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ABSTRACT Ramie degumming wastewater is characterized by high organic loading, high color, and poor
biodegradability, and its efficient treatment remains a key technical bottleneck for the green development of the
ramie industry. To investigate the treatment efficacy of electron beam irradiation and the mineralization behavior of
its organic constituents, actual degumming wastewater collected from a ramie processing enterprise in Dazhou,
Sichuan, was irradiated at absorbed doses ranging from 0 to 200 kGy. Water quality parameters including
chromaticity, turbidity, pH, chemical oxygen demand (COD), five-day biochemical oxygen demand (BODj),
dissolved oxygen, electrical conductivity, suspended solids, and total organic carbon (TOC) were systematically
measured. The results demonstrated that electron beam irradiation simultaneously achieved high pollutant removal
and significant improvement in biodegradability. At 200 kGy, the removal efficiencies of COD and TOC reached
91.8% and 83.7%, respectively, while the BOD./COD ratio increased from 0.10 to above 0.38. The TOC removal
followed pseudo-first-order kinetics with a dose constant of 0.012 9 kGy'. Pyrolysis-gas chromatography-mass
spectrometry analysis revealed that the pyrolytic yield of CO,decreased from 73.00% to 9.85%, while that of
anhydroglucopyranose increased from 9.12% to 79.99% after irradiation, confirming the dominant role of hydroxyl
radicals in organic carbon mineralization via decarboxylation. Combined with changes in water quality parameters,
the direct action of the electron beam was found to synergistically promote the cleavage of glycosidic bonds, while
irradiation-induced polymer cross-linking reactions contributed significantly to colloid destabilization and the
removal of particulate pollutants. This study elucidates the three-step degradation mechanism of “chain scission-
oxidative ring opening-deep mineralization” and clarifies the relationships among irradiation dose, mineralization
efficiency, and biodegradability enhancement, providing a theoretical basis for process optimization of electron
beam irradiation in ramie degumming wastewater treatment.
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Table 1 Initial water quality parameters of ramie
degumming wastewater

2% Parameters JiR7K Initial water (0 kGy)
4 / Times  Color 1 154+58
#UE / NTU Turbidity 820+41

pH 13.0+0.2
COD / (mg'L™") 11 9534598
BODs / (mg'L™) 1 208+97
BODs/COD 0.10+0.01
DO/ (mg-L™) 0+0.2
EC/(uS-cm™) 12 000+360)
SS/(mg-L™) 750+£37.5
TOC / (mg-L™") 2390+120
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Table 2 Number of treatment cycles for ramie degumming wastewater at different irradiation doses

H #7714 / kGy FRIE T / (cm-s™) L%/ n SEPRPE %L/ n

Target dose Conveyor belt speed Theoretical number of treatment cycles  Actual number of treatment cycles
10 4.71 1 1

20 2.6 1.105 1(18.1 kGy)

50 2.6 2.76 3(54.3 kGy)

100 2.6 5.52 6(108.6 kGy)

200 2.6 11.05 11(199.1 kGy)
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Fig.1 Ramie degumming wastewater under different irradiation doses of a 10 MeV, 2 mA electron beam
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&3 10 MeV, 2 mA BEFFAFRIKFIER T = FRIRREKEASHT L

Table 3 Changes in physicochemical parameters of ramie degumming wastewater at various absorbed doses of a
10 MeV, 2 mA electron beam

Z4 Parameters . Units 0 kGy 10 kGy 20 kGy 50 kGy 100 kGy 200 kGy
4] Color & 1 154+58 680+34 380+19 15148 66+3 27+1
TR Turbidity NTU 820+41 524426 303+15 120+6 45+2 161
pH — 13+0.2 12.24+0.2 11+0.2 9.3+0.2 7.8+0.2 7.0+£0.2
COD mg-L™ 1 19534598 8 950+448 6 560+328 3 988+199 2 056+103 985+49
BOD:s mg'L’] 1208+97 1610+£129 1 880+£120 1523+122 833+67 350+28
BODs/COD — 0.1£0.01 0.18+0.02 0.29+0.03 0.38+0.04 0.41+0.04 0.36+0.03
DO mg-L™! 0+0.2 1.2+0.2 2.5+0.2 3.9+0.2 5.0+£0.2 5.9+0.2
EC uS-cm™ 12 000+£360 13 879+416 14 689+440 12 800+384 8 998+270 5239+157
SS mg'L" 750+37.5 580+29 411+£20.5 233+11.6 125+6.3 45423
TOC mg-L™ 2 390+120 2 056+103 1 726+86 1 288+64 746+37 390+20
TOCR % 0 13.97+0.7 27.78+1.4 46.11+£2.3 68.79+3.4 83.68+4.2
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800 |- e = T
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#p 9T r —a— pH 175
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S ssof 8 \ s
Z10F 2 5 600 450 &€
T400F B =
Sss0f 3 g
°1 T 00F 8 400 §
250
8r 200} 425
150 200
7F 100+
50 F :
6 L O L 0 o 1 1 1 1 1 1 1 O
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Radiation dose / kGy
B2 Bl pH K2 Bk R B R AR A it 2 GRS 68 L X 45 D

