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ABSTRACT

In this study, high-energy electron beam irradiation was used for the first time

for graft polymerization of acrylic acid onto the surface of carbon black (CB) to

prepare water-dispersible CB. The grafted CB was characterized by Fourier

transform infrared spectroscopy, thermo-gravimetric analysis and X-ray pho-

toelectron spectroscopy. The results indicate that polyacrylic acid (PAA) has

been successfully grafted onto the surface of CB. The particle size and dispersion

stability of unmodified and modified CBs in aqueous solution were determined

by dynamic light scattering, transmission electron microscopy and ultraviolet–

visible spectrophotometer. The results show that the grafted CB has smaller

average aggregate size and better dispersion than unmodified CB. In addition,

there is no significant difference in the grafting degree among grafted CBs

prepared in nitrogen and air at different irradiation doses, indicating that

oxygen and irradiation dose have a negligible effect on the grafting degree of

PAA.

Introduction

Carbon black (CB) has been widely used as rein-

forcing filler, conductive agent and pigment due to its

excellent physical and chemical properties [1–3], and

it can improve the mechanical and electrical proper-

ties of polymers in many industrial applications

[4, 5]. CB consists of many irregular aggregates with a

particle size ranging from tens of nanometers to

hundreds of nanometers [6]. However, it is

susceptible to agglomeration and exhibits a poor

dispersion in aqueous solution due to its strong

hydrophobicity [7, 8]. Therefore, the surface of CB

needs to be modified in order to improve its disper-

sion. Many methods have been proposed for this

purpose, such as oxide modification, graft modifica-

tion and addition of dispersants [9–11]. Chen et al.

[12] prepared oxidized CB by ozone treatment, and

they found that surface oxidation could decrease

surfactant adsorption of CB. Li et al. [13] decomposed
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polyvinyl alcohol (PVA) into long-chain groups,

which were then grafted onto the CB surface by the

ultrasonic method, and the modified CB showed

excellent dispersion in aqueous solution. Itoh et al.

[14] showed that the lattices of poly(meth)acrylates

functioned efficiently as dispersants and binders for

aqueous CB paint, which resulted in good painting

on the paper surface. Thus, grafting polymers onto

the surface of CB are capable of improving its dis-

persion in the polymer matrix [15].

Anionic, cationic and radical graft polymerizations

onto the CB surface have been studied extensively

[16]. CB is an excellent radical scavenger that can

easily capture free radicals. In recent years, radiation

(e.g., ultrasonic radiation, high-energy electron beam

(EB) radiation and c-ray radiation) has been widely

used as an efficient and environmentally friendly

radical polymerization method for preparing new or

modified polymers [17, 18]. However, EB irradiation

appears to be more efficient and convenient in com-

mercial production than other radiation methods,

thus making it widely used in polymer processing

and material modification [19–21]. Wu et al. modified

CB by EB irradiation in air and investigated the effect

of irradiation dose on the morphology and particle

size of modified CB. They found that EB irradiation

resulted in a dramatic increase in oxygen content on

the CB surface and its average particle size decreased

with the increase in EB irradiation dose [22]. EB has

also the ability to produce crosslinked networks,

under initiator-free or ambient temperature condi-

tions [23]. Ahmad et al. [24] reported that EB irradi-

ation induced chain scission and crosslinking in CB

filled with linear low density polyethylene.

CB is widely used as a colorant in water-based ink,

a sustainable printing ink because of its environ-

mentally friendly advantages [25], and considerable

interests have been devoted to the preparation of CB

dispersible in aqueous solution. High-energy EB

irradiation-induced graft polymerization of hydro-

philic monomers is a suitable method for preparing

water-dispersible CB.

In a previous study, Bo et al. [26] prepared methyl

methacrylate (MMA) monomer and maleic anhy-

dride/diallylphthalate (MAH/DAP) co-monomer

grafted CBs by c-ray irradiation at normal pressure

and room temperature. However, the irradiation

process lasted a long time and the modified CBs were

oil-soluble. In this study, EB irradiation was applied

to initiate the graft polymerization of acrylic acid

(AA) onto the surface of CB in order to prepare

water-dispersible CB for use in water-based ink and

pigment. The results show that EB irradiation is

much more efficient than c-ray radiation, and more

importantly, it can be applied to prepare water-dis-

persible CB in a large scale. To our knowledge, this is

for the first time to use EB to prepare PAA-grafted

CB.

Experimental

Materials

Conductive CB VXC-72 with an average primary

particle size of 30 nm was donated by Cabot Corp

(Boston, MA). Its specific surface area was

254 m2 g-1, which was calculated using the Bru-

nauer–Emmett–Teller (BET) method. The as-received

CB was fully dried under vacuum at 120 �C for 24 h

in order to eliminate the water absorbed on the sur-

face of CB particles before use.

