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In order to synthesize the tourmaline-containing functional copolymer, the polymerizable organic tourmaline acrylate was
prepared by the surface modification on tourmaline powder and then copolymerization with methyl methacrylate to get
poly(methyl methacrylate-tourmaline acrylate). The synthetic processes were optimized, and the structures of the as-prepared
samples were characterized by IR, SEM, and X-ray fluorescence analysis.The characterization results indicated that the tourmaline
has been introduced into the copolymer by means of surface modification with acryloyl chloride and following copolymerization
withmethyl methacrylate.The results from the negative ionsmeasurement revealed that the amounts of released negative ions from
both the modified tourmaline and its copolymer are much larger than that of tourmaline.

1. Introduction

Tourmaline is one of the typical cyclosilicate minerals; the
general chemical formula of the tourmaline group can be
expressed as (Na,Ca)(Mg,Fe,Mn,Li,Al)

3
Al
6
(Si
6
O
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)(BO
3
)
3

(OH,F)
4
and divided into schorl, dravite, and elbaite depend-

ing on different isomorphism states [1]. The complex crystal
structures of tourmaline lead to the specific functional char-
acteristics, such as permanently spontaneous polarization
[2], thermoelectricity [3], piezoelectricity [4], far-infrared
radiation [5], and negative ion releasing [6]. Tourmaline
has been paid broad attention as a novel functional mineral
material with lots of potential merits. Many researchers
have done much work to explore the functional tourmaline
composites and their applications.

Tourmaline/titanium dioxide/nylon-6 composite materi-
als show good photocatalytic properties on photodegradation
of organic pollutant and have potential application in water
treatment [7, 8], and tourmaline/zinc composites have also
been applied as catalytic materials in heat exchangers for mit-
igation of calcium carbonate (CaCO

3
) fouling or scaling by

physical water treatment [9]. Wu et al. [10] used the hydroxyl
silicone-oil to modify tourmaline and then composited it
with polyurethane to get superhydrophobic film materials

that can release negative air ions. The surface organic mod-
ification on tourmaline powder with span-60 was studied
[11]; the modified tourmaline powder approached 100%
activation index and showed an excellent hydrophobicity and
then composited with polypropylene to get well-dispersed
tourmaline/PP composite. The amounts of released negative
ions over both modified tourmaline and its composite were
greater than that of unmodified tourmaline. Tijing et al. [12]
have fabricated tourmaline/polyurethane hybrid mat by elec-
trospinning the homogeneous dispersion of superhydrophilic
tourmaline in polyurethane and showed that it possesses high
antibacterial activity against Escherichia coli and enterococci
bacteria. Zheng and Wang [13] applied polyvinyl alcohol
semi-IPNpoly(acrylic acid)/tourmaline composite to remove
heavy metals in waste water.

In order to synthesize the tourmaline-containing func-
tional polymer, the surface modification on tourmaline
powder with acryloyl chloride was made in this work to
synthesize the polymerizable tourmaline acrylate, and then
it was copolymerized with methyl methacrylate to get the
tourmaline-containing copolymer. The preparation process
was investigated in detail by optimizing the experimen-
tal parameters of contact angles and turbidities of modi-
fied tourmaline. The structures were characterized by IR,
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SEM, and X-ray fluorescence analysis, and the amounts
of released negative ions on both modified tourmaline
and its copolymer have been measured quantification-
ally.

2. Experimental and Materials

2.1. Materials. Tourmaline powder (TM, 𝑑
50
= 1.75 𝜇m,

𝑑
97
= 5.23 𝜇m) was obtained from Yanxin Mineral Co. Ltd.,

Hebei, China; N,N-dimethylformamide (DMF, CP, Xilong
Chemical Co., Ltd., Shantou, China) was dehydrated by
anhydrous sodium sulfate; methyl methacrylate (CP, Tianjin
Fuchen Chemical Reagents Factory, China) was newly dis-
tilled before being used; acryloyl chloride (CP, Huateng Tech-
nology Co., Ltd., Beijing, China), sulfuric acid (CP, Beijing
Chemical Works, Beijing, China), anhydrous alcohol (CP,
Beijing Chemical Works, Beijing, China), and liquid paraffin
(CP, Tianjin Fuchen Chemical Works, Tianjin, China) were
used as original.

2.2. The Preparation of Tourmaline Acrylate. In a 100mL
four-neck flask equipped with condenser, funnel, thermome-
ter, and electromagnetic stirrer, 5 grams of tourmaline pow-
der was dispersed in 15mL dried DMF and heated to 40∘C
with sufficient stirring. 0.1mL of sulfuric acid was added to a
flask, and 3.0mL acryloyl chloride was dropped into the flask
with funnel.Then, themixture was stirred for 3 h at 40∘C.The
samples were separated by filtrationwith vacuum andwashed
for three timeswith anhydrous ethanol and finally dried to get
the tourmaline acrylate.

