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NIOSH

nitrile Fick' s Law
ASTM F739
(GCIFID)
(0.21 mm~0.87 mm) nitrile
258.5~2774
181.3~488 14.8~37.1  9.9~35.9 (ug/cm?/min)

nitrile
(10°°cm?min) 0.735+0.242 0.257+0.088

0.021+0.007  0.020+0.005



Abstract

Workers involved in the production, use, and transportation of liquid
chemicals may be exposed to numerous organic solvents capable of
causing harm upon contact with the human body. The effects of these
chemicals can range from acute trauma such as skin irritation and burn, to
chronic degenerative disease such cancer. Therefore, gloves are the final
lines of protection as organic solvents are handled, spilled, or splashed.
The most significant factor for protective effects is permeation. The
criterion of permeability for organic solvents through protective gloves
will be the breakthrough time and steady-state permeation rates.

The objective of this study was to experimentally investigate the
permeation of nitrile gloves to protect against benzene, toluene, styrene
and ethyl benzene. A model based on the Fick’ s Law and mass transfer
theory was presented for estimating the diffusion coefficients of organic
solvents in polymers. Experimental data were conducted to develop and
assess the performance of the model. The ASTM F739 test cell was
utilized for permeation experiments and nitrogen was the collection
medium flowed through the open-loop system. The concentrations of

organic solvents in the collection medium were analyzed by GC/FID.

For nitrile gloves with 0.21~0.87 mm four different thickness, the
steady state permeation rates of benzene, toluene, styrene, and ethyl
benzene were 258.5~2774, 181.3~488, 14.8~37.1, and 9.9~35.9
(ug/cm?min), respectively. As expected, the steady state permeation rates
were inversely proportion to the thickness of gloves and the molecular
weights of organic solvents. The diffusion coefficients of benzene,
toluene, styrene and ethyl benzene in nitrile estimated by the modeling
were 0.735+0.242, 0.257+0.088, 0.021+0.007, and 0.020+0.005



(10°°cm?min), respectively. As compared with the other models, the
model presented in this study could conveniently and accurately estimate

the diffusion coefficients of organic solvent in polymers.

Further, a correlation of diffusion coefficients was developed using
the properties of organic solvents. The diffusion coefficients were found
to correlate well with the molecular weight, viscosity and Henry’ s law
constant of organic solvents. In addition, the correlation was able to
appropriately predicate the diffusion coefficients obtained from the
published data.
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(neoprene)
alcohol, PVA)

NIOSH

(chemical protective clothing)

(nitrile rubber)

(polyvinyl

(permeation)



(Breakthrough Time)

(Steady-State Permeation Rate)
(Vahdat et al., 1987a ASTM F739)

10
120
(Schewope et a.,
1988)
(Mikatavage et a., 1984; Menke et al., 1988; Harville et al.,
1989) ASTM F739 AMK ISO

(Sansone and Tewari, 1978; Williams, 1979; Vahdat, 1987)

Fick’ s Law

(diffusion coefficient)
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1. Fick’ sLaw

2. ASTM F739
nitrile

3. nitrile
(empirical model)



2.1

ASTM F739
(Standard Test Method for Resistance of Protective Clothing
Materials to Permeation by Liquids or Gases under Conditions of

Continuous Contact) 2.1

(collection medium)

ASTM F739
(open-loop)
(closed-loop) ( )
2.2

(Nelson et a., 1981) A

S

B

A A



(swelling)



Rod 1o Allow Continuous

Konitoring With Air

or Mitrogen

Stop Cock Adsptor

Chamber Retaining
Wedge

Sampling
Chamber for Collecting Medium

[Total Collecting Volume ~ 100 ml} i .
TFE- .
Abuminum Flanges forocarbon Seals (Material

{Test Cell Holder) Specimen Halder]

2.1 ASTM F739
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2.2

ASTM F739
J (ug/cm?min)
1=CF Eq.2.2.1
A
C (ug/L) F
(L/min) A (cm?)
(ASTM
F739, 1996)
Sansone  Tewari (1978)
0.2 mm 0.2 mm 0.4 mm
0.2 mm 0.2 mm
0.4 mm
Nelson 1981 neoprene latex
0.29 mm 0.46 mm
0.80 mm  neoprene latex 25 14
0.9 ug/lcm?min 0.29mm 046 mm  0.80 mm
3.4 08 0.7 ug/cm?/min
Dillon  Obasuyi (1985) Butyl

