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ABSTRACT: Carbon black filled poly(methyl methacrylate) (CB/PMMA) composites were fabricated by solution
mixing and polymerization filling, respectively. The effects of processing conditions on electrical conductivity of the
composites and their electric responsivity against organic solvent vapors were investigated. The experimental results
showed that molecular weight of the polymer matrix, carbon black content, and the composite film thickness greatly
influence the response behaviors of the composites in solvent vapors. Furthermore, the composites prepared by polymer-
ization filling have higher gas sensitivity, response rate, recovery rate, and reproducibility as compared to the composites
by solution mixing. The sensing performance of the composites is found to be closely related to the microstructure of
the materials, which provides possibilities for further improve the overall properties of the composites by altering the
processing parameters.
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Dispersion of carbon black into an insulating poly-
meric matrix yields a conductive composite material
characterized by a sharp decrease of its electrical resis-
tivity when the filler content is increased above a crit-
ical value called percolation threshold.1, 2 One of the
most attractive features of these composites lies in their
positive temperature coefficient (PTC) effect,3, 4 which
describes a switching from low to high resistance as
temperature approaches the melting point of the ma-
trix, and can be used to produce polymer based self-
regulating heaters, microswitches, etc. In fact, a similar
change has also been observed in the composites when
facing organic solvents or vapors.5–8 Absorption of the
solvent or vapor into the composite is believed to cause
a significant variation in electrical resistance by influ-
encing the length of percolation paths between carbon
black particles within the composite due to swelling
or dissolution of the polymer matrix.9, 10 On the basis
of this feature, the composites are capable of acting
as chemiresistors or electronic noses to detect, distin-
guish, and quantify various solvents or solvent vapors
and might find applications in chemical, medical, auto-
motive, food, and fragrances.11–13 So far, it is known
that the sensing materials have many advantages, in-
cluding easy fabrication with cost effectiveness, stabil-
ity in many different environments, rapid response rate
and high sensitivity to the targets, high selectivity, and
miniature design.

With respect to the study on the conductive compos-
ites as chemisensors in the aspect of materials develop-
ment, however, not many published reports are avail-
able because it is a relatively new area. Tsubokawa
and co-workers6, 14–16 modified carbon black surface
by grafting polymerization, and found that the content
and dispersity of the fillers, and crystallinity and molec-
ular weight of the matrix notably influence the elec-
trical responsivity, reproducibility and stability of the
composites against organic vapors. Narkis et al.8, 17 in-
dicated that the sensitivity of carbon black filled im-
miscible polymer blends to organic solvents depends
on blending composition, nature of the constituting
components, interfacial feature, and production shear
level. In our previous works,18–20 polymerization fill-
ing was employed to synthesize amorphous polymers
based composites, which exhibit sufficient vapor sensi-
bility and reproducibility. The content of carbon black,
testing temperature and organic solvent species exert
important influences on the electrical response of the
composites.

To collect more information of the conductive com-
posites for practical applications and to improve the
performance of the composites, the present paper in-
vestigates the effects of processing parameters on the
electric response behavior of carbon black/poly(methyl
methacrylate) (CB/PMMA) composites by changing
molecular weight of the matrix, filler concentration,
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composites thickness, and technique of composites
manufacturing. PMMA is selected because of its amor-
phous characteristics. It is hoped that much more
amorphous polymers can serve as matrices of conduc-
tive composites having sensibility to organic vapors, so
that the potential candidate spectrum for chemisensors
would be greatly broadened.

EXPERIMENTAL

Materials
Conductive carbon black (XC-72) supplied by Cabot

Inc., with a surface area of about 254 m2 g−1 and a di-
ameter of 50–70 nm, was dried in a vacuum at 110 ◦C
for 48 h before use. The monomer, methyl methacry-
late (MMA), was distilled for two times and the initia-
tor, benzoyl peroxide (BPO), was purified by recrys-
tallization from chloroform and methanol prior to the
polymerization.