Fig.2 Curves of chromaticity, turbidity, pH, and removal rate as a function of absorbed dose (color online)
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MATEE T 0.10 Fr 42 E T+ 2100 kGy I 17 0.41, BE )5
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(Al . XL B =Y F BN EWER, 5
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Fig.3 Curves of COD, BOD;, and the BOD,/COD ratio as a function of absorbed dose (color online)
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£ 0~100 kGy i [ P 2 I R EF MR R, A1
F) 57 & % $0k=0.012 9 kGy'. 47 E L 100 kGy
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) R AR AR

ERAE S BT R R R AL 2
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o R R, FETOC PRIE T . A
117, % Hr B TOC /b £ L KT K5 1 131 /N 73
THRSEA, MAEE 2y . B7 8T
100 kGy Ji»  FRAR R XE R 2 20 73 LA S 1SR A /s
DTENR (FR. OB, ¥IRE) RO E
. «OH B Hi ki i iR S AT C-C b 285 /)
T ANIRIZ B E M N COFMH0 " t1F /N1
AVURE IR AR RE , AL E IR 25 BR AR PR
M TOC Zr M d sz . [, TR BRAH
FIRARTOC I A LAAT HLA I 3047 A 11
FAPRZR ), (E T I A B A RBORE it A B SR O B 2
WIFTCTE 7 B, TR T SR L KR i S A
HLYIEEH], /N T« OH H H1 2= B4 R0 B S I
CHHLE S EmE A EX TOC £l ELgE, X
iR 12 X 18] TOC P& Ik 22 171 Vet B2 F1 SS H5 48 T B
MR . ERETRKY, %z AR w Ay
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COD %4 71.6%. AW 5T 200 kGy ~ COD
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e
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Fig.4 Curves of TOC, TOC removal rate R, —In(1-R/100),
and dose constant k& with absorbed dose (color online)
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A E A TR AS T Y EE . — 7T, K
SHTZEmAe T RERE RERAE, e .
OH. HO, * S5 MK 115 J= 5 i e B2 X 4 v] Jd i
HARMNEEARO,” s H—Tm, wmEE R
K H WY RAEBZE K, Py-GC-MS 7 1 &R
CO, 2™ Z2 N 73% S % %8 9.85%, IESE | K&
FEEA VLR B B iR L B, T BRI T KA X ¥
A EAE, (3 DOTFLA & .

HSE (ECO EIEAERMES, 7510~
20 kGy [X /8] A\ 12 000 pS/cm T+ 2% 14 689 pS/cm, [i#
J& FEEE T %42 200 kGy I (195 239 uS/em. #l4H -7+
FEIAE T KT 2 05 B AR 7= A2 1N T A LR
PR T F0 Na' 5 LS T IR G a2 BRI e
X - H R — A A CO,BUR AN 1
DUUE . MU T s i & 1 L8 2 JBR i JI IR /K Ak 2
TR 5 — 5

BIFY (SS) M 750 mg/L FF 82 FE & 45 mg/L,
ZBRFEIL94.0%, HHERNEHAEE . SSH
F2 PR VA DR T 4 RO 38 V7 A AL I B A i DA
Bk TG AR IS 1 2EE DT UE . 200 kGy B SS A
45 mg/L, BT (I5KEGEAHEBbRUE) — HhrE
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Fig.5 Curves showing the variation of parameters (EO, EC, SS, etc.) and removal rates with absorbed dose (color online)
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o Gas chromatogram of pyrolysis products
80 from untreated wastewater
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Fig.6 Py-GC-MS chromatogram of pyrolysis products from
raw ramie degumming wastewater

MR AR, JEUHEKE Py-GC-MS & =4
PL S AL iR (73.00%) 1R TR RS UK RS A RE
(9.12%) AFE, [FIBEH C8E. AEH. 1-525E-2-
WS F S BA N . X — 720 A 522 K