225 45
0.095 0.37 ug/lcm*sec Vahdat (19873)



Vahdat 25 45
Butyl Nomex
9% 166 ug/cm’™min 25 Neoprene  Butyl
286 146 ug/cm®min 45
325 299 ug/cm®min



2.3

2.3
(sorption) (diffusion) (desorption) (Nelson et
a., 1981 Silkowski et al., 1984 Dillon and Obasuyi, 1985 Victorial et
al., 1987 Schwopeeta., 1988 Vahdat, 1991 ASTM F739, 1996)

(Nelson et a., 1981 Silkowski et al., 1984
Dillon and Obasuyi, 1985 Schwopeet al., 1988 Vahdat, 1991) 2.1

Ziegel (1969)
D
ti2
D= 7.1;; t Eq.2.3.1
A
Crank (1975) 24 (diaphragm cell)
(VOCs)
VOC (vapor) D
VOC VOC
Z (J) Fick’ s first law

10



2
1c_rc

Eq.2.3.2
it V48 .
Eq. 2.3.3 vVOC C Z
2
1€ _pd (2: Eq.2.3.3
Mt 1z
(1) L
(t=0 dlz C=0)
2)
VOC Co VOC
(solubility) H VOC (solubility
coefficient) Henry' slaw
(3) (t>0 Z=L C=0)
VOC
M
d—'vl—-AJ—-ADE Eq.2.3.4
dt Z=L
VOC Eg. 23.3 234
VOC
2
ACOSD 2L 3 M0 exp(- DnwzyL2)ll Eg23s
é 6 n= 1 n G
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EQ. 2.3.5

Eq. 235
AC, é_ . L°U
M =222 aDt-— Eq.2.3.6
C & e ;
Eg. 23.6 VOC
VOC M t VOC
2.3
t
Eg.23.6 m=0 t, Eg. 2.3.6
m=0 VOC
L2
D=— Eq.2.3.7
61, a
¢ (lag time)
D H
Crank HD VOC
(permeability)
(diffusivity) Sansone  Tewari (1980)
(natural rubber) nitrile  neoprene
(immersion)
Eqg. 2.3.7 Sansone  Tewari
nitrile (10° cm¥sec)  1~3.1
Crank VOC

12



(Zellers and Zhang, 1993) ASTM F739
Eq. 2.3.7 (Schwope et
a., 1988 Tsa and Que Hee, 1996 Tsa and Que Hee, 1997 Lin and
Que Hee, 199843, b)

Tsa  Que Hee (1996) (Alkylbenzene Isomers)
nitrile ASTM F739 (hexane)

25 Tsa  Que Hee

Crank isorpropylbenzene (IPB) n-propylbenzene

(NPB) 1,2,3-trimethylbenzene (123T) 1,2,4-trimethylbenzene

(124T)  1,3,5trimethylbenzene (135T) m-ethyltoluene (MET)

o-ethyltoluene (OET) p-ethyltoluene (PET)

(10°cm?s) 0.105 0.133 0.080 0.100 0.600 0.060 0.080
0.100

Tsa  Que Hee (1997) ASTM F739

(Xylene Isomers) 30 nitrile

Tsa  Que Hee Crank -
(o-Xylene) - (m-Xylene) - (p-Xylene)
(Ethyl benzene) (10 °cm?/s) 0.092+0.013

0.204+0.083 0.168+0.038  0.106+0.009

Vahdat (19878)  ASTM F739
Vahdat

D (cm?/s) Fick' slaw
J L

D=——— Eqg. 2.3.8
S q

J (ug/cm?/s) L (cm)

13



S (g/emd)

Eq. 2.3.8
(immersion experiment)
Vahdat (1987a)
S
Vahdat ASTM F/739
25
(Vahdat, 1987b Vahdat and Delaney, 1989 Vahdat,
1991) Vahdat (1987b) (Methylene Chloride)
Edmont Best nitrile nitrile-Edmont
nitrile-Best 0.62x10° cm?/s  1.6x10° cm?s
(Perchloroethylene)  nitrile-Best
0.42x10° cm?/s
Vahdat Delaney 1989 nitrile-Best
(trichloroethylene) nitrile-Edmont
0.5x10°cm®s  0.83x10° cm?/s Vahdat (1991)
1,1,1- nitrile (10°cm?s)