AA was purchased from Shanghai Lingfeng

Chemical Reagent Co., Ltd. (Shanghai, China). It was

purified by reduced pressure distillation and stored

in a refrigerator at 2 �C. Ethyl alcohol (EA) (AR,

Shanghai Titan Scientific Co., Ltd., China) was used

without any further purification.

Sample preparation

The modified CB was prepared as follows: 2 g of CB,

4 mL of AA and 40 mL of EA were put into a 100-mL

beaker and then treated by ultrasound at 40 Hz and

350 W for 30 min. After that, the mixture was irra-

diated by a high-energy EB at 40, 60 or 80 kGy in N2

or air atmosphere, respectively, and the products

were filtrated and washed three times with EA and

dried at 120 �C for 24 h under vacuum. Before char-

acterization, all modified CBs were extracted by

Soxhlet for 48 h in order to remove PAA homopoly-

mer and residual AA monomer. Figure 1 shows the

flowchart for preparation of PAA-grafted CB.

Characterization

Fourier transform infrared spectra (FT-IR)

The FT-IR spectra of CB samples in KBr pellets were

recorded using a Nicolet 5700 spectrophotometer
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from 500 to 4000 cm-1 at a scan number of 32 and a

resolution of 4 cm-1 under ambient conditions.

Thermo-gravimetric analysis (TGA)

The thermo-gravimetric properties of CB samples

were characterized on a NETZSCH STA 449F3 ana-

lyzer. About 10 mg of dried sample was placed in an

aluminum pan under nitrogen atmosphere and

heated from room temperature to 700 �C at

10 �C min-1.

Dynamic light scattering (DLS)

The aggregate particle size of CB samples dispersed

in deionized water was determined by DLS on a

Marvern ZEN 3600 Zetasizer (measurement range

0.04–2000 lm) at 25 �C. The multiple scattering effect

could be avoided using a very low concentration of

CB dispersed in deionized water (10 mg L-1).

Measurement of grafting degree

The degree of grafted CB with PAA was determined

by the difference in weight loss between modified CB

and unmodified CB. The grafting degree (G) was

calculated by the following equation:

G ¼ WA �WBð Þ
WC

� 100% ð1Þ

where WA and WB are the weight loss of modified CB

and unmodified CB during the heating process from

190 to 540 �C and WC is the weight of grafted CB at

500 �C. The results of grafting degree are the average

values of three measurements.

X-ray photoelectron spectroscopy (XPS)

XPS was performed on an ESCALAB 250Xi spec-

trometer, using a standard Al Ka X-ray source at the

analyzer pass energy of 20 eV. Samples were moun-

ted using a double-sided adhesive tape, and binding

energies were referenced to the C1s binding energy of

adventitious carbon at 284.6 eV.

Transmission electron microscopy (TEM)

TEM observation was performed on a JEM-1400

electron microscope at an accelerating voltage of

120 kV. CB samples dispersed in deionized water

(0.5 g L-1) were dropped onto a 200-mesh copper

mesh with a carbon supporting film, and excess liq-

uid was removed by filter paper and dried under an

infrared lamp.

Ultraviolet–visible spectrophotometer (UV–Vis)

The dispersion stability of CB in deionized water was

measured by a UV-2550 spectrophotometer at a

wavelength of 364 nm. Before testing, CB was added

into the deionized water at a concentration of

0.1 mg mL-1 and dispersed for 30 min by supersonic

wave. The light transmittance of the diluted suspen-

sion was determined using a spectrophotometer, and

the dispersion stability was characterized by the fol-

lowing dispersion stability index (D) [27]:

D% ¼ T0 � Tsð Þ
T0

� 100% ð2Þ

where T0 is the light transmittance of pure water and

Ts is the light transmittance of CB or modified CB

dispersion.

Figure 1 Flowchart for preparation of PAA-grafted CB using EB irradiation.
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Results and discussion

Effects of oxygen and irradiation dose

Oxygen can inhibit the graft polymerization of

polymer monomers onto CB surface because it is a

scavenger of radicals and graft polymerization is

mostly carried out under nitrogen atmosphere. In

order to investigate the effects of oxygen and irradi-

ation dose on the grafting degree of CB, CB samples

irradiated in air or N2 at different irradiation doses

were prepared.

The chemical groups on CB surface were deter-

mined by FT-IR. Figure 2 shows the FT-IR spectrum

of PAA. The characteristic peak of PAA is observed at

1718 cm-1, which can be assigned to the stretching

vibration of C=O and can be used to confirm the

grafting of PAA onto CB surface [28]. The broad

absorption peak at * 3400 cm-1 corresponds to the

–OH stretching of PAA [29].

