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Abstract: The accuracy of particulate organic matter (POM) detection in sewage was established as the fundamental basis for the
systematic characterization of water pollution features. A multi-dimensional synergistic pretreatment system was developed, through
which efficient fragmentation and solubilization of POM were achieved by coupled energy field interactions—alkaline hydrolysis
(chemical energy), thermal treatment (thermal energy), and ultrasonic cavitation (mechanical energy). This integrated approach was
found to enhance sample homogeneity, thereby optimizing spectroscopic detection outcomes. Based on single-factor experimental
results, Box-Behnken response surface methodology (RSM) was employed to conduct multi-parameter collaborative optimization of
critical control parameters (pH, temperature, and ultrasonic energy) in the composite pretreatment process. The results indicated that:
significant differential impacts of the treatments on POM disruption efficiency were observed. Ultrasonic treatment contributed more
to TCOD detection accuracy (Acop was improved from 60.8%+14.9% to 93.3%+3.7%) and total carbohydrate (TCHO) detection
accuracy (Acpo was increased from 59.1%+9.6% to 97.9%+2.8%), while alkaline treatment showed superior optimization effects on
total protein (TPN) detection accuracy (4py was enhanced from 32.7%+9.7% to 82.7%+3.9%); Optimal process parameters were
obtained through RSM model optimization: pH=13.3, 7=66.5°C, =5min, under which enhanced detection accuracies of 96.1% for
TCOD, 98.7% for TPN, and 97.5% for TCHO were achieved. The synergistic pretreatment method was demonstrated to have broad
applicability across various wastewater scenarios, including primary pipeline sewage, influent of wastewater treatment plants, and
effluent from biochemical reactors, effectively reducing detection duration while maintaining robust universality.
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Table 1 Characteristics of experimental wastewater

Jeki TCOD SCOD TPN TCHO TN
ELAN
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
e 1029.2 105.2 30.8 111.8 68.4
#E
+46.5 +9.6 +1.8 +59 +10.1
P TP NH;-N SS VSS VSS/SS
ELAN
(mg/L) (mg/L) (mg/L) (mg/L) (%0)
e 7.3 40.9 581.4 475.0 81.7
Al
+22 +6.8 +65.6 +25.2 +53
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5 (Standard Methods 5220D; APHA, 2017)!" %) T
FE fift HF TCODg PRSI : Ay CRAEAE (il (1) 35 oA R 2
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Fig.1 Detection of concentration values and zeta potential after separate pretreatment with alkali-thermal—ultrasonic
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Table 3  Accuracy of various indicators detection under single

factor effect

e TCOD Acon RSD
(mg/L) (%) (%)
KAk 625.7+93.3 60.8 14.9
pH=10 632.94+72.6 61.5 115
AL 2L pH=12 809.0+28.5 78.6 3.5
pH=14 695.5466.0 67.6 9.5
60°C 743.9+53.3 723 7.2
Fp s 80°C 862.1435.3 83.8 4.1
100°C 728.9+64.8 70.8 8.9
Imin 738.9438.4 71.8 52
e 3m?r1 842.9422.8 81.9 2.7
5min 960.6136.0 93.3 3.7
10min 968.7429.7 94.1 3.1
o TPN Apn RSD
(mg/L) (%) (%)
RAub 10.1+1..0 327 9.7
pH=10 12.8+0.5 41.5 3.8
fig A pH=12 22.8+0.2 74.2 1.0
pH=14 25.5%1.0 82.7 3.9
60°C 143408 46.4 5.3
b B 80°C 16.1£0.6 52.1 3.9
100°C 12.840.2 41.4 1.9
1min 20.7+1.4 67.1 7.0
kg 3m?n 243408 79.0 3.4
5min 25.9+0.6 84.0 23
10min 26.0£0.2 84.5 0.7
o TCHO Acno RSD
(mg/L) (%) (%)
AL 66.11+6.4 59.1 9.6
pH=10 91.5%5.7 81.8 6.2
Tl Ab F R pH=12 94.44+5.0 84.4 53
pH=14 81.4+2.7 72.8 33
60°C 87.0+2.5 77.8 2.9
fay i 80°C 90.8+4.7 81.2 5.2
100°C 75.0£3.5 67.1 4.7
Imin 104.6+3.7 93.6 3.6
gk Bm?n 1043+2.9 93.3 2.8
5min 109.5+3.1 97.9 2.8
10min 1113+1.3 99.6 1.2
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FL 7 R - 5042 (MEV) g Wi 7 A 88 -k e, 6 3
17 17 ARG, 25 B L2 4060 R 96 45 k47 Wi W 10 43
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i AT AR LA (4 ~(T7).