It J2 I 7K R A LA () SRR LA DG o 7 JRR R T
PR E s SR H RS A OpE, H
R KRERERNEY W . L1 &/
o FIERE; RS HRKERIE (D-FIL %
B B0 ), AE ey i 2 AR B R AR B2 IR ORLRE T CO, 6
Rlt, B AG R K ZEAR =) CO, 5 LR 73%, R
W T RIS A 12 KA ML 1) 32 AT
WIS, Mo AR A R E A
WEL et 7R it 7K 3 2 478 P 0 1T A EL A A 9.12% K 1 &2
79.99%, 1M — A AL B M 73.00% 2R B 2 9.85%,
Ny TFEEER AL A D S RIS B> (GRS . X
— AU R T BT SRR R R K R B B R 1
WA A . 4RI E MR~ 4 0 « OH H H 3
ATt E SR EM RIS Z Ay, Wl bR
SNEREFLEA N CO, HF RN, T Bk B [ A rp R
TREKIEMEE, BN CO " REE TR, 5
UE IR B, £ 4 3 A DA R 7K FR R S T 266 FE AR 445
T2 48 MJS & EC A0 B s, T et g 2R Bt K T B
I JRRA RN Je A 4R R IE R =4, WOHAE

Rda IR K K Py-GC-MS 24

Table4 Py-GC-MS pyrolysis products of raw ramie degumming wastewater

LR BR B (8] WS THAR EL ] B FANS RSN 2T BN

Retention time / min Peak Area Ratio/ % Compound Molecular Formula Structural Formula

1.468 73 AR CO: NR—
Carbon dioxide

1.535 5.16 N CH>CHO 0PN
Acetaldehyde

1.697 2.13 P CsHsO o
Acetone )]\

2.022 1.10 2,3- T CsHeO2 i
2,3-Butanedione )J\[(

3.648 5.72 1-F 5k -2- CH:COCH-OH H°/Y
1-Hydroxy-2-propanone o

8.647 2.65 2,4-0 - 1-E% CeéHi100 P W T
2,4-Hexadien-1-ol

9.424 2.87 FH LA 0 1 CsHsO:
Methylcyclopentenolone th

15.423 9.12 e e 7 5t 7 0 2 A CeH100s 3
Levoglucosan /gj\
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ZLE R G S S AL, KRS . Uk
Sb, SEHRIBUR A TRy, AR AR
Ao R [ A £ ] T A RS R 75 i 7K R 0 R S5 R AL
R, BRIMEE— 8 OK T 1% W7 48 I8 5 R o
IV AR EL Bl o AR IR e th 1 SR AR IR K R B

FOH B L 5- R PR SR b ] Y, AR SK
T+ OH XS WEA I TR SEALAE T, O B e e 2
CEATTIR T B B e S A T BRI S IE
e

RS5 100 kGyiBIRACE R R K Py-GC-MS RfF=4)
Table 5 Py-GC-MS pyrolysis products of degumming wastewater treated with 100 kGy irradiation

B I 1] WR AT U T AR EEA51) HE TR £y A
Retention time / min  Peak Area Ratio / % Compound Molecular Formula  Structural Formula
1.453 9.85 AR CO: ——i
Carbon dioxide
1.533 1.28 3 CHs;CHO N
Acetaldehyde
1.726 0.86 2- k- CeHi20 s
2-Methylpentanal
1.981 0.78 2,3-T [ C4HeO2 it
2,3-Butanedione )kﬂ/
o
3.098 0.60 RERTiT CsHsOs HO/Y\O
Glyceraldehyde i
3.586 0.65 1-F22E-2- CHs;COCH-OH HO/Y
1-Hydroxy-2-propanone o
7.817 0.64 3-FE-2- T i CeH120
3-Methyl-2-butanone
o
8.37 3.40 e CsHeO2 S .
Furfuryl alcohol N\ J
9.33 0.52 F IR A T A e I CeH:O2
Methylcyclopentenolone th
11.42 1.62 2- AL TS CH,0 O¢\Tf\
2-Methylbutanal
12.77 1.46 5-F% H LR CeHeOs Sl
5-Hydroxymethylfurfural °
N\
17.43 79.99 ek g 25 7 61 2 CeHioOs ]
levoglucosan o
17.84 1.32 1,6- 151, 7K - B-D- ML gt 724 77 2 CsH100s i
1,6-Anhydro-B-D-glucopyranose (é\o»q
(o]
252 AFAE S B G Ik AR 55 12 e IR X 7% JBR It JB2 J 7K HH R AL 22 7 10 B A i 1 14 8

i LRSI S RN E A 2 R, BT

PR i)« R R — AT IR —IR T 7 =D&
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gd e, Bl - OHES. RIBMKIAZ b
K1, O ERE. RN D-F AR ,
LA G 1 v R TR R 2R K PRI AR R 2%, 3 31
PEK B L B A AL T A .

100

90 Gas chromatogram of pyrolysis products
80} from electron beam-irradiated wastewater
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Fig.7 Py-GC-MS chromatogram of pyrolysis products from
degumming wastewater irradiated at 100 kGy
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. Py-GC-MS 27 A i 28 i 7K 6] 4 B8 2L 7 28 M\
JiF 46 42 7K 1R 9.12% 14 2 48 R 5 11 79.99%,  WESE T
o RSl 22 R o T 2R i VL R R 25 M TE R R P A
MEE. BAEME, R (IEagERt
HEMESEEHEZ25%P) HD-H&EMELB-1, 4-FF
HHEER:, 8 - OH Ui AR U SR B e A H 22
Wi ARERE ORFESE5219% ) w7 bl oA
R 2 h I R M, TR A A SR AR A
T P 58] 267 9 I R O 2 T B B R T 0 — SR A ik
X5 545K K H CO, #2114 73.00% AHV) & .