Preparation of CB/PMMA Composites
Two approaches were applied to the preparation

of CB/PMMA composites, i.e., solution mixing and
polymerization filling. In the case of solution mix-
ing, homemade PMMA by radical polymerization with
number average molecular weight, Mn, of 7.42× 104 or
1.94× 104 was dissolved in CHCl3 at a polymer/solvent
ratio of 1:6 (w/w). Then, CB was added into the solu-
tion at the desired proportion. Having been treated by
ultrasonic agitation for 1 h, the mixture was stirred with
a magnetic stirrer at room temperature for 3–4 h to pro-
duce paste composites.

With respect to polymerization filling, the steps pro-
ceeded as follows. Typically, 2.0 g of CB, 18.0 g of
MMA and a small amount of BPO were added into
a 100 mL flask with a reflux condenser. Having been
treated by ultrasonic agitation for 1 h, the mixture was
stirred at 90–95 ◦C under nitrogen for 8 h. After having
been dried in a vacuum at room temperature for 48 h,
the product was weighed and the monomer conversion
rate was calculated. Afterwards, the product was added
into 20 mL CCl4 and stirred for 1–2 h at room temper-
ature to produce pasty composites. Then the quantita-
tive product, which had been dried in a vacuum at room
temperature for 48 h, was dispersed in tetrahydrofuran
(THF) and centrifuged at 1.6× 104 rpm for 30 min. The
supernatant solution was removed by decantation. The
procedures were repeated until no more polymer could
be detected in the supernatant layer. The molecular
weight of the polymer was analyzed by gel permeation
chromatography (GPC).

Performance Measurement
Specimen preparation and the corresponding mea-

surements of electrical resistance and electrical re-
sponses to saturated organic solvent vapors were de-
scribed in our previous works in detail.18 The respon-
sivity is described by the ratio of the transient resistance
to the initial resistance in air.

To observe the dispersion status of the conductive
filler in the matrix polymer, a JSM-6330F scanning
electronic microscope (SEM) was employed. The sam-
ples were obtained by freeze-fracture, and then gold
sputtered prior to the examination.

RESULTS AND DISCUSSION

Solution-blended CB/PMMA Composites
It is known that the mechanical and physical proper-

ties of a conducting thermoplastic composite are mostly
dominated by the nature of the filler material, whereas
polymer matrix determines to a great extent the envi-
ronmental characteristics of the composite. Since the
CB/PMMA composites act as sensing materials in or-
ganic solvent vapors in the present work, the influence
of matrix property should be discussed at the begin-
ning. Figure 1 shows the composites’ electrical resistiv-
ity as a function of CB content. Clearly, the resistivity
of the composites with higher molecular weight matrix
is about 1–3 orders of magnitude higher than that with
lower molecular weight matrix at the same CB concen-
tration. It means that the electric conduction paths can
be established more easily in the low molecular weight
PMMA. Because the composites were prepared via so-
lution mixing, the flowability of the matrix polymer or
the mobility of the macromolecular chains of the ma-
trix in the solvent determines to a great extent the effect
of compounding. The infiltration of the low molecular
weight polymer solution into porous CB agglomerates
would be more efficient than that of the high molecular

Figure 1. Electrical resistivity, ρ, of solution-mixed CB/
PMMA composites as a function of CB content. The number aver-
age molecular weights of the matrix, Mn, are given in the legends.
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Figure 2. Dependence of maximum electrical responsivity of
solution-mixed CB/PMMA composites on CB content in ethyl ac-
etate vapor at 25 ◦C. The number average molecular weights of the
matrix, Mn, are given in the legends.

weight polymer solution. Therefore, smaller amount
of CB particles is enough to form conduction networks
throughout the composites in this case.