Acon=96.10+6.054+3.43B+5.50C—7.504B+0.754AC+
2.40BC-14.504°-10.00B*+1.35C" ()

Apn=91.40+14.464-2.65B-0.71C-0.854B-0.43
AC-2.10BC-10.464*-1.79B8*+0.54C* )

Ac10-93.20-3.254-2.50B+5.55C-3.304B+0.55
AC-3.40BC+1.474°-3.68B*-3.82C" (6)

Zeta=26.65+2.704-0.39B-1.06C-1.38 4B+
2.224C-030BC+4.844°+0.38B*-0.72C*  (7)
M 5 3BT 4 T S0 AL PG T 0.01,
ML R? 431k 0.965.0.988.0.974 % 0.9282,
DAL Bl R A 5 SE A A A B R s IR
/N, BB R WA DR 25 5 i AR 2 TR ) SR R LE A B 45 R
FHLX X0 X5 =/ PR 3 B2 2 3 IR B AR I3 (P<0.05),
{HR} Acops Apns Acno 1 Zeta FLA 5200 T A [7).
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Table 4 TestdesignfactorsandresponseresultsofBBD

Atk i S5 {8
Acop Apn Acno Zeta MV

) B  mV) (um)

&
Ct

Xi X> X;

14 12 100
15 14 100
16 12 100
17 14 60

9492 8447 8506 -2827 994
77.04 61.64 96.67 -17.94 150.1
82.45 9290 80.82 -26.04 164.8
81.21 9840 9192 -17.05 1575

1 12 80 3 96.22 9153 9322 -26.28 103.5
2 14 80 1 79.43 9556 8289 -21.99 101.7
3 14 100 3 7737 88.96 80.79 -17.64 122.0
4 12 80 3 96.12 9143 9352 -26.55 1045
5 12 80 3 95.75 92.01 93.88 -26.66 103.9
6 10 80 1 72.06 66.04 87.73 -20.47 110.6
7 10 60 3 50.81 67.60 94.63 -27.69 119.1
8 12 60 5 87.56 91.56 9736 -27.33 75.54
9 10 80 5 8496 68.17 97.72 -27.50 103.1
10 12 80 3 96.78 91.73 9298 -26.69 104.3
11 12 60 1 84.80 91.62 79.47 -2631 119.8
12 14 80 5 9533 96.11 9513 -20.15 99.1
13 12 80 3 97.02  91.69 93.58 -26.65 104.3

5

3

1

3

4 Jg7R T COD K AL FE (Acop) AR 2 A
ELARE R R Y56 2R X0 X0 A8 HAE TR Wi I T R 45 iy
L ATAT oz e 1LE A UE W) — A8 HAEHT 2, 1 W
P PR ZE R T 6 G A BRI XGRS AL X (B
AEFR) . Xo(FAAL BRI TG B A S AE 2 T 2248 HAE
FH R 68 7 b B 4f 26 S 48 v FF ot 35 A R B 4 it ot
R, Acop Bl A BN () AN . i i Ak 24 R0 A4k 2
WIAFAERAE 5, 0 AAE pH=13. ¥ 80°C AiAy JEid
Design—Expert X} 5 F23K AU, 15 H e Ak 3 4%
2 X=12.31. X,=90.54°C . X5=4.93min, ¥ i¢ [
Acop & 102.99%.

