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In this article, dodecyl ether carboxylate (AECNa) was prepared by dodecanol polyoxyethylene, sodium
chloroacetate, and sodium hydroxide and employed as a treatment agent for PAN-based carbon fiber (CF)
surface. The results show that the optimum adsorption amount of AECNa modifying CF was determined to
be 4.0 mg/g. In addition, the equivalent variation regularity is obtained the CF surface charge properties
and its dispersion behavior. The optimal dispersion effect of the short CFs in epoxy matrix is achieved when
the surface charges reach the maximum by quantitative measurement using Faraday cup; the surface
morphology and wettability are improved depending on the field emission scanning electron microscopy,
Thermogravimetry, x-ray photoelectron spectroscopy, and monofilament contact angle testing. Further-
more, the flexural strength and modulus of the treated CF composite were proven to advance by flexural
tests.
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1. Introduction

Polyacrylonitrile (PAN)-based carbon fibers (CFs) are
formed when polyacrylonitrile is subjected to three stages of
reaction, re-oxidization, oxidation, and carbonization, which
forms fibers with a carbon content of more than 90%. In recent
years, CFs have been widely employed in the aerospace,
energy, and marine industries, because of their outstanding
properties including, high specific strength and stiffness, low
density, and heat resistance, which made them useful in
composite technology, including the use of the chopped CFs as
fillers in polymer matrices, which has attracted particular
interest due to their facile preparation and low cost (Ref 1, 2).

During the process of preparing chopped CF-reinforced
composites, the strength and modulus of the composites are
influenced by the dispersion and adhesion of fibers in the matrix.
Strong Van der Waals forces and low surface free energy result
from surface irregularities and the small amount of chemically
active groups on the CF surface, which leads to undesirable
agglomeration of the chopped CF in a composite (Ref 3, 4).
Moreover, to further improve CF dispersion in the matrix, the

surface activity of the CF can be enhanced by modifying agents;
the optimum conditions of this surface treatment are an important
factor that can affect ultimate mechanical properties of resulting
composites. In a previous work, Wang et al. (Ref 5, 6) studied
the aqueous dispersion of short CF treated with hydroxyethyl
cellulose and other agents. Park (Ref 7) described the dispersion
of short plasma-treated CF in a phenolic resin. The optimum
treatment conditions of the dispersant were determined using
SEM or by direct observation (Ref 5-9), which was a small
portion in the investigation of the CF surface morphology. In
conventional research concerning the dispersion of CFs, mea-
surement of CF surface charge as a factor in identifying optimum
dispersants for modifying CF has not been extensively investi-
gated with regard to CF dispersion.

In this study, CFs were treated with dodecyl ether carboxylate
(AECNa) which was formed by carboxymethylation of dodecanol
polyoxyethylene (AEO), sodium chloroacetate, and sodium
hydroxide (NaOH). In general, the resulting AECNa containing
a carboxylic acid ester as the hydrophilic group and a long-chain
fatty alcohol as the lipophilic group had a high molecular weight
with long polymer chains. When AECNa was added, electrostatic
and adhering interactions are responsible for the adsorption of
molecules (Ref 10, 11). In addition, the surface charges of treated
CFs were quantitatively determined using a Faraday cup. The
surface morphology, chemical groups, and wettability of the
treated and untreated CFs were ascertained using a field emission
scanning electron microscopy (FE-SEM), thermogravimetry
(TGA), x-ray photoelectron spectroscopy (XPS), and monofila-
ment contact angle testing.Moreover, the flexural properties of the
fabricated composites were also determined.