OB EATF IR B, cOH 468 TR R
FERHE, S ORI T R — P S R A A
PRI R . ISR A H I EE (CH0,) A
S-FRFILRERE (CHO,) MR IR AL A REAE
[ =4 7, HAFAE R« OH S itL b A 1 S8 A6 T 20
TERSRAE T EEUE . H 52 0T 2R A2 g SRR R
TR A G, AR 1R POk MR W 8 3 A s R i A
Wy, 1T D=2 U I DR R 5 (1 A7 B 5 R A i R
SN B4, IR TR IR R K CO, 7= M e 1 g —
JilH . FERF=IE B R B AE R PR . LR
TR/ FENER, Uit R SBUR /K pHEH T

B, [RIBT R/ WLER 5 o AR R A, K
A A4tE (BOD/COD ) E#ERF, X5 Lk
SEBG R — 2L

TEVRFER LB BL, <OH H H3EXT /N T A Bl
FRIEAT Fe 4 My, ad Ik i e I 7 e - e e T R0
HANERE Ak, a0 IR T 4L % 12 9 HCOOH +-
OH — CO,+ H,0 +H, ZRI#1% N CH,COOH +
OH —-CH,COOH + H,0 43 % 5 [ W I 48 A i
TR, HRAVRIMZEBOS R A
TERRAIK 7 4RI S CO, 4 7= 2 M 73.00% P& 22
9.85%, FRIAEKFEHAREES &R, I
KBS REEMZ WA 7y O - OHEAE 1h, H
BEAR BN R /K A8 HLBR AN AL 2 75 8 I R S PR A
X5 100 kGy 45 I Ab 3 J5 TOC %R %R 68.79% (1) 45
R LR =P BRRESE S R MUK 2 BRI 3)
JIFFRHE R X POl N R S8 X&)
mEYE (B4, KAET « OH H HE 2 = 52K
It FZ 19 7K H 22 W 25 G o gt 1) S BR TE P ol

iR RS AN E - OH B h &K A A b
M, R, fEEREAEN S FRKERS, B
TR B BAE H FIFEA ] 208 . 15 e FL TR 5
JEoKey, HEeET EEE AN S S TR, 6
HHER C-O B R A PR AW 2, B3 77 A A TR b
FEPE B, ABEFER, Py-GC-MS 23 i 7 48 18
i VoK et 25 5t 7K T 0 R A 7 2R N 9.12% KT 3 =
79.99%, X —ALA BT« OH X 75 2 k2 53
AR e b, WAE— e RE R bR BT 5 2k B 4 AE
HSBML RN, b, 88 b As B
SR T RE L ) = S e N R B 9
F UL AL A5 U I 820 NTU B& % 16 NTU  (98.0%)
SS M 750 mg/L [% % 45 mg/L (94.0%), %R BE
P T B — S AL B A T BRI B 1 KT

R BRTIR,  HT AR B BRI R KRR
Vi fift 5 A BRIRI B A7 AE, BRI S K 4 2 hE )
WA /N oy B, ST K B T AR A R S LA
MUBR T AR T 52 B I AR 3 A o r 5 5
WK, B P seBliME . SS &4 COD (1)
LR 1% PEAR- S BEP RIML] 9 AR H T R R Ab
HEREANE D TIRAKM GG R 4L T
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Electron beam
| lonizing
radiation

Acts upon water molecules to
generate -OH reactive species

Step 1: bond cleavage
Colloidal polysaccharide
macromolecules
-OH attack,
glycosidic bond cleavage
Oligosaccharides
monosaccharides
1

-OH attack, ring-opening epoxidation,
and carboxylation

-OH attack, C—C bond cleavage
and decarboxylation

B8 HL AR M T 2 BRAFAE 22 W A B A A2 i

Fi.8 Schematic diagram of the degradation pathway of characteristic polysaccharides from ramie under electron beam irradiation

AT R G VPAG T T IR OGS % R R PR
K EIAEFE R (0~200 kKGy), WIH 7 /K5 AL 0
B AR sh I %5 ) 2 B B AL o FE AT
R R AR 2 BE 2%, 200 kGy I B RF T
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1 2 ) A B B 2 DA% o 4 B R RS B RO K
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Ve & R 5 5 e T R RAE R XA . REAR
MR SR ATA KRBT, ZRTE
Hl R R X ERG R TR EEHE RS
Pl XA AR BT A B

SE0k
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