57N T PN KL HER B (Apn) 5 R AE T
PERIRIm N OC 2R .45 R BoR, X0 X0 XiXsy XX () F
53590 0.75. 0.19 F 4.58,P {H¥ KT 0.05,%
R IEAR I A BEAER IF H X 1 FAE
15 434.1,1X% 5 D g A 5L — S0 By il i B R
B, dpn 5 Xy AEAER 26T DG R, X0 5 XG AR 214 B)

YE R, LIk v 7R ek B R0 I 0] 1 A 7 Ak B A5 1
FHF EE 2 2 0 ks i 11 900 5 ke 21 4 1 52 i, LR T
B 7R B PR T B R AR I K T R S AR
(1) 2 ik 10 AR, AT 5| B 1 5 AR kLB 0 Design—
Expert X 5 F& K S YU AE, 15 e A oAb #4514
Xi=13.12. X,=61.58°C. X5=4.73min, B it [ Apx 1]
15 98.84%.
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Table 5 Response surface analysis of variance results

AR I EHFM AmEd FAE Pl BEM
AR 225334 9 21.18  0.0003 o
A 292.82 1 2477 0.0016 o
B 93.85 1 7.94  0.0259 *
C 242.00 1 2047  0.0027 ok
AB 225.00 1 19.03  0.0033 ok
Acop
AC 225 1 0.19  0.6758
BC 23.04 1 195  0.2054
A? 885.26 1 74.89  <0.0001 o
B’ 421.05 1 35.62  0.0006 ok
c? 7.67 1 0.65  0.4469
iR 2238.88 9 64.54  <0.0001 ok
A 1673.31 1 434.10  <0.0001 ok
B 56.18 1 1457 0.0066 ok
C 4.06 1 1.05  0.3388
AB 2.89 1 0.75  0.4152
Apn
AC 0.72 1 0.19  0.6781
BC 17.64 1 458  0.0697
A’ 460.90 1 119.57  <0.0001 o
B? 13.45 1 3.49  0.1040
c? 1.22 1 0.32 0.5918
i 601.72 9 28.92  0.0001 ok
A 84.50 1 36.56  0.0005 o
B 50.00 1 21.63  0.0023 ok
C 246.42 1 106.61  <0.0001 ok
AB 43.56 1 18.85  0.0034 ok
Acno
AC 1.21 1 0.52  0.4928
BC 46.24 1 20.00  0.0029 ok
A? 9.16 1 3.96 0.0868
B’ 56.87 1 2460  0.0016 ok
c? 61.60 1 26.65  0.0013 o
R 196.35 9 10.06  0.0030 o
A 58.21 1 2676 0.0013 ok
B 1.19 1 0.54  0.4843
¢ 8.90 1 409  0.0827
AB 7.65 1 3.51 0.1030
Zeta
AC 19.67 1 9.04  0.0197 *
BC 037 1 0.17  0.6939
A? 98.50 1 4529 0.0003 ok
B’ 0.60 1 0.27 0.6163
C? 2.17 1 1.00 0.3509

R IR<0.05, 5 3+ K IR<0.01, 1 i 2
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Fig.4 The trend of Acop under the interaction of three factors

Bl 6 ek T CHO ALIHER ¥ (Acno) 5 XN FE AL
AR Y 6 R85 R OR, XX M XoXs Z RAFAE
W AT HAE FAE XX 1) P B S T 0.05, 51 B AH
SN 3K B 55y K e AR 2T 4 3R v R ik
IKAL A W (R AR SR AU A D, 3K 8 R WL LA
2 v ) 5 O, L B T IO R i EL A
T 10 e BT I 9 L 7 R %) 6 I 2 i Ak S B
T AR 38 %, 0 LR 7 M AR ) 4 BRI
WL RS AT 386 K bl 2 T AR 78 S BE A B0 1)
A 2E WA L RO, RS FARIGIE I X Xos X538
I S 2 PR ARE 2R T A X ER] 35 A8 AR FH AT A7 A0 B S 22
. J8 i Design—Expert % 77 F2 K e U1E, 15 H S A T

MEFEZAT R X,=10.10. X>=79.92°C. X5=4.45min, P
1w Acno ik 99.41%.
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Fig.5 The trend of 4Apy under the interaction of three factors
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Fig.6 The trend of Acyo under the interaction of three factors
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Fig.7 The trend of zeta potential under the interaction of three

factors.

