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AR X Bl S o el 2 I H CL-20 A9 2R 72 5 A v o LU
LR LW R BT i) CL-20 774 100
TR K . K475 A R (COD) MR L #
TR B 5k, X B A S B A AR SR, TV L R A vk b
PR TR TE A W b BT B CL-20 K FEAT £ 0 P R By 1k
AL FRERAE 3 K AT A fb . L, I & AT AT
CL-20 JE /K AL BRAL A T2 2 BB BERIF 5 1) E A5 I A

CL-20 4 =i B = AR K & A S S & 9
DA K e Wk BE 1 2 TR & TR AV D 45 = B T AR AR 2
P XEE A f s G ), R I AS B 5 AE 6 I K RT AR A M 25 1Y
[) AL TP R AR - AR BR AL A T X4 CL-20
Az K B AR TS Y AT AL B L B RE SEAL A
G T4 T M 8 T R L SR FH DY R A A T A 1
T LR S TR IR 2 B 2R 2 TR R A
AT 5 T kA K OB A BN G A AILIR B RE A
K F NaOH 3747 pH 1Y 7 ik X 218 & B AV 0 647 A
SRR AR o AL, X0 4G pH (R, 7K 7 455 B3 IR ) 2 S i
VESHO B R RCR IR W 04T T RGN . BRZ9T
M P EL A - e - R SR I R LA T4 CL-20 2 72 R K
AR AT AT

1 SCIG#ERS

1.1 XEHBIMEMTIRE

BRAIAE VA PN A T B TP A A A SR TR A L
WO T S I TR R, Bk 97% L . HNO,,
Gy pr i, B 25 1R 4 A BRA B s NaOH , [ 25 I
T 4R A BR A W 3 NH,CLL, Bk Ak 27 X8 50 A BR
N ] s Na,HPO,, BT R T3 7] ( 11 ) A BR A | DL ¥
ATl . A RN A RN TS e ok B SRR s T
Wof gt i 32 57 A WAL A5 0 ) R 4R IS 0L 4 , DR S8R 4 I
PRWIIE TG VR 3 M 3.0 g- L' H10.5 g- L', K J1 155 82
WFE R 5 do NH,Cl AT Na,HPO, 1 2 #8411 7 5 1
TR WE IR, 985 COD:N:P }200:5:1,
1.2 WX R o A%

1B K A LTS Y W s (CL-20, Z R £ 1K &
D7)« K BEBURE J5 2R JH 0.22 pum B9 AT B JB i g, A #L
15 Yo W) i 47 B R OH AR 5 HES B AR R RS
LC-20 1Y /& OB AR 35 A, R 1 RP18 (35 4%, B A%
5 pmXx4.6 nmx250 mm; K I A4% Sy 908 [ ) K
I E WK A 254 nm IR A 35 °CL TSR
1] Ry /K (V/V 5/5) it 1.0 mL-min™ 52k A
SR AR 10 L.
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COD M B 2 « BGH KRR I AR ER K pH I 22 <2,
VA ) B A 0 3 1 o A TR TR - TR T R R P
N B0 A AR B T 80 5 R TR 6 TR) P 4 o e ) A%
T HEA T A SR FH % R BT 22 1 E (HZ-HJ-SZ-0108)

i H AL T S (BOD,) I 5E < 5% F o H 85 989
7€ (H) 505-2009) , ¥ 7K B 550 i B 7K FE 70 6 775 it 4
L, % A5 AE RS AR AE (20+1) C&F TR 5% (120+4) h,
D5 35 % 0005 7KORE rh s i A i AR A 22
SR T K FE T AR 1 5 ik AU, B R BOD,

ST LB (TOC) He B 0 22+ B 8 40 BT 1R
0.22 pm (A HLIE B o 0, 5256 Br (A 9 TOC Il & 41X
6 I BR A 0~50 mg- L™, I A 7 8 127 0 B A g 31—
SE A B PRI E o MR A R Al R R D IR
1 7E 800 °C, 3% i R 15 T AE A AR5 <

