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Abstract — This study presents an integrated analytical framework combining colorimetric reactions with optical
normalization for the rapid evaluation of decontamination efficiency against chemical agent surrogates (pNPDPP). Using
Response Surface Methodology (RSM), we quantified the synergistic effects of temperature and dosage on the performance
of novel oxygen-based and chlorine-based foam decontaminants. For chlorine-based foams, kinetic analysis confirmed
accelerated degradation as temperatures and decontaminant quantities increased. Specifically, decontaminating pNPDPP
triggers a distinct ~400 nm colorimetric response. By utilizing CCD-based field devices, this mechanism enables rapid
visual and quantitative assessment of contamination. To address the challenges of light-induced color distortion, RGB
data were corrected using a CIE L*a*b* normalization algorithm ensuring sample concentrations converged into a
statistically valid master calibration curve despite ambient lighting variances. Field tests on concrete and CARC-coated substrates
validated the framework’s robustness, demonstrating its potential as a precise tool for decontamination verification
within complex field environments.
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Table 1. Design of experiments

run Temp (°C) Cat Quant (uL) Response
1 0 30 0 100 0.119
2 0 30 0 100 0.126
3 0 30 0 100 0.108
4 -1414 15 0 100 0.089
5 0 30 0 100 0.117
6 1 40 1 170 0.122
7 0 30 1414 200 0.129
8 0 30 -1.414 1 0.004
9 1 40 -1 30 0.043
10 1414 45 0 100 0.139
11 -1 20 170 0.036
12 -1 20 -1 30 0.101
13 0 30 0 100 0.116

Table 2. Coded values and real values

-1414 -1 0 1 1.414

Temp 15.86 20 30 40 44.14

CatQ 1.02 30 100 170 198.98
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Table 3. ANOVA of Oxygen-based foam decontaminants
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Hap7] HRel o B,

EAA 2o A4 =l A R0.8025)9) Adeq Precision
(7.846) 3k F mdlo] F4 BA 2790 AAYS vjolsh= o]
A Yebdth ok, ‘Lack of Five] 2] w|akA ekt A
(p=0.0030)> kA Al 52 E-2] H34ek A2 RES wl AU Fol
A 71918 202 BT Ak AS AR Wk THgolA] A7} i
3l (Self-decomposition)L} H-1E-g-0] dojd 7lsAdo] glom 53|
ROl i S0l AN el o) AT 5 1A%
&=xlo] hAgEl 4= 1q_ 21,22]. o]# st g}8ta ExkAjo] vt 2%}
thahA w e aho) A sk WAk Gukale Aot AukA el 2kt
(Residuals) X7} A4S w211 Qlo] HA) A4S ealslr] 935t
A 2A ] A T3] gy Zlo® Frhent

o1 6
AEA 07 A AlSAE S5 A A5 74 "]*E“Oﬂ’ﬂL

w5 Aloke] kS el gk, B4 $79 L5 #2 g
o] Q) 0 fA3Hs 2o Zasith B RSM EHE B

Source Sum of Squares df Mean Square F-value p-value
Model 0.0168 5 0.0034 5.69 0.0207 significant
A-A 0.0012 1 0.0012 2.06 0.1945
B-B 0.0045 1 0.0045 7.69 0.0276
AB 0.0052 1 0.0052 8.76 0.0211
A2 0.0002 1 0.0002 0.3287 0.5844
B2 0.0059 1 0.0059 9.91 0.0162
Residual 0.0041 7 0.0006
Lack of Fit 0.0040 3 0.0013 31.78 0.0030 significant
Pure Error 0.0002 4 0.0000
Cor Total 0.0210 12
Table 4. ANOVA of Chlorine-based foam decontaminants
Source Sum of Squares df Mean Square F-value p-value
Model 0.0123 2 0.0061 10.12 0.0040 significant
A-A 0.0057 1 0.0057 9.34 0.0121
B-B 0.0066 1 0.0066 10.90 0.0080
Residual 0.0061 10 0.0006
Lack of Fit 0.0060 6 0.0010 134.28 0.0001 significant
Pure Error 0.0000 4 7.500E-06
Cor Total 0.0184 12
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Fig. 1. Normal plot of residuals (top) and contour plot (bottom) of
the RSM results of Oxygen-based decontaminants.
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Fig. 2. Normal plot of residuals (top) and contour plot (bottom) of
the RSM results of Chlorine-based decontaminants.
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Fig. 3. Effects of temperature on chlorine-based decontaminants performance (left) and its kinetics (right).
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Fig. 4. Extracted RGB indexes at various concentrations of pNP under (a) white, (b) yellow and (c) orange LED light source, and (d) their

normalization results using CIE lab.
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Fig. 6. The residual surrogate pNPDPP after foam type decontam-
inant application on the sample coupon of CARC, concrete
and marble along with the reference degradation curve.
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