 1§ 5 %A% .

25 LAy, FF+AD 5 WS 7 1 RO I IS A 5 2T 4 2% 25 40 1) [R) I RE A8 70 0 W S 2T 4 R . 241 4
BN TEMTI C—O B C—O0—C#l, MFergE RALEaYe R, e ARRRAE ., o, %K
WX A B R R IR BRI IR AR /N, B AT R R A PR B mTli
24 REFRFKBEFEHENT K

R AT A AR 21 rp 2 G 25 R0 2 21 2 3 0 A 55008 53 2 T R b K R R sl 0y i Ak i S e, T AT 4
B 27 4 2210 K i 2 AR S HOK R AE FH o BRI, (A R Hh K e 6 00 16 1 — 8 R L RE S AR B 2T
He | RAHEZNKBRE . RBP4 E M (CMC) & —Fh NI 4 2, SO EMATRE
BRI 2 — o RBP4 R0 R B NI, A MBI 20 21 2 3K B 2o B2 10 S B il . 1
F H CMC i ALK M B 0 G PE AR fR an & 6 s o BB 6 ] LU Y, B 2 I N AR Y E ZEiE AT,
AD 41 Fll FF+AD 4 ) CMC [ FIA S BB I6 M AR U g, SRR 2 IS, Wl R T R

0r 80
7 . TR W IELT 2 2R W P —B— R AL R W
o b —o— A = | —o— At
=] =1
E 60 g 70}
; Ayt -
= /i\ < —
o sof K%Q* i\i/+ S e} \§/+
A e
i e
= 40t = Sof
2 2
30 : : : : ' 40 : ' '
0 10 20 30 40 50 0 10 20 30
BT a)/d B4 a)/d
(a) AD#H (b) FF+AD#

6 ADHM FF+AD AR EHRZPRPARALE RN ARERAEHTLER
Fig. 6 Changes of CMCase activity and xylanse activity in anaerobic systems of the AD and FF+AD groups
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Fig. 7 Gene numbers of six families of carbohydrate-active enzymes and the abundance of the top 20 carbohydrate-active
enzyme genes in anaerobic systems of the AD and FF+AD groups
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Effectiveness assessment of a new strategy for the biopurification of lignin
from vinegar residues
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Abstract  As an important component of vinegar residues, lignin is a renewable resource for providing
aromatic substances in nature, and it can be widely used. However, the lignocellulosic structure of vinegar
residues is very stable and the difficulty in destroying this structure leads to the low efficiency for lignin
separation and purification with biological methods, and further affects the utilization of vinegar residues. For
solving this problem, a novel strategy for lignin separation and purification was proposed. Based on the
combination of mixed fungal fermentation and anaerobic digestion treatment process, the efficient purification
of lignin can be attained through the synergistic effect of effective destruction of lignocellulosic structure and
degradation of polysaccharides by microorganisms with different functions. After treatment, the degradation rate
of cellulose and hemicellulose in vinegar residues reached 87.65% and 96.34%, the purity of lignin was 62.32%
and the recovery rate was 76.01%. The increase of hydrolase activity and the enrichment of microorganisms
containing carbohydrate-active enzyme (GH43, CE1 and GH13) genes in the treatment system after destruction
of lignocellulosic structure of vinegar residues were the fundamental reason for the efficient purification of
lignin by this strategy. The results showed the great potential of this strategy for the efficient separation and
purification of lignin from vinegar residues, which can provide a reference for the resource utilization of vinegar
residues.

Keywords vinegar residues resourcelisation; lignin; biological purification; hydrolase; carbohydrate-active

enzyme genes
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