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Washing Durability of CBRN Protective Clothing Based on Inner Fabric Characteristics
- Focus on Activated Carbon Types and Fabric Structures -
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Abstract: With the increasing threats of chemical and biological warfare, the development of protective clothing that can
shield the human body from hazardous substances has become critical. This study investigates the washing durability of
chemical, biological, radiological, and nuclear (CBRN) protective clothing by examining the effects of different types of
activated carbon and inner fabric structures. Activated carbon beads (ACB) and activated carbon fibers (ACF) were used,
with ACF further classified into ACF(W), composed of woven fabric, and ACF(N), composed of non-woven fabric. Each
sample underwent 30 washing cycles, and performance was evaluated in terms of dimensional stability, colorfastness, air
permeability, moisture vapor transmission rate (MVTR), and protective performance. ACB and ACF(N) demonstrated
greater shrinkage owing to their nonwoven structures, although all the samples met the U.S. military standards (shrink-
age < 6%, skewness < 3%). In terms of colorfastness, ACB remained stable for up to 10 washes, whereas ACF exceeded
the fading threshold from the first wash. The air permeability and MVTR retention followed the order ACB < ACF(W)
< ACF(N), with ACF(N) showing the most stable results. The ACF samples also demonstrated longer breakthrough
times and superior protective performance compared to ACB. The durability of ACF is attributed to its uniform pore dis-
tribution and high surface area, which enhances adsorption and airflow. Additionally, the woven structure of ACF(W) pro-
vides a stable network that maintains air permeability and protection. Although performance degradation appeared after
10 washing cycles, ACF demonstrated overall advantages in terms of durability as well as protection. These results indi-
cate that ACF materials are suitable for long-term use in CBRN protective clothing.
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Fig. 1. Layers of CBRN protective clothing according to activated carbon types and fabric structures: (a)ACB, (b)ACF(W), (c)ACF(N).
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Table 1. Sample characteristics

ACB ACF(W) ACF(N)
Fiber content (%) Nylon 50/ Cotton 50 Nylon 50 / Cotton 50
Fabric structure Woven Woven
Weight (g/m?) 218.10 225.85
Outer layer i
Thickness (mm) 0.38 0.40
Stiffhess Warp 232 2.39
(mm) Weft 2.17 247
Fiber content Nylon / ACB / Polyester Polyester / ACF / Polyester Nylon / ACF / Polyester
Fabric structure Nonwoven / ACB / Woven  Woven / Knit (ACF) / Woven Nonwoven / Knit (ACF) / Woven
Weight (g/m”) 389.38 253.60 228.38
Inner layer .
Thickness (mm) 0.83 0.82 0.73
Stiffness Warp 3.78 4.08 478
(mm) Weft 3.85 2.71 3.28

Table 2. Washing conditions (MIL-DTL-32102, 2002)

Parameter Setting Condition
Washing temperature (C) 45
Washing time (min) 10
Steel balls (count) 10
Water volume (ml) 300
Pot (ml) 500

Detergent type Non-phosphate

Detergent amount (g/kg) 10
Rinsing time (min) 10
Drying temperature (C) 45
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Fig. 2. Measurement points for dimensional change: (a)Before washing,
(b)After washing and drying.
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Table 3. Criteria of colorfastness to fading and staining using gray scale (AE) (ISO 105-A05, 1996; ISO 105-A03, 2019)

Grey scale rating

Color difference for fading

Color difference for staining

5 AE < 040 AE < 1.10
45 (4-5) 040 < AE < 1.25 1.10 < AE < 325
4 125 < AE < 2.10 325 < AE < 5.15
3.5 (3-4) 2.10 < AE < 295 515 < AE < 7.25
3 295 < AE < 4.10 725 < AE < 10.25
2.5 (2-3) 4.10 < AE < 5.80 1025 < AE < 1445
2 5.80 < AE < 820 1445 < AE < 2045
1.5 (1-2) 8.20 < AE < 11.60 2045 < AE < 29.05
1 AE > 11.60 AE = 29.05
Hom, AgH A FAPI} ZAZR Table 490 A=A ZAow B oAFdAE KDS 8305-1045 7|50) wle} AlolZ&
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Table 4. Color properties of ACB, ACF, and attached backing fabric
Type of fabric Image Color L* a* b*
Grey (GY) 40.81 -1.94 2.69
Out layer Light Green (LG) 50.78 0.03 5.64
ACB
Beige (BE) 62.71 3.75 10.91
Inner layer - Black (BK) 22.07 0.56 -1.12
- Green (GN) 33.01 —4.46 12.63
Color fading - Black (BK) 26.39 0.13 0.61
ACF Out layer - Khaki (KH) 33.84 -0.47 5.58
Beige (BE) 50.52 7.29 10.57
I Brown (BR) 31.74 7.37 4.69
ACF(W) - Black (BK) 17.11 0.30 -1.99
Inner layer
ACF(N) - Black (BK) 17.16 0.31 -1.98
Acryl (A) - 93.69 -0.51 242
Color Staining Adjacent fabric Cotton (C) - 92.87 0.06 0.78
Wool (W) - 83.73 0.24 12.53
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Table 5. Cyclohexane adsorption test conditions and criteria

Parameter Value
Concentration (umol/mol) 815+ 80
Conditions Flow rate (L/min) 1+0.03
Temperature (°C) 325+1
L Breakthrough concentration (pumol/mol) 35
Criteria . . >
Adsorption capacity (mg/cm”) >1.8

Table 6. U.S. military standard criteria for each evaluation item

Item Criterion

Shrinkage less than 6%,
Skewness less than 3%

Fading grade: AE <2.95 (= Grade 3.5),
Staining grade: AE < 6.40 (= Grade 3.5)
> 1.14 cm’/em?s
= 208.33g/m*h
(Minimum requirement for clothing)

Dimensional stability

Colorfastness

Air permeability
Moisture vapor
transmission rate (MVTR)

Adsorption capacity per unit mass:
= 10 mg/g

Protective performance
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Fig. 3. Dimensional stability of CBRN protective clothing materials after repeated washing: (a)Warp, (b)Weft, (c)Area change, (d)Skewness.
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Table 7. Microscopic images of three samples by washing cycle

F(W)

Outer fabric

Inner layer
(support layer)

Before Washing

Inner layer
(activated carbon)

Inner layer
(support layer)

Outer fabric

Inner layer

(support layer)
Washing

6 cycles
Inner layer

(activated carbon)

Inner layer
(support layer)

Outer fabric

Inner layer

(support layer)
‘Washing

10 cycles
Inner layer

(activated carbon)

Inner layer
(support layer)

Outer fabric

Inner layer

(support layer)
Washing

20 cycles
Inner layer

(activated carbon)

Inner layer
(support layer)
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Table 7. Continued.

Outer fabric

Inner layer

(support layer)
Washing

30 cycles
Inner layer

(activated carbon)

Inner layer
(support layer)
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Fig. 4. Colorfastness of CBRN protective clothing materials after repeated washing: (a)Fading grade of ACB, (b)Fading grade of ACF, (c¢)Staining
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