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Abstract.

This paper reports a simple method to prepare barium sulphate nanoparticles by use of tet-

radecanoic acid, hexadecanoic acid and stearic acid as modifier. The barium sulphate nanoparticles obtained
are characterized by using Fourier transform infra-red spectroscopy (FT-IR), powder X-ray diffraction
(XRD), transmission electron microscopy (TEM), dynamic laser light scatter (DLLS) and thermogravi-
metric analysis (TGA), respectively. The results show that the BaSO, particles are all spherical and in the
nano-scale. Our method has a better dispersion and controllable diameter dependent on the length of the
chain of organic acid and the pH value of the system. A possible mechanism is also discussed.

Keywords.

1. Introduction

Due to the unique properties and applications materials
made of particles with diameter less than 100 nm
have attracted a great deal of attention.' However,
nanoparticles are prone to aggregate because of the
high surface area-to-volume ratio, which would im-
pede their application. Organo-modification was one
of the methods employed to stabilize such ultrafine
particles. The advantage of this method is that the
organo layer could not only prevent particles from
aggregating, but also result in a stable dispersion in
organic solvents.

BaSO, nanoparticles were widely used as addi-
tives in painting to improve the polish. In paper
making, the addition of BaSQO,4 nanoparticles would
make smoother and the paper obtained would have
some novel properties, for instance, radiation protec-
tion. In other fields, such as cosmetics, ceramics,
pigments, and off shore oil,>’ the performance of the
products could be promoted by adding BaSO, nano-
particles. And often the products were endowed with
some novel properties.

Recently, a great deal of attention has been placed
on the mass production of BaSO, nanoparticles. Due
to its tendency of aggregation and the fact that the

*For correspondence

Barium sulphate; organic acid; nanoparticles.

physical and chemical properties of BaSO4 nano-
particles were determined by size and shape.” it was
significant to find the most appropriate method to
prepare BaSO, nanoparticles with controlled size and
morphology.

Many different approaches have been reported for
preparation of BaSQ, nanoparticles including the
addition of different additives,”® induction by LB
monolayer’ and microemulsion.'’* The addition of
additives and induction by LB monolayer could cause
a significant change in morphology, but the size was
generally in the micron scale rather than nanometer
scale. The size and corresponding morphology ob-
tained in W/O microemulsions or reverse micelle
approach could be controlled well by adjusting the
molar ratio of water to surfactant. However, the
product yield was rather low because of the poor
solubility of salts in conventional microemulsions.
There were also some reports about preparation of
organo-modified BaSO.,"” but the BaSO, obtained
was in micron scale. Although preparation of organo-
capped BaSO, was earlier described,'* the condition
was not suited to the industry.

In order to meet industrial demands, we propose a
simple method to prepare BaSO, nanoparticles using
organic acid as modifier. The results were successful.
It is hoped this study will benefit increased applica-
tion of BaSO,.
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2. Experimental section
2.1 Chemicals

Tetradecanoic acid, hexadecanoic acid, stearic acid,
anhydrous sodium sulphate, dihydrate barium chloride,
ammonia and ecthanol (all of AR grade) were
supplied by Beijing Chemicals. Ultrapure water pro-
duced by milli RO-milli Q system was used
throughout.

2.2 Sample preparation

Solution A: Na,SO, (0-1 M)-ethanol-water solution
(Vethanol : Vivater = 1:1), 25 ml; Solution B: BaCl, (0-1 M)-
ethanol-water solution (Vehanor : Vewater = 1 : 1), 25 ml,
containing tetradecanoic acid, hexadecanoic acid
and stearic acid, respectively.

Three different approaches as shown below were
used in this study:

Approach (I ): Solution A was directly dropped
into B.

Approach (II): The pH of solution B was adjus-
ted to 8-9. Solution A was then added in drops
into B.

Approach (III): The conditions were the same as
in (IT) except that the pH of solution A was adjusted
to 8-9. The pH of the above solutions was adjusted
using ammonia solution. After stirring, the solutions
were kept 30 min for allowing the precipitate to settle.
Precipitate were then separated, centrifugalized and
rinsed with doubly distilled water and pure alcohol,
then dried in infrared dryer.

2.3 Characterization

Infrared spectroscopy on KBr pellets was recorded
on a Nicolet NEXUS 870 fourier transform infra-red
spectrophotometer. X-ray powder diffraction (XRD)
was performed on a DX-2000 X-ray diffractometer
under CuK e radiation (1 =1-5418 A), the operation
voltage and current at 35 kV and 20 mA, and the 26
range from 4 to 80° in steps of 0-03° with a count
time of 2 s. The size and morphology of BaSQ, ob-
tained were determined by JEM-1200 EX transmis-
sion electronic microscopy and the size distribution
was measured by DLLS on the Zetasizer 3000HS 4.
Thermogravimetric analysis was obtained using
Perkin-Elmer pyrir-1 TGA instrument under nitrogen
at the heating rate of 10 k min™".
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3. Results and discussion

In order to determine the optimal addition of organic
acid, different experiments were performed and the
results are shown in figure 1.

Initial experiments were done using approach (I)
to choose the most appropriate amount of the stearic
acid. Figure 1(a—d) showed that the size of the particle
could be controlled within a certain range by adjust-
ing the addition of the stearic acid and that the aver-
age diameters could be estimated at 293, 115, 92 and
177 nm, respectively. The corresponding standard
deviation of particle size was 52-9, 19-3, 17-0 and
13-1, based on the formula of standard deviation:

SD :\/Zn:(x,- %) (n-1),

i=1

where x;1s the diameter of the particle and x the
average diameter. Considering average diameter and
standard deviation, the most appropriate amount of
the stearic was estimated to 3 wt% of the theoretical
yield of BaSO..