0412 0253 0.221

14



Cumulative Permeation

<4“—

desorption

2.3

Polymer

<4“—

diffusion

<4“—

sorption

Pressure gauge

1

l//

Initial pressure
one atmosphere

Initial pressure

ZzZCYro

2.4
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2.4

Southern  Thomas (1967)

(viscosity) Schwope (1987)
(
2.2)
Zellers (1993) Viton 40
(S ASTM
F739 (Js)
Eq. 2.3.8(D=Js " L/S) Zéllers
Flory X
Vi XV,
(r’=0.901)

Tsa  Que Hee (1996) ASTM F739

30
Nitrile (D)
(VIS) (octanal) (water) (Kow)
InD=-11.5VIS/LogKow+9.20 (r=-0.858 p=0.119) Tsa
Que Hee (1996) (infinite
dilution diffusivity  DIF) InD=-0.378VIS.DIF+9.46

(r=-0.880 p<0.025)

Lin  Que Hee (1998a) ASTM F739
25

16



nitrile Lin  Que Hee

(MW) (MV) D=10%%"
MW (r=-0.398  p=5.3x10" D=10"'MV %% (r=-0.410
p=3.5x10"" Lin  Que Hee (1998b) ASTM F739
2- 25
buty!l
(Snyder elution strength E°) D=-12E°+6.4

(r=-0.342  p=0.041)

17



81

2.1

Ziegel, 1969 D= L% (7.19%;)  D: diffusion coefficient
L: thickness of membrane
tyo: time for the half-values of steady-state permeation
rate
Crank, 1975 D= L7 (6t) D: diffusion coefficient at large time
Que Hee, 1984 L: thickness of the polymer film
t: lag time
Vahdat, 1987 D=(JIxL)/ S D: diffusion coefficient

L: thickness of polymer film
J. steady-state permeation rate
S: solubility of chemical in polymer




61

2.2

Parameter Correlation r Reference
VIS, LogKow LnD=-11.5VIS/LogKow+9.2 -0.858 (1)
(p=0.119)
VIS, DIF LnD=-0.378V1S.DIF+9.46 -0.880 (1)
(P<0.025)
MW D=10"*"MwW Y’ -0.398 2)
(p=5.3x10")
MV D=10"'MV % -0.10 2)
(p=3.5x10")
E D=-12 E%+6.4 -0.342 (3)
(p=0.041)

(1) Shih-Wei Tsai and Shane Que Hee, 1997, J. Appl. Polym. Sci., 63:1713-1721.

(2 Yu-Wen Lin and Shane Que Hee, 1998, Appl. Occup. Enviren. Hyg., 13(5):286-298.
(3) Yu-Wen Lin and Shane Que Hee, 1998, J. of Hazardous Materials., 60(5):143-158.



3.1

ASTM F739
(Pesce Laboratories, Kennett Square, PA, USA)
51 mm ( 2.1)
75 mL 100 mL
31 ASTM F739
(open-loop) 125 mL/mim (ASTM
50~150 mL/min) 25+1

(Cole-Parmer, Part No. NO12-10S)

T
T (gas-tight syringe, Supple,
Cat. No. 22271) (gas chromatograph, HP
5890A) (flame ionization detector)
(DB-5, J&W, Part No. 125-5032) 0.53
mm 30 m 60 8 /min
150 GC 200
250 30 mL/min GC
(Headspace) r 0.995

ASTM ( 3.1)

20



3.1

21




3.2

ASTM F739
1.
2145 30~80%
24
2. (dial thickness gauges Teclock Co.
Model No. SM-112  Japan) ( 0.01 mm)
3. 5%
4, 125
25+1
5 75mL
6. 100
mL
7. 5-10
8. 3
QA/QC GC

22



3.3

(Benzene, Merk, 101783)

(Toluene, Merk, 108325)
(Ethyl benzene, Fluka, 03082)
>99%
GC

78.11
3.2
10

nitrile
Best (Menlo, GA) MAPA (Brunswick, OH)
0.21 mm 0.83 mm

23

(Styrene, Fluka, 85960)

3.2
99.9%

98%

106.18

3.3)



3.1

Solvent Benzene Toluene Styrene  Ethyl benzene
LDL (ng) 0.23 0.58 1.05 1.18
LDL (Limit Detection Level) C
( A SD
LDL=3SD/A" C,
3.2
Solvent Benzene  Toluene Styrene Ethyl benzene
Formula CeHs C/Hg CgHs CsHio
Grade GR GR GC GC
Purity (%) 99% 99% 99.9% 98%
MW 78.11 82.14 104.15 106.18
WS 1780 515 300 187
Kow 131.83 537.03 891.25 1412.54
SG 0.88 0.87 0.91 0.87
H 0.23 0.27 0.10 0.34
VIS 0.38 0.56 0.21 0.60

