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A study investigated hydrogen permeability in sulfur-cured NBR composites filled with carbon black (CB) and silica, using
volumetric analysis across pressures ranging from 1.2 to 92.6 MPa. Both pure NBR and MT CB- and silica-filled NBR
exhibited a single sorption mechanism that followed Henry’s law, indicating hydrogen absorption into the polymer chains. In
contrast, HAF CB-filled NBR displayed dual sorption behavior, adhering to both Henry’s law and the Langmuir model, which
suggests additional hydrogen adsorption at the filler interface. Hydrogen diffusivity in NBR followed Knudsen diffusion at low
pressures and bulk diffusion at high pressures. In HAF CB-filled NBR, permeability decreased exponentially with increasing
density, while in MT CB- and silica-filled NBR, it declined linearly. The strong polymer-filler interactions in HAF CB
significantly influenced permeability. Permeability trends closely correlated with hardness, tensile strength, and density,
allowing for the establishment of quantitative relationships between these physical and mechanical properties. These
findings indicate that analyzing these properties can predict hydrogen permeability, positioning NBR composites as
promising sealing materials for high-pressure hydrogen storage in refueling stations and fuel cell vehicles.
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Table 1 Chemical compositions of sulfur-crosslinked NBR composites filled with HAF CB, MT CB, and S fillers

Composites ~ NBR ZnO St/A HAF N330 MT N990 Silica S-175 Si-69 PEG S TBBS
Pure NBR 100 3.0 1.0 1.5 0.7
NBR H20 100 3.0 1.0 20 1.5 0.7
NBR H40 100 3.0 1.0 40 1.5 0.7
NBR H60 100 3.0 1.0 60 1.5 0.7
NBR M20 100 3.0 1.0 20 1.5 0.7
NBR M40 100 3.0 1.0 40 1.5 0.7
NBR M60 100 3.0 1.0 60 1.5 0.7
NBR S20 100 3.0 1.0 20 1.6 0.8 1.5 0.7
NBR S40 100 3.0 1.0 40 32 1.6 1.5 0.7
NBR S60 100 3.0 1.0 60 4.8 24 1.5 0.7

St/A: Stearic acid, TBBS: N-tert-butyl-2-benzothiazole sulfenamide, Si-69: Silane coupling agent, PEG: Polyethylene glycol
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Fig. 1 A procedure for evaluating H, uptake and diffusivity using
volumetric measuring system with cylinder and image
analysis algorithm
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Fig. 2 Developed water level sensing system using image analysis
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Fig. 3 A diffusion analysis program for determining H, uptake and diffusivity using Eq. (4) in NBR composites charged at 8.9 MPa
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Fig. 4 H, uptake versus exposure pressure for sulfur-crosslinked NBR composites in the NBR-M, NBR-S, and NBR-H series

T FAA S 24 ARIRF
x 10" m¥s, Co = 387 wt-ppm] ZFS AL 4= Q). ¢ 2& W
ofgff Zk2 Offset grolm, o] AIZIA|A &<t whAugt
wtppm TH9]9] SARS UERdLh $jo] B o @ 89 MPa ¢+
Hol| A $AS 22 NBR AR 44 ARl (C.,), TAE

(D) Z12]a1 Offset (55.2 wt'ppm) FHe WFEFH AT

s St} &, D=6.950

[e) o A
H}\E?:—]ET

mlo

4. 5H AL U 2N

4.1 U0 M2 24 FU BN AT Y 24

Pure NBR ¥} 939] NBR &3] 3] 1.2-92.6 MPa
oM FHI F AT 4:919] ojuq| £ FuelES 0|3}
of 74k o S PYFI FAEES Fig. 20041 Bl Hr
A olgstel 2k 1 24 FUE Fig. 39 Pl 2
§ mRage] olgstel Sa U TS Tk,

ZOO

LJ

Z3E F Pure NBR¥} 952 NBR EHA|of tfsl] o2 H3to
gt =4 A= Fig 4o YeERfigich. Fig. 4(a)= Pure

NBR, NBR M20, NBR M40, NBR M60, NBR S20, NBR S40,
NBR S609] o] w 4 U AE HojErh. Fig. 4(b)
L oglo W= NBR H20, NBR H40, NBR H600|A] 424 &
QJere] Aztolc}.

Fig. 4(a)ol|A] & Q15=0], Pure NBR, MT CB
NBR M-series, %:_‘\1]7]—7]— 3E3HE] NBR S-series®] =4~
92.6 MPaz7tx] 4=o] H]&|shH Henry®] HZ|[95}
Ao egton ofiz 4(S)ef Po] LT,

Al
_1

= kP

0

1714 k= Henry 4=, P=

e}

LrERLb, ]‘C -}Fiﬂ 3HﬂE]X] ool X]- ?ﬂEHE TEZ} YR
2 SHEL ojujdit). o] FARS: 424 Bx|y) 1EA) nfEE Ao



740 / September 2025

Table 2 Fitting results of the sorption model for sulfur-crosslinked
NBR Neat and NBR composites filled with HAF CB(H),
MT CB(M) and S fillers according to Eq. (7)

Composites k a b R?
Neat 16.1 0 0 0.99
H20 17.1 307 0.098 0.99
H40 19.4 355 0.170 0.99
H60 23.8 311 0.310 0.99
M20 14.3 0 0 0.99
M40 13.5 0 0 0.99
M60 12.2 0 0 0.98
S20 16.1 0 0 0.99
S40 15.9 0 0 0.98
S60 17.8 0 0 0.99
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