The FT-IR spectra of unmodified and modified CB

samples irradiated in air and N2 at different irradia-

tion doses are shown in Fig. 3. The absorption peaks

at 3434 and 1629 cm-1 are attributed to the stretching

vibration of O–H and C=C on the surface of

unmodified CB, respectively. The absorption peaks at

around 1710 and 2900 cm-1 are observed in the FT-IR

spectra of all modified CBs, which are attributed to

the stretching vibration of C=O and C–H on CB

surface, respectively. The peak at about 3400 cm-1

can be attributed to the –OH stretching vibration [30].

Compared with unmodified CB, a new peak appears

at 1710 cm-1 which is close to the characteristic peak

of PAA at 1718 cm-1, indicating that PAA has been

successfully grafted onto the surface of CBs. The shift

of carbonyl stretching vibration may be influenced by

the interaction between PAA and CB [31]. However,

it is interesting to note that there is no obvious dif-

ference in the FT-IR spectra among modified CBs

under different irradiation conditions.

The TGA and corresponding derivative thermo-

gravimetric (DTG) curves of unmodified CB and pure

PAA are shown in Figs. 4 and 5. Figure 4 shows that

almost no decomposition of unmodified CB occurs

below 500 �C. Figure 5 shows three weight loss

stages for PAA. The first stage occurring at\ 150 �C
can be attributed to the evaporation of moisture [32];

the second one occurring at 190–276 �C can be

attributed to the decomposition of carboxylic acid

groups in PAA [33]; and the last one occurring atFigure 2 FT-IR spectrum of PAA.

Figure 3 FT-IR spectra of unmodified and modified CBs under

different irradiation conditions.
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380–540 �C can be attributed to the rupture of PAA

backbone. Figure 6 shows the TGA curves of modi-

fied CBs under different conditions. All modified CBs

experience obvious thermal weight loss below 500 �C
and a decrease tendency which is similar to that of

unmodified CB above 540 �C. The thermal weight

loss of modified CBs at 190–540 �C is similar to that of

PAA, indicating that PAA has been successfully

grafted onto the surface of CB.

Figure 7 shows the grafting degree and its error bar

of modified CBs under different irradiation condi-

tions obtained from Eq. (1). It shows that as the

irradiation dose increases from 40 to 80 kGy, the

grafting degree of CBs irradiated in air increases from

5.16 to 6.14 wt%, while that irradiated in N2 increases

from 5.61 to 6.54 wt%. The difference in the grafting

degree is within 1 wt%, indicating that irradiation

dose has low impact on the grafting degree in the

Figure 4 TGA and DTG curves of unmodified CB.

Figure 5 TGA and DTG curves of PAA.

Figure 6 TGA curves of modified CBs under different irradiation

conditions.

Figure 7 Grafting degree of modified CBs under different

irradiation conditions.
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experimental dose range. This may be because irra-

diation dose can only slightly affect the number of

active sites on the CB surface. The grafting degree of

modified CB prepared in nitrogen atmosphere with-

out oxygen is slightly higher than that prepared in air

atmosphere with oxygen. Oxygen is a scavenger of

radicals, and thus, it can affect the radical polymer-

ization. However, the difference in the grafting

degree is within 0.4 wt% at the same irradiation dose,

indicating that oxygen may have a negligible effect

on the grafting degree of modified CB during the

irradiation reaction process.

The distribution of aggregate particle sizes of

unmodified CB and modified CBs dispersed in water

is shown in Fig. 8, and their average aggregate par-

ticle sizes are shown in Table 1. The average aggre-

gate size of modified CBs decreases with the decrease

in irradiation dose. Moreover, the average aggregate

size of CBs modified in air is smaller than that

modified in N2 at the same irradiation dose, both of

which are smaller than that of unmodified CB

(376.2 nm). It is noteworthy that the particle size of

CB irradiated at 80 kGy in N2 is 387.1 nm, with an

increase of 2.9% compared with that of unmodified

CB. The difference in aggregate particle sizes

between modified CBs prepared in air and N2 can be

attributed to the fact that oxygen can inhibit the

radical polymerization and thus can reduce the

molecular chain length of grafted PAA.

The high surface area of CB makes it easy to form

aggregates due to the van der Waals interaction [34].

PAA grafting can not only decrease the surface

energy of CB, but also increase its hydrophilic char-

acteristics. The comparison between the grafting

degree and the DLS results shows that the average

aggregate size of modified CB can be affected by both

surface coating and improved dispersion in the

solution.