SO I E KRR BURE JE R T 0.22 pm
1A LR RS I 8, T 3 IR AR O R SO0 0 6O B T
(F-7000, H 3z, HAS)#EAT = 4E 566 4G, ) 8 i ok
1 emAS @AM, BRI AT (1) i
$1(250~2600, H 7, HA) 5 (2) A OGHAIEF ()
200~400 nm; (3) &G KERI(A,,) :280~550 nm;
(4) B4V TZ .5 nm; (5) I 51 JF 30000 nm-min';
(6) ¢ HL fi5 1 4 (Photomultiplier tube, PTM) Hi % :
700 V; (7)FHmEIFE A FTA, YR 5 nmo.

A EE M I A K AR ) S M 0 D R
FH K 5 X 3R 7K i (5 B ) 20tk B8 M0 e vk (GB/T
13267-91) . JE/K I 8 M 5E 5 1 48 h 4y 1Y 2 305t
HORIEAG 28 0 48 hif KA (ECy 15, (VIV)) 6
1.3 IEZRE

AW 58 T T CL-20 2B 77 B2 7K B 7K 4% 50 DL 38 1.
A2 1 AT, PR K R TG Y o S SR A DL
AOLE N LR ST MAAT o % BRI & W) 5 18 5
LR R AENT 5 T 0t 0 vk B & T LN H
fiff -0 Mgt - IR AU AR 2 R RO B CL-20 AR 77 IR K b
T2, WE R, W R E A8 L1

Fz1 CL-20 47 E KK TG L

Table 1 Wastewater quality of CL-20 production
o value emission index of major
quality index /mg-L™! pollutants/mg-L™"
COD 39333 <1000
CL-20 15.7 0
ethyl acetate 11258 0
chloroform 1125 0
total nitrocpmpound 65 <10
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S WE M B AL IO AL TR A

PR EEL fi# 3t PN 450 5008 30CrMoSi B2 JE 29 4 0.5 cm )
BRAAE . B EA AN S Lo IRER N E NN
10 cm, 5 60 cm A ZH 5 LI UASB I i s . 4F
A BAF W #5842 10 em, &5 B R 40 cm, N &R 48
Wk 15 PE i (ELAR A 4 mm, LR AU 900 m?-g™', %
JEh 0.45 g-em ) /E R IRL, & RN A BRI 30%.
UASB Fll BAF i 7153 i % & fE AR 3 2 2 5 R R
MR IEALE 35 )CAady o N HLAR G I 4 AR AT CL-20 A M
i Ak v V) A J Sk A L B S SRR A W, B AR A 1 &
% < Mg ST SR ) B v P K AT A AR B T &
1% £ TG 16 58 VE 2% 11 T 7K il /N 43 A BLBR 5 B s R K
HEA DR -G A A BN JR G 38 2 A AR 5
BRV5 YL ) 10 A fe 246 2 e I K v A e VR E T A HLADD o

2 HR5IR

2.1 HWEBEIFEI CL-20 £~ EKHMERERR
TEIK S5 BN R] 2N 24 h A S5 18R, 76 N B ff it vp

1 CL-20 4 7= B 7K P9 Ha - it -2 0 o i b BT 25 s 2 R
1— PN B e Tt , 2— e e S Tt , 3—UASB R &S it , 4— 1% 3l
B, 5—23 S, 6—BAF U458 [ v i

Fig.1 CL-20 production wastewater internal electrolysis-alk-

aline hydrolysis-biodegradation treatment process roadmap
1—internal electrolysis tank, 2—alkaline hydrolysis tank,