Properties are @ 25 and abbreviations are as follows. MW, molecular weight; WS,
water solubility in mg/L (LaGregaet et al., 1994); Kow, octanol-water partition
coefficient (LaGregaet et a., 1994); SG, specific gravity in Kg/L; H, Henry’ s constant
(LaGregaet et d., 1994); VIS, viscosity in centipoises (Perry Chemical Engineers

Handbook).

24



3.3 Nitrile

ltem Thickness (mm) Specific Gravity
Best, 8005XL 0.21+0.01 0.88+0.02
Best, 717-11 0.37+£0.01 0.92+0.04
Best, 737-11 0.63+0.03 0.92+0.02
MAPA, A-18 0.83+0.03 0.77+0.02

The material of nitrile is copolymer of acrylonitrile and 1,3-butadiene.
Best Co., Menlo, GA, USA.
MAPA Co., Brunswick, OH, USA.

25



3.4

J (mg/cm?min) Fick’ s Law

1-pl-0
L
D
(glem® C
(g/em®) L (cm)
VE%%:J’ A-Q C
Q (125 mL/

(controlling mechanism)

Eq.3.4.1

(cm¥min) r

V)

Eq.3.4.2

min) A

26



(18.08 cm?)

dc=0  Eq. 3.4.2

ASTM F739
=2 € Eq.3.4.3
A
D Eq.34.1 Eq.34.3
Eq.3.4.4 C
_(@cu)
D= AF- O Eq3.4.4

27



4.1

4.1 4.4 Eq. 2.2.1
ASTM F739 nitrile
A
5%
4.1 021 mm 036 mm 0.65 mm
0.83 mm 2375.59 817.37 749.17
259.52 ug/cm?/min  Vahdat (1991) 25 ASTM
F739 0.58 mm nitrile
800 ug/cm?/min 4.1
Nelson (1981) 2.4 0.35mm
nitrile 1.8 2.5

ug/cm?min

ASTM F739 30

Tsa  Que Hee (1996)

0.38 mm nitrile

228 ug/c’/min

0.36 mm

30.38 ug/cm?/min

28



78.11
82.14 104.15 106.18 0.36 mm
859.97 ug/cm?/min

30.09 ug/cm?/min
Vahdat (1991)  ASTM F739
25 1,1,1-
nitrile

29
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4.1 Nitrile (25 )

(mm) (ug/cm?/min) (ug/L) (%)

Benzene
0.21 2375.59 343727.43 4.69
0.36 817.37 118265.32 3.58
0.65 749.17 108398.47 2.13
0.82 259.52 37551.24 1.96

Toluene
0.21 488.62 64911.57 3.17
0.36 274.11 39661.45 141
0.63 226.31 32744.84 120
0.81 184.70 26723.95 123

Styrene
0.21 33.23 4807.15 3.33
0.36 32.52 4705.22 1.80
0.65 23.17 3177.50 121
0.87 15.58 2290.16 115

Ethyl benzene

0.21 34.63 4677.58 4.37
0.36 30.38 4395.43 1.94
0.65 21.52 3114.22 151
0.81 10.75 1555.72 161

32



4.2

Eq.
3.4.4 nitrile (10°
cm?/s) 0.735+0.242 0.257+0.088 0.021+0.007  0.020+0.005

Vahdat (1991)

nitrile
Vahdat
4.2
D=L%6t, (Eq. 2.3.7)
Nitrile (10° cm?/s)

0.038+0.035  0.040+0.036

10

(1) Crank

(2) Crank

(3)Crank

33

0.253 (10°® cm?s)

Vahdat

Crank (1975)

0.063+0.043 0.046+0.031

D=Lt



Crank
t
(Limit Detection Level, LDL)

( 3.1
) Crank
Ziegel (1969) D=L%7.199%y,
(Eg. 2.3.1) nitrile
(10° cm?/s) 0.065+0.037 0.041+0.027 0.031+0.028
0.032+0.029 Crank



4.3

(D)

(MW) (WS) (Kow) (SG)
(H) (VIS)
SPSS 8.1 4.3
(r=-0.885

p-vaue<0.05) Schwope Reid (1987)
Kow
0.880 (p-value<0.05) -0.813
(p-value<0.05)