To further understand the effect of matrix molecular
weight, dependence of the maximum electrical respon-
sivity of the composites against ethyl acetate vapor is
given in Figure 2. It is seen that the composites with
higher molecular weight matrix are much more sensi-
tive to the vapor than those with low molecular weight
matrix over the entire CB content range of interests.
The highest responsivity appears at about 8 wt% of CB
in the former composites, approaching 6× 105. The re-
sult is in agreement with that reported by Tsubokawa et
al.,16 who supposed that the formation of honeycomb-
like pores in the CB/polymer composites after absorb-
ing a solvent vapor differs with different molecular
weights of the matrices, and results in the different re-
sponses of the composites to the same solvent vapor.
Here the authors believe that the polymer matrix with
higher molecular weight possesses higher swelling ca-
pacity, which generates greater inter-particulate gaps
of CB in the composites or breaks more conduction
paths when the specimens are exposed to organic va-
pors. However, the molecular weight of the matrix can-
not be increased unlimitedly for purposes of improv-
ing the electric responsivity of the composites. Ex-
cessively high molecular weight of the polymer will
greatly increase intermolecular interaction and reduce
its swelling power. In this context, lower molecular
weight matrix would result in higher responsivity to or-
ganic vapors instead.19 Therefore, there would be an
optimum molecular weight specified for each polymer
serving as the matrix of the chemisensor. In other
words, the matrix polymer of conducting composites
used as gas sensors should possess appropriate molec-
ular weight to ensure sufficiently high response and re-
sponse rate.

Figure 3. Effect of composite film thickness on initial re-
sistance, maximum electrical responsivity and response time of
solution-mixed CB/PMMA composites. Mn of PMMA: 7.42× 104;
CB content: 10 wt%; Solvent vapor: ethyl acetate; Testing temper-
ature: 25 ◦C.

From the viewpoint of practical application, thick-
ness of the composite film is an important parameter
related to the sensor performance because the thinner
the composite film, the faster the response to organic
vapor.14 As illustrated in Figure 3, there is a linear re-
lationship between the response time (defined as the
time needed to reach the maximum responsivity) and
film thickness. It not only proves the conventional con-
sideration of the response behavior of the composites,
but also implies that Case II diffusion of the solvent
molecules in the composites plays the leading role, as
characterized by the constant response rate. For Fick-
ian diffusion, the equilibrium absorption time is pro-
portional to the square of the total film thickness. Evi-
dently this is not the case here. That means relaxation
processes occur in the polymer matrix for the polymer
chains to respond to an osmotic swelling pressure and
to rearrange themselves to accommodate the penetrant
molecules. It again evidences that the mechanism re-
sponsible for the gas sensitivity of the composites is
governed by the matrix swelling or volume expansion
induced reversible conduction paths damage.

In addition, Figure 3 also shows the dependences of
initial resistance and maximum responsivity on com-
posite film thickness. The variation of composites ini-
tial resistance with the film thickness follows ohmic
law, demonstrating the microstructural homogeneity of
all the composites studied in the present work. It is in-
teresting to note that the maximum responsivity of the
composites against ethyl acetate vapor does not keep
constant with a rise in composite film thickness, but
peaks up at certain thickness. Similar phenomena were
also observed in CB/poly(ethylene oxide) (PEO) com-
posites in chloroform vapor.14 Usually a thicker com-
posite film corresponds to more conduction pathways
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Table I. Effect of polymerization conditions on the gas sensitivity of CB/PMMA composites prepared by in-situ
polymerization of methyl methacrylate in the presence of CBa

Sample ID 1 2 3 4 5 6 7
Temperature (◦C) 80–85 90–95 100–105 90–95 90–95 90–95 90–95
Time (h) 6 6 6 4 6 8 6
BPO (wt%) 2 2 2 2 1 2 3
Monomer conversion (%) 61.0 68.0 76.0 36.7 10.7 86.8 84.6
CB content(wt%)b 14.9 13.6 12.4 22.2 46.2 11.1 11.2
Mn(×104) 5.96 6.18 4.00 6.42 – 7.43 3.72
Polydispersity index 2.34 2.41 1.26 2.38 – 2.22 1.34
Responsive time (s) 2340 1500 2280 1440 120 2190 1110
Responsivitymax (× 104) 1.39 2.53 9.46 1.75 1.6× 10−4 8.40 22.2

aDosages of CB and MMA are 1.0 g and 9.0 g, respectively; Solvent vapor: CH3COOC2H5; Testing temperature:
30 ◦C. bCalculated according to the monomer conversion.