3—UASB tank,4—peristaltic pump,5—air pump,6—BAF tank

R2 N HLAR-BRE - R R - A T AR R ACR

TG AL, X5 CL-20 JE 7K $EAT P H fige ik 24, b 38 )
B K o CL-20 W ARS8 bR 45 R LK 2. k2
A UL ARG 2R £ TR RS T BV AR AR TR B
FLfiff o) TR R £ T RV A7 1 2 BR 23 43 51 R 20.7 % FiI
30.3%. 5T LI 25 (W RDX FTHMX) & 9%
Fe''" ol Fe™""' 43 fift . FL SR CL-20 %4 6 1~ N—NO, 3
P AFLTE P H g o 2 b, BT LA o A0 8 ol A I 3K 15
FL 1T B 8 A AR i AN KA R iR CL-20 W] REAETE
2 Bk fR & 2 (B 2) o DR A 2 B (denitration) :
CL-20 T5U&R Y C—C 8 Je AT 5, B 25 W 0 1) 2 i K&
Je KA KR AT B R AN FRE , ONN—COH 4 B
2B 20— RGN RN A BN T . @B R I
J& [ % (nitroreduction) : CL-20 |+ 6~ N—NO, | ¥
A& A3 RN, 283 — FR A 25 B Ak B N—NH, %
Al Besh, BT FH 6 4~ N—NO, 1 ) I il fig 17
FIR[E By B, Br LA RE A% 7= Ak AN TR A rp ) 7= 9 . o ()
Yy i & L HCOOH \NO,” \NO,” \NH, % /Ny 1 7=
Y. Balakrishnan 2" WF 58 £, 7EZ M ek I E T
CL-20 7] Pk 53 fiff , 7] BF T )00 0 i 2 46, e 284 A2 Wl — R
=R/ B W O MR EY R, k2
FE /R, CL-20 JEK 0046 5 H AL T At 5122w A
i Y [ {E (BOD,/COD) LK 0.006, & W iZ & K A A
B WA YRR W] AR AR 22 AR G 0 A W A BB R AR
ME AT O FLHEAT B f . 20 N PR AL SBLS L R K
BOD,/COD {i i # 42 = £ 0.20, % W PN H i 9 b 23 %)
PE K AT AR A B R

R T kA B P R T2 CL-20 R ik 4 Tl 41
PE L BT PN R A BT S E K R = R SO i
(3D-EEM) . 3D-EEM © 8% ] iz #b i F T R AE K (4 rh
) A HL Y (DOM) |, X it 7T ] 3D-EEM 2 Bl
CL-20 /K B i ok B vh AT ML 1 B B e Ak s . 813
SR T PR AR Ao R O UK B EEM RS R 2 0 11 A £k

Table 2 Treatment effect of combined endoelectrolysis-alkaline decomposition-anaerobic-aerobic process

process Ceipp/mg L7 Carny /M8 LT Clooom/mg LT pH COD/mg-L™'"  TOC/mg-L"' B/C ECy 451/%
influent 12.88 11250 1120 5.4 39330 5357 0.006 0.55
internal electrolysis - 8920 780 21510 1810 0.20 3.8
alkaline hydrolysis - 750 78 16530 2735 0.24 17.2
anaerobic process - 186 15 1060 231 0.32 25.5
aerobic process - - - 266 58 0.45 100

Note: “C,

L2 indicates CL-20 concentration; “C,

»
ethyl acetate

ure to check; “TOC” indicates total organic carbon; “COD” indicates chemical oxygen demand; “B/C” indicates BOD,/COD; EC,

tion for 50% of maximal effect, V/V.
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" indicates ethyl acetate concentration; “C

” 1 . “ ” . . .
horoorm . indicates chloroform concentration; indicates fail-

0,48 h indicates concentra-
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Denitration
O NO? NO, NO, NO NO, NO NO, NO
2 g NO, 2 e ™2y | (AT
N N H
(T -+ ST oL v Lo o
N N N (PR
| | |
NO, NO, NO, No, NO, "o, No, NO, NO, No-
1l 11 v
OQN.\NJ/\r\v _NO, N,0
NH,
© N N’NO Nitroreduction ¢
,L—JL s |HCOOH
N0, P 0, Oty - CHOCHO
. Ny e
cL-20 v O,y OZMv "o HOCH,COOH
NO?‘M—NQ O,N~ Q NO, || e
ON\Ni i HOHN /Ny NHOH el B
ONN NO T T HOHNGIAL NHOH
HN- H\—NH H2N=.N/ \-NH,
R

,—\—.