2.3. The Synthesis of Poly(methyl methacrylate-tourmaline
acrylate). Anhydrous dimethylformamide (DMF, 70mL)
was poured into a 250mL four-neck flask with condenser,
funnel, thermometer, and electromagnetic stirrer, then nitro-
gen was added into DMF for 30min, and then the flask
was heated to 80∘C. The 50mL of newly distilled methyl
methacrylate (MMA) solution 0.2 g benzoperoxide (BPO)
was added dropwise. And tourmaline acrylate was added
into the flask when the viscosity of reaction system began
to increase and continued reacting for 8 hr at 80∘C to get
poly(methyl methacrylate-tourmaline acrylate) copolymer
solution, and the tourmaline-containing fibers were prepared
via electrospinning.

2.4. The Determination of Turbidity. 1.0 gram of modified
tourmaline powder was added into a 100mL beaker with
50mL liquid paraffin. The mixture was stirred for 5min and
allowed to stand for 24 h. Then, the supernatant liquid was
collected and its turbidity was tested by SGZ-2 nephelome-
ter.

2.5. The Measurement of Contact Angle. The sample was
pressed into a circle using the presser, and then the distilled
water was dropped onto the surface of the sample to evaluate
the contact angle with DSA100M optical instruments; each
value was averaged over three tests.
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Figure 1: Effect of reaction temperature.
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Figure 2: Effect of reaction time.

3. Results and Discussion

3.1. The Optimization of Acryloyl Chloride Modified Tourma-
line. Themodified effects of tourmaline powderwith acryloyl
chloride under various experimental conditions were studied
by focusing on the experimental parameters of turbidity in
liquid paraffin and contact angles of product.

3.1.1. Effect of the ReactionTemperature. Thecurves of contact
angle and turbidity of modified tourmaline at different reac-
tion temperature were shown in Figure 1. Both contact angle
and turbidity of modified tourmaline increased with rising
of the reaction temperature below 40∘C and then reduced
with the persistent rising of reaction temperature, reaching
the maximum at 40∘C.

3.1.2. Effect of Reaction Time. Figure 2 revealed the influence
of reaction time on the contact angle and turbidity of
modified tourmaline. Figure 2 showed the same trend for
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Figure 3: Effect of the amount of tourmaline.
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Figure 4: Effect of acryloyl chloride.

contact angle and turbidity of modified tourmaline, which
increased sharply at first and then decreased with prolonging
the reaction time. The optimal reaction time was 2 h.

3.1.3. Effect of the Dosage of Tourmaline. By fixing the dosage
of solvent (DMF) as 50mL, the effect of the amount of
tourmaline on the contact angle and turbidity of modified
tourmaline were shown in Figure 3. The contact angle and
turbidity of modified tourmaline tended to increase with the
increase of tourmaline and then decrease when the amount
of tourmaline was over 5 g. Accordingly, the optimal amount
of tourmaline was 5 g in this work.

3.1.4. Effect of Acryloyl Chloride. The effect of acryloyl chlo-
ride on turbidity and contact angle of modified tourmaline
was exhibited in Figure 4. The turbidity and contact angle of
modified tourmaline increased speedily with the increase of
acryloyl chloride amount at the beginning and then reduced
with further increasing acryloyl chloride when the dosage
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Figure 5: FT-IR spectra of tourmaline (a), modified tourmaline (b),
and acryloyl chloride (c).

CH2=CH–COO–TourmalineTourmaline–OH + CH2=CH–COCl

Scheme 1

of acryloyl chloride was over 3mL, which is the optimum
amount of acryloyl chloride.

3.2. Structural Characterization of TourmalineAcrylate and Its
Copolymer

3.2.1. IR Analysis of Tourmaline Acrylate. The IR spectra
of unmodified tourmaline and modified tourmaline were
shown in Figure 5. In Figure 5(a), unmodified tourmaline
[14] has absorption bands at 3558 cm−1 (–OH group),
1272 cm−1 (B–O group), and 975 cm−1 (Si–O group), and
the IR spectrum of modified tourmaline (Figure 5(b))
shows absorption bands of methyl (2923 cm−1), methy-
lene (2853 cm−1), carbonyl (1720 cm−1), and double bond
(1630 cm−1) of acryloyl group. After modification, the shape
of absorption bands of tourmaline was almost unchanged,
but the bands all showed red shift compared with that of
the unmodified tourmaline owing to the electronic effect
of acryloyl group. This indicated that acryloyl group has
been introduced on the surface of tourmaline to produce the
polymerizable tourmaline acrylate via the reaction of acryloyl
chloride with tourmaline powder (Scheme 1).