inside, and hence greater probability of partial discon-
tinuance of the contact CB when being put into an or-
ganic vapor. The maximum electric responsivity should
increase with increasing the film thickness. However,
the thicker composites might also present impedance
to the diffusion of solvent vapor because the absorbed
fluid is subjected to large internal pressure. The latter
factor eventually reduces the amount of the absorbed
solvent and the broken conduction networks as well.
Consequently, the maximum responsivity is lowered in
the case of thick composites. Competition between the
two opposite factors yields the peak-like dependence of
maximum responsivity of the composites on the thick-
ness.

CB/PMMA Composites Synthesized by Polymerization
Filling

The above analysis reveals that composites’ electri-
cal responsiveness is greatly influenced by the matrix
characteristics and composites structure. Intimate con-
tacts between the conductive filler particulates and the
matrix would help to improve the gas sensitivity of
the composites as matrix swelling directly controls the
magnitude of increase in composites resistance. Ac-
cording to this consideration, polymerization filling is
applied to produce CB/PMMA composites through in-
situ polymerization in the presence of CB particles.18

To have deeper understanding of the performance of the
composites manufactured in this way, effects of various
reaction conditions should be examined. From Table I
it can be found that the monomer conversion increases
with a rise in reaction time, temperature and initiator
content. This coincides with the regular law observed
in free radical polymerization. Since the present pa-
per is not focused on the polymerization chemistry of
the composites synthesis, a brief remark can be drawn
instead. That is, the polymerization conditions seem
not to greatly influence the sensitivity of the resultant
composites. Most CB/PMMA composites exhibit high

Figure 4. Electrical responses of CB/PMMA composites pre-
pared by the two methods against chloroform vapor at 30 ◦C. The
dash line defines the vapor absorption and desorption zones. R600

denotes electrical resistance of the composites after being moved
out of the vapor for 600 s and Ro the initial resistance, respectively.
The ratio R600/Ro characterizes recovery rate of the composites.

responsivity ranging 104–105 in ethyl acetate vapor. It
means that the composites are provided with wide pro-
cessing window as viewed from their application as gas
sensing materials.

The response behaviors of CB/PMMA composites
with similar CB content prepared by polymerization
filling and solution mixing are compared in Figure 4.
Besides the higher responsivity of the former one, the
most obvious differences lie in the rates of response
and recovery. Herein the resistance recovery rate of
the composites is defined as R600/Ro, where R600 de-
notes electrical resistance of the composites after being
moved out of the vapor for 600 s and Ro the initial re-
sistance, respectively. Figure 4 indicates that the ma-
terial synthesized by polymerization filling has shorter
response time and quicker resistance recovery rate than
that by solution mixing. For example, the values of
response time and R600/Ro of the former composites
are 80 s and 8.9, while those of the latter are 180 s and
413, respectively. These differences must be originated
from the different microstructures of the composites.
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(a)

(b)

Figure 5. SEM micrographs of CB/PMMA composites pre-
pared by (a) solution mixing (Mn of PMMA: 7.42× 104; CB con-
tent: 10 wt%), and (b) by polymerization filling (Mn of PMMA:
7.43× 104; CB content: 11.1 wt%).