2. Experimental

2.1 Materials

The PAN-based CF (T300-6K) with a diameter of about
7 lm, linear density of 204.5 g/km and a volume density of
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1.772 g/cm3 was purchased from Jilin Chemical Fiber Co., Ltd
(Jilin, China). The epoxy resin used in this study was composed
of part A, which was epoxy 618 (bisphenol A epoxy), and part
B, a curing agent 2-ethyl-4-methylimidazole purchased from
the Nantong Stars Synthetic Material Co., Ltd. Acetone (purity
‡ 99%) was obtained from Tianjin Wind Ship Chemical
Technology Co., Ltd. (Tianjin, China). AEO was obtained
from the Tianjin Polytechnic University for Textile Auxiliary
Co., Ltd. (Tianjin, China). Sodium chloroacetate (purity
‡ 99%) was supplied by the Tianjin Guangfu Fine Chemical
Research Institute. All of the other chemicals including H2SO4

and NaOH were of analytical grade and purchased from Tianjin
Kermel Chemical Reagent Co., Ltd. (Tianjin, China). Distilled
water was used during the synthesis and dispersion processes.

2.2 Synthesis of AECNa

The AECNa synthesis procedure can be described as
follows. In a typical reaction, AEO and NaOH were poured
into a four-neck flask (500 mL) equipped with a thermometer,
reflux condenser, vacuum pump, and a mechanical stirrer, with
a stirring speed of 300 r/min. The mixture was reacted for 3 h
at a temperature of 160 �C under a nitrogen atmosphere and
0.09 MPa vacuum. Then, sodium chloroacetate was added to
the flask to react with the product of the first step and the
subsequent reaction mixture was incubated at 90 �C for 4 h. At
the end of this time, a large amount of white precipitate formed.
100 mL of ethanol was added to the precipitate to dissolve the
AECNa. The mixture was then separated by centrifuging to
remove unwanted products and distilled at 80 �C for 30 min to
obtain the final crude yellow AECNa mucilage. The mucilage
was finally dried in an oven at 60 �C for 2 h to yield the final
product (Ref 12, 13). The principles of synthesis method of
AECNa are shown in Scheme 1.

2.3 Surface Treatment and Dispersion of CF

The commercial PAN-based CFs were initially extracted by
Soxhlet extractor using water and acetone (1:4 in volume) for
2 h to remove the surface organic impurities. The pretreated
CFs were then dried in an oven for 2 h at 85 �C and weighed.
Then, the pretreated CFs were submerged in the AECNa
emulsion for 30 min with a weight ratio of CFs to emulsion of
1:100. The treated CFs were then dried in a vacuum oven at
100 �C (Ref 14).

The treated chopped CFs (0.01± 0.001 g) with a length of
10 mm were placed in a clean 100-mL beaker containing 10 g
of epoxy resin and incubated at 90 �C, to ensure the dispersion
of the CFs in the resin. This mixture of CFs and epoxy resin
was stirred using a glass rod and allowed to stand for 10 mins.
The dispersion of the treated CFs was evaluated by direct
observation (Ref 5, 7).

2.4 Preparation of Chopped CF/Epoxy Resin Composites

The surface-treated, chopped CFs and epoxy resin were
added to a mold with 4 mm thickness and heated at 90 �C. The
curing agent with a weight ratio of epoxy:curing agent of 1:5
was added and evenly stirred into the mixture. The CF/epoxy
resin composite was prepared by stacking two plies of plate and
pressing with a hot press, isothermally at 90 �C for 2 h,
according to the manufacturer instructions. The photos of the
composite samples are shown in Fig. 1. In order to determine
flexural property of the composite, it was cut to the dimensions
of 809 10 mm2 with 4 mm thickness (Ref 15, 16).

2.5 Surface Charge Determination

The surface charge of the CF was determined using a
Faraday cup (ZF-611, China) at 20 �C and 40% RH. An
electrometer was used to measure the surface charge by
detecting the voltage accumulation across a capacitor of a
known capacitance. The charge-to-mass ratio (C/g) was
measured. The capacitor consists of two parallel metal cups
separated at a set distance by insulation (shown in Fig. 2).
Approximately 0.5 g of CFs were glued to the inner cylinder,
and a voltage difference resulted between the two cups. The
measurements were repeated ten times, and the average value
was calculated (Ref 17-19).