3.2.2. The IR Spectra of Poly(methyl methacrylate-tourmaline
acrylate). The IR spectra of poly(methyl methacrylate-
tourmaline acrylate) were shown in Figure 6. In Figure 6,
besides the characteristic absorption peaks of poly(methyl
methacrylate) at 3000 cm−1 and 2954 cm−1 (CH

3
and CH

2
),

1731 cm−1 (C=O), 1485 cm−1 and 1447 cm−1 (C–O), and
1190 cm−1 and 1151 cm−1 (C–O–C) [15], the absorption bands
of tourmaline were found clearly at 3436 cm−1 (–OH group),
1273 cm−1 (B–O bands), and 986 cm−1 (Si–O bands) [14],
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Figure 6:The IR spectrumof poly(methylmethacrylate-tourmaline
acrylate).
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which correspond to those of poly(methyl methacrylate-
tourmaline acrylate).This demonstrated that tourmaline was
successfully introduced into copolymer by copolymerization
of tourmaline acrylate with methyl methacrylate (Scheme 2).

3.2.3. Stabilization of Copolymer. Figure 7 shows the storage
stability of copolymers. The poly(methyl methacrylate-tour-
maline acrylate) displayed excellent stability (Figure 7(b))
after storage for 30 days. There is no sedimentation of
tourmaline observed, and only a little solvent separated out
in the top layer due to the dissolubility of copolymer in the
process of longtime storage. In contrast, obvious tourmaline
sediment appeared in less than a week for the poly(methyl
methacrylate-tourmaline) obtained by the same procedure
(Figure 7(a)). These observations also indicated that tourma-
line was introduced into the copolymer to be poly(methyl
methacrylate-tourmaline acrylate) via the preparation of
tourmaline acrylate and copolymerization.

3.2.4. X-Ray Fluorescence (XRF) Analysis of Copolymer. In
order to confirm the existence of tourmaline in copolymer,
the XRF analysis was shown in Table 1. The results indicated
that Si, Al, Na, Mg, Fe, Ca, and other elements were detected
in copolymer, which is in accordance with the characteristic
of tourmaline [14]. So the tourmaline was suitable to be
incorporated into copolymer to get tourmaline-containing
copolymer.

3.3. SEM Images of Tourmaline-Containing Fibers. Figures
8(a) and 8(b) show the SEM images of electrospinning
fibers of poly(methyl methacrylate-tourmaline acrylate) and
poly(methyl methacrylate-tourmaline), respectively.

(a) (b)

Figure 7: The storage stability of copolymer.

Table 1: The X-ray fluorescence analysis of copolymer.

Components Mass percent (%)
SiO
2

1.88
Al
2
O
3

0.431
Na
2
O 0.399

MgO 0.297
Fe
2
O
3

0.295
CaO 0.158
TiO
2

0.005
MnO 0.0036
K
2
O 0.0359

Table 2: The amount of negative ions released.

Sample The amount of negative ions (ions/cm3)
Tourmaline 300
Modified tourmaline 500
Copolymer 400

Figure 8(a) indicated that the particle size of tourmaline
was much smaller and well-distributed in copolymer, while
tourmaline showed agglomeration obviously in poly(methyl
methacrylate-tourmaline) (Figure 8(b)) and the fibers were
brittle. This is because unmodified tourmaline could not
be well dispersed and is easy to agglomerate, which would
badly influence the performance of its composites. After
modification with acryloyl chloride, the tourmaline was
introduced evenly into copolymer by copolymerization to get
tourmaline-containing copolymer with well distribution and
good performance.

3.4. The Measurement of the Negative Ions. The amount of
negative ions released from the tourmaline, modified tour-
maline, and tourmaline-containing copolymer was listed in
Table 2. From the data in Table 2, the amounts of released
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Figure 8: SEM images of electrospinning fibers of poly(methyl methacrylate-tourmaline acrylate) (a) and poly(methyl methacrylate-
tourmaline) (b).

negative ions of both modified tourmaline and tourmaline-
containing copolymer were greater obviously than that of
tourmaline. This was because the surface energy and aggre-
gation of the modified tourmaline particles were reduced,
and the surface area of tourmaline particle increased, which
resulted in an increased amount of released negative ions [11].
The negative ions amount from copolymer was a little lower
than that from modified tourmaline because partial tourma-
line was coated. But it is greater than that of tourmaline.

4. Summary

As a summary of this work, there are a few informative points:
(1) the tourmaline was modified with acryloyl chloride to
get polymerizable tourmaline acrylate; (2) the tourmaline-
containing poly(methyl methacrylate-tourmaline acrylate)
was obtained by means of copolymerizing the tourmaline
acrylate and methyl methacrylate; (3) the copolymer has an
excellent storage stability; (4) the negative ions measurement
indicated that the amount of released negative ions of both
modified tourmaline and its copolymer is larger than that of
unmodified tourmaline.

This work provided more extensive channels for develop-
ment of novel functional materials and high-worth compre-
hensive utilization of tourmaline.
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