7 REIRT Zeta HAT 5 XA 24T H AT F [
KRR EIR X & Zeta AL REZM K 2E,P H
0.0013, H AT 5 25 KIBE Ik X0 X 2 (A7 LS9 AH O,
ARG S AH I X A AR A FH 22 4Bl [R] Pl Ak 2 7
VR SIS 7K ORI AR H v el R pHL B A 428 ) Ak
MR R A8 IR BES B0 TS K R HLROR 2R T
22455l A PR [ R T T R BB R AR A
R RAAR Zeta HALFRAR B 38, 2 s T
AT 1) 35 SRR AEUAN [] 38 P R 5 K AR AN
P BETORT A FEE A5 K NaOH 51 N ki A4 R AE (R IR
T HASAA U3 1 4 25 By 2L 3 7K e, 7 v oA B
T R RIUROR 2 1 A H A R 2R SR T B, B v T
RGN S50 25 B 7R AE pH L 10 432 12 12
o R ERENR RS ERLAE pH {EH 12
Fha 14 R FEORIER S “IRBETE” VEH.
2.3 DA Tr kIS YRR

N Tk B U AR R I T A B T
(52 Brad P, 15 26 BA Acops Apns Acno S KA R 3K
it H bR AE AT D AT A A X1=13.3.X,=66.5C
X5=5.0min, Xf N E 1 2 23 00l 0 96.1% . 98.7% K
97.5%. 15 M dpe A 4 A1 R, 43 ) BV <22 117 v 7K A 1Y)
TG A G KA TR A S 2K A A A
KA Sy B0 A X6 50 A I 5 A it PR SE B B8« AR AL A
AR S ARAL AL PEAS I ES A, A 3K 6 P,

T 3 A SERRTE KRR K TR 22 PR OR, R
25 Y00 Ah B T A TR WU P T R S A B A X ) 3
PRI A s k<A somsn<A s JX FEE KT
IKAEE T s A5 K ) b B R rh 2 R AEDTIE S il
TEEFIAE AL AR, RIORE 75 2 PR A L 1) ISR AR TS i S
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AR AR S AR ARSI 32 1 4 A,
AR AR DR KRR A2 50 5 26 P D' 2 0 % 2 4 SRR 2
S B TIAL B 5 D0 45 A0 ) = 4R EAT DL AL Ak PR
Ja AT B AER LS KT 90%, 1E W e g —#4—
PRI TIAL BE S 0 HAT B IR G . 25 BT A
BIF UL Y PR A I 5 9 AR R S B it e 175K
POM il iR 22 K R AR IR D ) L i T AL B
FEMFAR T 30min AT S AR e, ml LA — A6l 1t
A BRAAL T30 N T T AR SRS

&6 LBRISKIIE
Table 6 Actual sewage verification

~ 5 I A B A4k
15 KRR R i .
(k&) HiZK
N TCOD,  1052.1+56.6 452.64+39.5 55.0+4.6
SEFREAE
(mg/L) TPN, 59.6+5.2 36.4+4.4 6.7+0.5
m;
TCHO, 29574205  64.4+3.6 11.0+1.1
TCOD 520.0+36.6 334.0+20.8  46.2+3.9
TPN 249432 18.842.5 49+04
RALE TCHO 15034213  49.143.7 10.140.9
K% T B T
Acon(%) 494435 73.8+4.6 84.0+7.1
(mg/L)
Apn(%) 41.8+54 51.6+6.8 73.1%£6.0
Acio(%) 50.84+7.2 76.245.7 91.8+8.2
TCOD 998.04+35.6  434.0%+15.6 549+38
TPN 55.8+2.8 342422 64103
fLAe A
s~ TCHO 286.7+19.5  60.1%+4.1 10.9£0.9
WA
é o) Acon(%) 949+3.4 95.943.4 99.8+6.9
m;
Apn(%) 93.6+4.7 94.046.0 95.5+45
Acno(%) 97.0£6.6 933464 99.1+8.2
3 HFHig

3. VG AR A ML I S A R - -
FH R IR A TR TIUAL 3 it S0 POM Ml A3 5, A4
FEr A i PR 24 A R PR PR AT 1 B - L 7R e A 1R
JEEVEAS I R 72

3.2 #id RSM BIRARAL RS e it T 24N
pH=13.3. 7= 66.5C . t=5min, % %<ff F TCOD. TPN.
TCHO M IHEREFE TR T2 96.1%-98.7% /% 97.5%.
3.3 MRS TVEIE T M E s K VoK)
IR ARG K S5 2 37550 T IRy KR A HLAAS N,
G RRAG RS 1) AT i, H A R A k.
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