2.6 Characterization

The surface properties of the AECNa emulsion including
surface tension and contact angle were measured using an
automatic surface tensiometer according to the BSI standard
BSEN14370-2004 and by optical contact angle measurement.
The CF monofilament contact angle measurement with water
was performed using a precision contact angle measuring
instrument (Kruss DSA100M, Germany). Three-point bending
tests were conducted on composite samples using an Instron
3369, carried out with a cross-head speed of 2 mm/min for the
bar-shaped samples of 809 10 mm2 with 4 mm thickness
according to ASTMD790.

The chemical structures of the AECNa sample were
characterized by FTIR (Bruker TENSOR37, Germany),
obtained from KBr pellets over the range of 500 to
4000 cm�1 on the spectrophotometer. The surface morpholo-
gies of the treated and untreated CFs were observed employing
FE-SEM (HITACHI S-4800, Japan), with samples fastened on
a metal holder by twin adhesives and sputter-coated with thin
gold coating prior to SEM testing. TGA of all samples was
carried out using a thermal analyzer (NETZSCH STA409PC,
Germany) under a dynamic atmosphere of nitrogen at the
heating rate of 10 �C/min from 50 to 600 �C with a sample
mass of 10.0 mg. High-energy-resolution XPS (ThemoFisher

Scheme 1 Principles of synthesis method of AECNa
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K-Aepna, USA) was performed using monochromatic x-rays to
analyze the surface chemical composition of select samples.

3. Results and Discussion

3.1 FTIR of the AECNa

The significant chemical changes of the synthesized prod-
ucts were confirmed by the samples� FTIR spectra. Figure 3

shows the differential spectrum, which was obtained from the
AEO and AECNa. The strong bands at 2855, 1435, and
1320 cm�1 in AECNa spectrum correspond to the bending
vibration for the asymmetric stretching vibration of C-H,
bending vibration of CH2, and bending vibration of CH3. The
absorption band at 1116 cm�1 for the C-O-C stretching was
due to polyoxyethylene ether groups, which structure both in
AEO and AECNa. But the band at 1607 cm�1 for the O=C-O
stretching of carboxylic acid group was obviously enhanced
due to the different structures of AECNa compared to AEO.
Moreover, the reason for the occurrence of the weak band in the
spectrum of AEO is that the reagent (AEO) is of industrial
grade, which has little impurity. These characteristic peaks
confirm that AECNa resulted from the synthesis reaction. The
peak at 3399 cm�1 is for C-OH which can be attributed to the
residual raw material in the reaction mixture.

3.2 Analysis of AECNa Emulsion on the Dispersion of CF

The results of surface tension measurements of the AECNa
emulsion and emulsion contact angle of CF with different
concentrations are presented in Fig. 4(a) and (b). Critical
Micelle Concentration (CMC) is an important characteristic of
surfactant, including AECNa. At this point, the surfactant
molecules distribute ultimately orderly on the surface of
emulsion, and the surface tension of surfactant emulsion
reaches the minimum. The emulsion surface tension and
contact angle reached the minimum values of 29.75 mN/m
and 43.69� at the concentration 0.5 wt.% AECNa, respectively.
It can be concluded from that the CMC of AECNa is 0.5 wt.%
and the best spreadability of the emulsion on the CF surface
was achieved at this concentration. Moreover, the contact angle
reaches a minimum value when the concentration of AECNa is
up to 0.5 wt.% and then it increases with concentration of
AECNa being greater than 0.5 wt.%, which is due to the
surface energy of the interface of AECNa emulsion and CF
reaching a maximum value.