4.3 (r=0.363
p-value<0.05)
0.179 (p-value>0.05) Southern
Thomas (1967)

Southern Thomas

95% 0.05
(MW) (VIS)
(H) (r=0.970 p-vaue<0.05)
D — 1024.46 4 Mw-l3.27 4 V|84.56 4 H-3.77 Eq-4-3.1
Tsa Que Hee (1996) ASTM F739
Nitrile

Kow InD=-11.5VIS/LogKow+9.20

35



(r=-0.858 p=0.119)
Kow 0.585 (p-value<0.05) Lin
Que Hee (1998a)  ASTM F739
nitrile
D=10""MW " (r=-0.398 p=5.3x10""

(r=-0.926 p<0.05)

D =10%%" MW 1% Eq.4.3.2
Vahdat (1991) 1,1,1-
nitrile 0.412 0.253
0.221( 4.4) Eq. 4.3.1 Eq. 4.3.2
45 46 Vahdat Eq.
431 Eq. 432 0.737
0.686 Eq. 4.3.1 nitrile

36
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4.2

Solvent Benzene Toluene Styrene Ethyl benzene
D® 0.735+0.242  0.25740.088  0.021+0.007  0.020+0.005
D" 0.412 0.253
D° 0.063+0.043  0.046+0.031  0.038+0.035  0.040+0.036
D* 0.065+0.037  0.041+0.027  0.031+0.028  0.032+0.029

Diffusion Coefficient @25°C Mean +SD (10° cm?/s)

& estimating by the modeling equation D= (JxL)/ (r -C)

P: from Vahdat, J. of Applied Polymer Science, 42, 3165-3171, 1991.
% calculated by the equation D=L%6t, from Crank , 1975.

d: calculated by the equation D=L27.199t,, from Ziegel , 1969.
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4.3

Vaiable Correlation r p-value
MW D=2.785-0.02/MW -0.885 <0.05
WS D=0.044-0.00044WS 0.880 <0.05
Log Kow D=6.808-2.243L ogK ow -0.813 <0.05
SG D=7.556-8.177SG -0.426 <0.05
H D=0.0028-1.528H 0.363 <0.05
VIS D=0.162-0.39VIS 0.179 >0.05
MW, VIS, H* D=10"**MW 2| S 37 0.970 <0.05
VIS, LogKow LnD=17.982VIS/LogK ow-4.458 0.585 <0.05
MW D=10*xMW % -0926  <0.05

*: Stepwise

Propertiesare @25  and abbreviations are as follows. MW, molecular weight; WS, water solubility in mg/L
(LaGregaet et ., 1994); Kow, octanol-water partition coefficient (LaGregaet et a., 1994); SG, specific
gravity in Kg/L; H, Henry’ s Constant (LaGregaet et d., 1994); VIS, viscosity in centipoises (Perry

Chemica Engineers Handbook).
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4.4 Vaddat (1991)

MW WS H SG LogKow VIS D
Benzene 78.11 1780 0.23 0.88 2.73 0.38 0.412
Toluene 92.14 515 0.27 0.87 2.95 0.56 0.253
1,1,1-trichlorothane 133.42 4400 0.69 1.33 2.51 0.81 0.221

Data from Nader Vahdat, 1991, J. Appl. Polym. Sci. 42:3165-3171.
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Model i ng

4.5

D

Model i ng

4.6

AN

. B
*
.6
. A
2 D=102* %S MW 1327y 564377
r=0.737
0 0.2 0.4 0.6 0.8
Experi mental D
(Vahdat, 1991)
2
! 3
D=102242 )\ 188
r=0.686
TS
0 < L 1 L
0.5 1 1.5

Experi ment al

(Vahdat, 1991)
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5.1

ASTM F739 nitrile

(0.21
mm~0.87 mm) nitrile
258.45~2774.02 ug/cm?min
181.33~488.04 ug/cm?/min

14.79~37.06 ug/cm?/min 9.94~35.85
ug/cm?min

78.11
82.14 104.15 106.18 0.36 mm

859.97 ug/cm?/min
30.09 ug/cm?min

nitrile (10® cm?min) 0.735+0.242
0.257+0.088 0.021+0.007  0.020+0.005

Kow

D:1024.46M W-13.27V I S4.56H-3.77

41



5.2

()

()

() nitrile
neoprene naturnal rubber

()
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