B2 FA A RE JE CL-20 (1) B il 4 15

Fig.2 Degradation pathway of CL—ZOnfrom zero-valent iron materials
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Fig. 3 Three-dimensional fluorescence excitation-emission

matrix (3D-EEM) spectra of internal electrolysis in influent

and effluent
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500, i B 3a ] LU W, iR K I AE X8V A A28k
S J35 R ST 4 W Wi T L 3b e, B KR I g i kR T
A 0T XV WO T G, XSV B T — A4S B
AW s o AT AL, CL-20 A 7 B K AR Y H i o A e
F AF BRI 2H B 19 CL-20 & A2 T FF B0 WA, il 35
W AR T A

W ik pH {E 4 P H fif FR Fe? B 1 il B ik FI CL-20
PR 3 i % — AR E B 2R, I, AR SR
5T pHAEALE 1.0~5.0 G H W, AR 46 pH B XA
BTG e ) 5 BRABCR M5 . QN IE] 4 it 7R, 440 46 pH
M5 FEARH] 2 B, CL-20 /9 K BR AR (42.1+£2.1) %
B4 ) 100% , £ 1R £ Tig A 7 1 25 B 2005 4 A
(11.5£1.0) % F1(9.920.3) % 34 /i 3 (19.9+0.5) % #1
(25.7£0.6)% . SR, M40 &5 pH M 2.0 #F — 25 FEAIK
Z .00, W e FVE AT 5 B AR ALAL B 13503
F(21.8+1.2) %M (29.7+0.9) % . pH {H [ A5 55 fin 33
R A AE 1 ol R, DT S 0K T DA R ) 4K
B ok o AR I K A pH 4 i Bk I AE & A Bk
J N R 25 R AL S LA R TR B g R R R AR e 2
BRUBULTE W, 380 J5 2k 8k e i Ak B AR . AR s R T
SEAE EHET, 1 mol I —NO, i J5 L —NH, 77 5
8 mol iYL 7,1 mol iy CL-20 & A 6 mol fl1—NO, 3t
A, i 1 mol [ CL-20 K207 2 24 mol B ZF i 4k .
LT , ZENEEFEMEAEY, A S
B A AR Fe, I B0 7 Al LU 3K oL 7= 28 3 TR v
BILH]CLH TR R 7K i CL-20 25 5 34k & B #E L
HIEALE Y IR K oy A o R N

/—»
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SeWIAR M, R O IO L R

SCHk [ 19-20 J4R 38 , it F 24 4 300 JE 4 A e i e et | i
FOR L Z WO R By YU TR R BR AR .
AR JE phE By (B Fe (Fe® ) m] L) i W B AN 3L 3t ve
1977 L BRIE K ORI PE A BT . DR, AR 4 1R 1 T AR
1 F i 22 b B A 2 &, PN i Y A B pH N 4
TE2 754
2.2 WRIZXCL-20 £ 7= EKHIBEBHR

S ST pH XoF B VE RE Y 5 ), SR A ] pH {H X
LR R AV L B R AT 9T, 45 SR Al 5 R, K
J1 5 B B (HRT) %2 1 78 6 h, pH (X} £ R . T &
i EBRA R ENZW ., 4 pH NI ME 1168, &
2 <. TR F 07 1 B A 250 38 43 il A (54.3+2.7) % Al
(73.2%3.6) % 1 /il #] (99.6+4.9)% 1 (97.4%4.8)%
SR, tE— 2B 38 S AR R A pHAE ZE 12, LR L TR A
ST BB R LT A AR A . pH I R R A 2R
ANBH S 3R R IR K R B BR E R SE S S TTE R
THFE T K& OH™, DA 52 M A5 ALV 70) 1) B fige 280 %, 3%
B ik 2 0 LR TR RN AT 23 NG B A AR i Y B o
B2 AR A F AT 5 5l A KB BR I pH 2k i &
B pH 2338 B ER 4338 o it T 0, i s A AR Y pH