The impact of the amount of AECNa adsorption on the
dispersion of CF was investigated, and the results are shown in
Fig. 5. The untreated CFs tended to agglomerate in the epoxy
resin, which was attributed to the high van der Waals forces
between the monofilaments due to their small diameter, surface
flaws, and low surface activity. However, the dispersibility of
the CFs that were treated using AECNa was much higher and
the chopped CFs were completely dispersed in the resin matrix
at a loading of 4.0 mg/g. This trend may result because the
interfacial tension of treated CFs and matrix is less than that of
untreated fibers resulting from the affinity of the AECNa on the
interface of the treated fibers and the epoxy resin. Furthermore,
the lipophilic groups in AECNa are adsorbed in an orderly
manner on the CF hydrophobic surface at low concentration,

Fig. 1 Photos of the composite samples: (a) CF composite and (b) AECNa-CF composite

Fig. 2 Schematic of Faraday cup to determine surface charge of
CFs
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Fig. 3 FTIR (KBr) spectra of the AEO and AECNa
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and the hydrophilic groups allow the surface of CFs to form a
uniform charge layer (Ref 20, 21). As illustrated in Fig. 6, the
surface charge of the untreated CF is 0.025 lC/g which is
positive. Nonetheless, surface charge is gradually converted to
a negative value as the adsorption of AECNa increases. When
the amount of adsorbed AECNa reached 4.0 mg/g, the surface
charge attained its maximum value of �0.126 lC/g. The
dispersibility of CFs was enhanced as the repulsive forces
between CF monofilaments increased (Ref 22, 23). However,
these charges decreased initially as the amount of adsorbed
AECNa increased, and then remained constant, because of the
supersaturated adsorption of the electroneutral micelle, which
produced an association between hydrophilic groups on the CF
surface. Hence, the adhesive force is greater than the repulsive
force between the monofilaments, leading to a decrease in the
CF dispersibility (Ref 22, 24).

3.3 Surface Properties of Untreated and Treated CF

The FE-SEM images of the untreated and AECNa-treated CFs
are shown in Fig. 7. It was found that a heterogeneous agent layer
was formed on the fiber surface after treatment with AECNa at an
adsorption amount of 4.0 mg/g. The coarse surface of the
untreated CF was found to be smooth. The cohesive force
between two monofilaments treated with an adsorption amount of
4.0 mg/g is lower than the untreated CF, resulting in satisfactory
dispersion of the CFs in the epoxy resin. However, a pileup of
pellets of the treatment agent was observed in the sample when the
adsorption amount of the agent was 5.0 mg/g (Fig. 6f).

TGA curves are shown in Fig. 8. As can be seen from
Fig. 8(a), the AECNa starts to lose weight at about 100 �C and
completes at about 400 �C. As can be seen from Fig. 8(b) and
(c), from 100 to 400 �C, the mass attenuation rate of AECNa-
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Fig. 4 Influence of concentration of AECNa on the emulsion surface properties

Fig. 5 Photos of dispersion effect of the CFs treated by AECNa with different adsorption amounts: (a) untreated, (b) 1.0 mg/g, (c) 2.0 mg/g,
(d) 3.0 mg/g, (e) 4.0 mg/g, and (f) 5.0 mg/g)
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CF is about 0.4% more than the attenuation rate of CF, which
confirms that the amount of AECNa present on the CF is
4.0 mg/g and the distribution of AECNa on the CF surface is
uniform, so the dispersibility of AECNa-CFs is improved.

Examination of the wide XPS spectra of CF and AECNa-CF
(Fig. 9) shows that the chemical elements present on the
surface of the CF were mainly carbon, oxygen, and nitrogen. In
general, the content of O in the AECNa-CF was 28.3% higher
than that in the untreated CF, while the content of C appeared to
be 12.1% lower. When compared to the untreated CF, the
content of Na in the AECNa-CF surface obviously increased.

The C1s XPS spectra of the CF and AECNa-CF are shown
in Fig. 10(a) and (b). The spectra can be resolved into four
different component peaks including graphitic carbon (C-C,
284.5 eV), carbon-bonded alcohol or ether groups (C-OH or C-
O-C, 285.6 eV), carbonyl groups (C=O, 286.6 eV), and

carboxyl or ester groups (COOH or COOR, 288.3 eV) by the
XPS-peak-differentiating analysis (Ref 25-27). Compared to
the CF before treatment, the peak at 284.5 eV weakens, while
the peaks at 285.6 and 288.3 eV increase significantly.
Therefore, the XPS spectra suggest that the AECNa is
uniformly distributed on the carbon fiber surface.