The average aggregate size of CB prepared in air at

40 kGy is much smaller than that prepared under

other conditions, with a decrease of up to 32% com-

pared with that of unmodified CB. Taking into

account the production cost, production efficiency

and water dispersibility, EB irradiation in air at

40 kGy is preferable, and thus, the modified CB

prepared under this condition is discussed later.

XPS analysis of unmodified CB
and modified CBs

The XPS analysis shows that the main elements of CB

are carbon and oxygen. The grafting of PAA results

in a decrease in carbon content, but an increase in

oxygen content. Table 2 shows that the carbon con-

tent is decreased from 97.72 to 92.23%, while the

oxygen content is increased from 2.28 to 7.77%.

The C1s peaks of XPS spectra of unmodified and

modified CBs are curve fitted, as shown in Fig. 9 and

Table 3. C–OH and C–O–C (binding energy (BE):

285.4 eV), C–O (BE: 286.9 eV), and COOH and COO–

(BE: 288.7 eV) groups are observed in the XPS spectra

of both unmodified and modified CBs [35]. There is
Figure 8 Particle size distribution of unmodified and modified

CB under different irradiation conditions.

Table 1 Average particle size of unmodified and modified CBs at

different irradiation conditions

Size (d.nm) Unmodified 40 kGy 60 kGy 80 kGy

In air 376.2 254.6 276.7 334.3

In N2 376.2 291.6 324.2 387.1
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an obvious change in the functional groups on the CB

surface after modification. The dominant functional

groups are C–O and COO– groups in both unmodi-

fied and modified CBs. EB irradiation results in a

significant increase in the C=O (4.5%) and COO–

groups (25.7%) compared with that of unmodified CB

(1.6 and 21.0%, respectively), indicating that the

oxygenous groups are introduced onto the surface of

modified CB by grafting with PAA.

Dispersion of unmodified and modified CBs

Figure 10 shows the TEMmicrographs of unmodified

and modified CBs at different magnifications. It is

clear that unmodified CB has some large aggregates of

several micrometers in size, which, however, are not

observed in modified CB, and the average aggregate

size of modified CB is smaller than that of unmodified

CB. CB particles tend to aggregate due to the strong

van der Waals force. CB is hydrophobic, and thus, the

interaction between CB particles and water molecules

is very weak, which makes it difficult for CB particles

to disperse in water. However, PAA-grafted CB par-

ticles become hydrophilic because of the strong

interaction between PAAmolecular chains with water

molecules, and thus, they are easily dispersible in

water. Besides, the PAA chains on the surface of

modified CB can produce steric hindrance and elec-

trostatic repulsion, which can prevent the aggregation

of CB particles [36, 37]. The breakage of CB aggregates

by high energy of EB can also contribute to the smaller

average aggregate size of modified CB.

Figure 11 shows the dispersion stability of

unmodified and modified CBs in aqueous solution

under the condition of free settlement according to

Eq. (2). The dispersion stability index of unmodified

and modified CBs after 150 h changes by 66.2 and

3.2%, respectively. Thus, PAA grafting can improve

the dispersion and stability of CB in aqueous

solution.

Conclusions

PAA-grafted CB was successfully prepared by high-

energy EB irradiation in this study, and the results

show that the grafting degree of modified CBs

Table 2 Carbon and oxygen content of unmodified and modified

CBs prepared in air at 40 kGy

Element Unmodified CB (%) Modified CB (%)

C 97.72 92.23

O 2.28 7.77

O/C 2.33 8.42

Figure 9 C1s spectra and fitting curves of unmodified and

modified CBs prepared in air at 40 kGy.

Table 3 Chemical groups in

unmodified and modified CBs

obtained from curve fitting of

the C1s photopeak

Sample C–C C–O C=O COO–

BE (eV) (at.%) BE (eV) (at.%) BE (eV) (at.%) BE (eV) (at.%)

Unmodified CB 284.3 56.2 285.4 21.2 286.9 1.6 288.7 21.0

Modified CB 284.3 43.9 285.4 25.9 286.9 4.5 288.7 25.7
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obtained under different conditions ranges from 5.16

to 6.54%. There is no significant difference in the

grafting degree among PAA-grafted CBs prepared in

air or nitrogen atmosphere at the same irradiation

dose, indicating that oxygen has a negligible effect on

the grafting degree of modified CB during the irra-

diation. Besides, the effect of irradiation dose on the

grafting degree of modified CB can also be ignored.

The high-energy EB irradiation enables PAA-grafted

CB to have excellent dispersion and stability in

aqueous solution. EB is a promising approach for

preparing water-dispersible CB in a large scale.
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