In the case of polymerization filling, the low molecular
weight monomers are able to penetrate into the agglom-
erated CB prior to the reaction. As a result, relatively
even distribution of smaller CB aggregates in the ma-
trix and closer filler/matrix contacts can be obtained in
the subsequent polymerization process. In contrast, it is
somewhat difficult to breakdown the agglomerated CB
in the course of solution mixing due to the limited shear
force and high molecular weight nature of the ready-
made polymer. Large CB agglomerates have to appear
in the resultant composites. As shown by Figure 5 (a),
there are some regions in which completely no CB par-
ticles can be found in the composites by solution mix-
ing. Comparatively, similar segregation is not perceiv-
able in the composites by polymerization filling (Fig-
ure 5 (b)). It means that the amount and/or size of resin-
rich and filler-rich phases in the polymerization filling
made composites are smaller than those in the solution-
mixed composites. When being exposed to saturated
solvent vapors, the absorption induced matrix swelling
and CB particles disconnection would be faster in the
former composites. For the same reason, the solvent
desorption and reconstruction of the conduction paths
are also faster in the former ones.

Performance reproducibility is another important

Figure 6. Electrical response of CB/PMMA composites pre-
pared by solution mixing against tetrahydrofuran vapor at 30 ◦C
(Mn of PMMA: 7.42× 104; CB content: 10 wt%). The dash lines
define the vapor absorption and desorption zones.

Figure 7. Electrical response of CB/PMMA composites pre-
pared by polymerization filling against tetrahydrofuran vapor at
30 ◦C (Mn of PMMA: 7.43× 104; CB content: 11.1 wt%). The dash
lines define the vapor absorption and desorption zones.

property of the composites serving as gas sensors. Fig-
ures 6 and 7 further compare the electrical responses
of the composites prepared by the two methods against
tetrahydrofuran vapor. It is seen that the response of
the composites prepared by solution mixing is unsta-
ble within the five absorption-desorption cycles. The
maximum responsivity of the composites gradually
increases with the repeated swelling-deswelling pro-
cesses. Moreover, the resistance recovery rate is quite
slow. Having been moved out of the vapor for 1200 s
for each test cycle, the electrical resistance of the com-
posites over the initial value (R1200/Ro) increases from
23 to 111 within the five runs (Figure 6). On the con-
trary, after the first run of the absorption-desorption
test, the electrical responses of the composites prepared
by polymerization filling against tetrahydrofuran vapor
have reached a stable status, exhibiting good repro-
ducibility (Figure 7). The maximum responsivity of
the composites is over 105 for each test. In addition,
the recovery rate is quite fast and almost constant that
ensures similar ratios of R1200/Ro for each run of the
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test. It is therefore believed that solution mixing has
brought about certain inherent structural defects in the
composites, which are not healed during the repeated
swelling-deswelling tests but aggravated slightly. For
the case of polymerization filling, structural integrity
of the composites is greatly improved and hence repro-
ducible gas sensibility is observed.

CONCLUSIONS

Based on the above study, the following statements
can be made.
1. Molecular weight of matrix polymer greatly influ-

ences electrical response of CB/PMMA composites
in organic vapors. Depending upon swelling capac-
ity of the polymers, the composites with matrices
possessing different molecular weights exhibit dif-
ferent maximum responsivities.

2. The vapor transportation mode in CB/PMMA com-
posites belongs to Case II diffusion. Due to the
accumulated internal pressure in thick specimens
that obstructs further vapor absorption, the increas-
ing tendency of the maximum responsivity with in-
creasing composites film thickness is changed as
characterized by a peak-like dependence. It actually
provides a criterion for the future device making in
terms of sensor size.

3. In comparison with the composites prepared by so-
lution mixing, the ones by polymerization filling
have higher responsivity, response rate, recovery
rate and reproducibility when exposed to organic
vapors. Therefore, the latter approach is more suit-
able for manufacturing gas sensors in practice.

4. CB/PMMA composites prepared in this work are
able to respond to various solvent vapors. The se-
lectivity of their response performance can be ac-
quired by either using the approach of vapor detec-
tor arrays5 or quantifying the vapor concentration
dependence of resistance.21
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