Photographs of a water drop on the untreated and treated CF
monofilaments are shown in Fig. 11(a) and (b). It can be
concluded from these photos that the contact angle of water on
the AECNa-treated CF monofilament is 74.5�, which is 35.8%
less than that of untreated fiber (116.1�). These results suggest
that AECNa molecule is adsorbed on the surface of treated CF,
which can improve the surface free energy and wettability of
the fiber by increasing the number of hydrophilic functional
groups on the fiber surface (Ref 28, 29).
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Fig. 7 FE-SEM images of CFs treated by AECNa: (a) untreated, (b) 1.0 mg/g, (c) 2.0 mg/g, (d) 3.0 mg/g, (e) 4.0 mg/g, and (f) 5.0 mg/g)
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3.4 Flexural Property of the Chopped CF/Epoxy Resin
Composite

Experimental data from flexural tests for all specimens are
shown in Table 1. These results suggest that with a fixed CF
content (1.0 wt.%), the flexural strength and modulus of
composites prepared using AECNa-treated CFs were higher

than those of composites prepared using untreated CFs.
Additionally, with an AECNa adsorption amount of 4.0 mg/g,
the treated chopped CF/epoxy resin composites were found to
have the flexural strength of 2.5 times that of the untreated one.

Figure 12 shows the SEM images of the fractured surface of
the composites. The CFs are randomly dispersed in the matrix
resin. There are some holes in the composite formed by pulling
CFs out of the matrix resin during the mechanical test as shown
in Fig. 12(a). It means that the adhesion of the CF and the
epoxy resin is very poor. However, it is easy to find fewer holes
in the AECNa-CF/epoxy resin composite but to find some
attached matrix resins on the surfaces of the CFs in Fig. 12(b).
Thus, it reveals that the interfacial adhesion of CF and epoxy
resin is improved by treating CFs with AECNa. This improve-
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Fig. 9 XPS spectra of CF and AECNa-CF
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Fig. 11 Photographs of a water drop on untreated and treated carbon fiber monofilaments: (a) CF and (b) AECNa-CF

Table 1 Flexural properties of chopped CF/epoxy resin
composite samples

Adsorption amount
of AECNa (mg/g)

Average flexural
strength (MPa)

Average flexural
modulus (GPa)

0 91± 5 2.85± 0.25
1.0 102± 3 2.90± 0.10
2.0 135± 4 3.37± 0.13
3.0 196± 3 4.20± 0.12
4.0 228± 3 4.46± 0.12
5.0 175± 5 4.01± 0.18
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ment is attributed to the higher dispersibility of the treated CFs
in the epoxy resin. In addition, when an external force is
applied to the composite, the interfacial shear stress along the
fiber axial load is relatively uniform because of the complete
dispersion of treated chopped CF in the matrix (Ref 30, 31). By
contrast, there were stress defects in the untreated CF
composite, which resulted from the poor dispersion of these
untreated CFs, leading to a decrease in the interfacial adhesion
between the fibers and the matrix. This was a direct result of the
decrease in the relative length-to-diameter ratio in the area of
monofilaments reunion (Ref 32).

4. Conclusions

AECNa was prepared and successfully employed as a novel
treatment agent for CF surface modification. The experimental
data confirmed the optimum adsorption amount of AECNa in
the pretreatment solution to be 4.0 mg/g. It was believed that
this optimum amount could improve the surface blemishes on
the fibers and the free energy of CFs. The characterization
results for the CF surface proprieties suggested that there was a
direct relationship between the dispersivity of the CFs and the
resulting CF surface charge properties. The optimum dispersion
of the short CFs in an epoxy matrix was achieved with a
maximum number of surface charges. In addition, the AECNa-
CF with good dispersion can be easily prepared, and comparing
to the traditional modification methods, such as electrochemical
treatment and plasma modification, the flexural strength and
modulus of the treated CF/epoxy composites were greater than
the corresponding values of the untreated CF/epoxy compos-
ites, almost without any weakening of the mechanical proper-
ties of CF.
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