L - —= CL-20
100F \\}\ o ethyl acetate
s 90F “~._ 4 chloroform
= 80f e
8
g 60r
% 50 \
3 40 =
& of
20 ° . S
10F D
1 2 3 4 5
pH

B4 pH XA HL % I A A LTS 5 9 52
Fig.4 Effect of pH on CL-20, ethyl acetate and chloroform
removal efficiencies
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Fig.5 Effect of pH on removal efficiencies for ethyl acetate

and chloroform
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235 J5 B2 A Py B fR R RE . DRI ILZR b BT IR B A B
FEpH R K 11,

ST HRT X8 (4 5% ), SR FAS R £ HRT X &
iR < TR AV AT R BR AR AT 9E , 25 R W 6 i, th
I 6 mH, 5 B pH A 11, 2 A B E] M 10 min 8
JnE 4 hisf, LR TR £ BR0CR M (86.2+1.0) %o R
M1 (99.4£0.1)% , E A5 9 K BRFCE M (63.2+1.1)%
P 3 %] (95.4+0.9)% . SR 5 AL BRI [A] DA 4 h 38
nE 6 his), IR £ T8 AR AT 1Y 7K itk 803 AL g G
#/(99.7+0.1)%M1(96.320.9) % . H T %45 1 b BRIt
(] AT LT 48 180 0% AR I 020 o il T AR T okt i ) A
FEAL R[] Ry 4 ho

R T RIS PN - A A R G AR B Y R
M), SR FH 7K B0 BE 2 2ok B MR R AT A O A R
B 7 B, JEIK B ECyy 4 ( VIV 0.55% , 3 B & 7K
Xof A A AR SR ) A L R K R T AR AL B B
fiff AN 25 3k < PR AR - T AL L s Bl R A
SR EEVEME ] o 7E &0l L AR IR )RS L CL-20 JF 3R 5%
b BAH B 1 S AL S W R EOK T B R R LR &
i A1 05 55 A LTS G 9, I DA T K 1Y) 2 s A e 1K

100} =
951 /I - ®
X 90+
S s
)
S 80
[&]
s 75+
3
E 70r —=—ethyl acetate
65} —e—chloroform
60

0 1 2 3 & 5 6
time/h

6 S NI (8] X £ £ T A SRS 25 B S A 5

Fig.6 Effect of treatment time on ethyl acetate and chloro-

form removal efficiencies
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Fig.7 Variation of EC,, ,,, after internal electrolysis-alkaline

hydrolysis process
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B ECyy 400 (VIV)=5.8% TF 22 ik i b #L 5 , % /K 1
M KR B REAR & EC., 4 (VIV)=17.2%, 3% 1] BE &
W T 2 TR RN A TEBRE 55 40 R A KAl S g o ¥
Y B i M ) T A bk G R O g R R
CL-20 4 7 PR K AE 28 32 N FL fifk -k A ™ i 4k 1 2 J T
A APETS B AR
2.3 EYERRTEX CL-20 £ FF E KB PSR R

W PN R AR A T2 R K 6 AR B AR
T it ATk — A B 20t 25 90 d A IR - 4L
SLicdy e a KR EIRRERS . IREAR N B, &
W% <, T A 05 38 o AR AR s AR ik — 2 LB
T 2R, % R LA R LR TR AV 5 B 1R
P TE N HR - A A B O R B A BR R & TR
TR AVA A, B A /N4 £ R TR RS TE IR A B
BOL-T 958 & KBk 0 T )5 20 4 S0 B B DR R0k
A IFERE RN KGN EE, BEREEN
&, TE AR R s v AT IR AUk I S, BOD,/COD M
0.2 4 &5 31 0.32, F& W IR Uik Ji 2ok B A K b 42 85 T %
KB At o FERRAS AT, R4 RN 25 K
B B R TR RN G0 RT3 O S SR 0 I A R g i R
SEAFbR o R SUR N B B, K2 COD MR BE AR &
266 mg- L™, F R TOCH ML E 58 mg L' fHubnl
DLAE W, A WF 58 B R B IR B E G T AR
LB AR RE

A4k R G0 HRT 78 52 bR K Ak B v 2 7 B2
BAT SR, WME 8 IR, %% T UASB-BAF 41k & 4¢
ASTa] K A7 45 B s E] % TOC L BRBCR IR0 . HRT M
5dilZE 4 d, IRE R G K TOC ¥ BE LS 10 d
B 122.3 mg-L" ¥ hn 355 20 d A9 455.8 mg-L™', £ M
BB 315 Gl W 3 VA A A 0 4 1 R TSR B I K A S
HTOCHE . BAIRERZTOCT & HIr A R4

1400 .
—=— anaerobic
12001 —*— aerobic

1000F HRT=5d

HRT=4d

800f
600[
4001
200F
0

TOC /mg-L"

time/d
B8 HRTXA:W A A RS TOC KI5 I
Fig.8 Effect of HRT on TOC concentration variation in an-

aerobic and aerobic system
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H KR SR R R BB TOC H K MR BE |, 3R WA 4y S8 A W i
X AR VS G W) R FEOR 5 Ak PERE o TiAb B S K
o RE AR A G T ARG TOC L BRABCEY &
ik 95% LA b Y HRT #F — 20 2 3 d, R -0 A
LA RGN TOC K BRER 8L 1 s REAR , DR A A 4
K TOCHRESE 30 d 4 B N %) 1326.2 mg- L7 Al
4147 mg-L" K T EHEMGHIA L. HE
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Development and Application of Hexanitrohexaazaisowurtzitane Wastewater Treatment Combination
Process

XIAN Ming-chun', LI Hui’, YUAN Zhen’, HOU Cheng’, JIANG Xin-bai’, SHEN Jin-you’

(1. School of Chemistry and Chemistry Engineering, Nanjing University of Science and Technology, Nanjing 210094, China; 2. Anhui Red Star
Electromechanical Technology Co., LTD, Hefei 230093, China; 3. School of Environmental and Biological Engineering , Nanjing University of Science and
Technology, Nanjing 210094, China)

Abstract: The special polycylic cage structure of the typical third-generation energy-containing material hexanitrohexaazoiso-
woodsane (CL-20) makes its production process accompanied by high concentration of organic solvents, which has large bio-
logical toxicity. In order to solve the serious pollution emission caused by CL-20 production, a combined internal
electrolysis-alkaline hydrolysis-biodegradation process was proposed. Firstly, nitro compounds were reduced by zero-valent. Eth-
yl acetate and chloroform could be decomposed to small molecular organic acids by alkaline hydrolysis. Then, organic pollut-
ants in wastewater were removed by anaerobic-aerobic biological combination process. The results indicate that CL-20 in the
wastewater is thoroughly removed at the optimal reaction pH of 2. For alkaline hydrolysis process, the optimal pH value and
treatment time is found to be 11.0 and 4 h, respectively. The removal efficiencies of ethyl acetate and chloroform reaches
(99.4£0.1)% and (95.4+0.9)% , respectively. Biodegradability could be improved by internal electrolysis-alkaline hydrolysis
pretreatment. The chemical oxygen demand (COD) in effluent could be as low as 300 mg-L™" during the integrated biological
process of upflow anaerobic sludge reactor (UASB) and biological aerated filter (BAF). The combined internal
electrolysis-alkaline hydrolysis-biodegradation process offers bright prospects for the treatment of wastewater from the manufac-
ture of CL-20.

Key words: CL-20;wastewater;internal electrolysis;alkaline hydrolysis;biodegradation
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