Subsequently, the effect of the additive method of
the ammonia solution on the particle size was inves-
tigated (figure le—f) using approaches (II) and (III).
In the two experiments, the addition of stearic acid
was 3 wt% which agrees with previous results. Fig-
ure le—f show that the particles size obtained by ap-
proach (III) (about 22 +2-9 nm) was much smaller
than that by approach (II) (about 106 + 10-1 nm). The
results showed that approach (III) was more suitable
for preparation of smaller BaSO, particles.

Experiments to determine the optimal addition of
tetradecanoic acid and hexadecanoic acid were carried
out using approach (III) and the best dosage was esti-
mated to be 6% and 4% respectively (figure 1g—h). It
could be seen from figure 1(f-h) that the average
diameters decreased with the difference of the orga-
nic acid, which were 49 £8-0nm, 31 £6-1 nm and
22 £+ 2.9 nm respectively.

TEM images of different approaches (figure 2)
indicate that the particles were all spherical. Figure
2a is the TEM images of the particles obtained in the
absence of organic acid, whose average diameter
was about 80 £ 2.3 nm based on 50 particles (the re-
sults below were based on the same number of parti-
cles). But the aggregation is obvious. Based on
approach (I), the average diameter was about 70 *
3-0 nm as shown in figure 2b. Although the diameter
is smaller than that in figure 2a, the aggregation
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Figure 1. Size distribution of the particles obtained by different approaches. (a) without

stearic acid. (b—d) 1 wt%, 3 wt%, 5 wt% of stearic acid, respectively. (e—f) stearic acid
(3 wt%). (g) tetradecanoic acid (6 wt%). (h) hexadecanoic acid (4 wt%). a—d were performed
by approach (I), with (e) approach (II) and f-h approach (III).

was obvious. Comparing figure 2¢ with 2b, we con-
clude that approach (II) resulted in similar size (70
2-2 nm) but with better dispersion. When approach
(IIT) was used, the average diameter of the particles
decreased greatly to 25+ 1-3nm (figure 2d),
20 £ 1.9 nm (figure 2¢) and 16 + 1-3 nm (figure 2f),
which corresponded to the optimal addition of tet-
radecanoic acid, hexadecanoic acid and stearic acid,
respectively. The illustrated approach (III) was more
suitable for preparation of smaller particles. The same
results were obtained by reproducible experiments.
The above result was consistent with that obtained
by DLLS. From figures 2d—f, it could be seen that
the particle diameters decreased with increase of the
chain length of the organic acid, which could also be
seen in figure 1g, h and f. Since longer chain could
cover the surface of the particles more effectively
inhibiting the growth of the crystals, the optimal

amount of the longer chain organic acid was less than
the shorter.

The difference between the above measurements
was that the diameters determined by DLLS were
larger, as they represented the hydraulic diameter of
the particle."”

Figure 3 showed the XRD patterns of particles
prepared by approach (III) with 3 wt% stearic acid.
All the diffraction peaks could be indexed with ref-
erence to the unit cell of the barite structure (JCPDS
card: 24-1035). The diffraction peaks of (101),
(111), (021), (121), (002) and (212) were the charac-
teristic peaks of orthorhombic BaSQ, crystal, dem-
onstrating that the product accurately BaSO..

For XRD data of nanoparticles, the use of Debye—
Scherrer equation is the normal procedure to estimate
particle size. Here the diameters of the BaSQO, obtai-
ned were calculated as follows:
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Figure 2. TEM images of the particles obtained in different approaches. (a) without organic acid (b) 3 wt% stearic
acid (c¢) 3 wt% stearic acid (d) 6 wt% tetradecanoic acid (e) 4 wt% hexadecanoic acid (f) 3 wt% stearic acid b was pre-
pared by approach (I), with ¢ approach (II) and d—f approach (III).
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Figure 3. XRD patterns of barium sulphate nanoparti-
cles (obtained by approach (III) with 3 wt% stearic acid).

D =KA/Bcosb,

where D, K, A, B, 0 are the average diameter, the
shape factor, the X-ray wavelength, the width of the
peak (full width at half maximum) and the Bragg’s
diffraction angle, respectively. The crystallite sizes
of the sample are estimated from the line width of
the (212) XRD peaks.

In our system, K equals 0-89, 1=1-5418 A. The
value of 28 is 43-44 as shown in the figure. S is 0-62,
as calculated using the obtained data. The diameter
of BaSO4(D) can then be estimated as 13-6 nm ac-
cording to the Scherrer equation. The result is in
good agreement with TEM analysis (16 nm).

Figure 4 shows the FT-IR spectra of BaSO, nano-
particles modified by different organic acids. The
bands centred at 1073-1192 cm ' and the shoulder at
982 cm ' were the symmetrical vibration of SO .
The peaks at 610 and 638 cm ™' corresponded to the
out-of-plane bending vibration of the SO3 . The in-
teraction between carboxylate ions and BaSO4 made
the broad peaks at 1073-1192 cm ™' different from
the sharp peaks at 1080-1130 cm ' of pure BaSO,. It
could also be observed that the intensity of peaks
decreased in the order of a, b, ¢, arising from the dif-
ferent interaction between different organic carboxylate
ions and barium sulphate. The peaks at 2851 and
2920 cm™' could be assigned to the symmetric and
asymmetric vibrations of —-CH,— and —CHj; groups.
The peaks at 1436 and 1402 cm ' were ascribed to
the scissoring of —~CH,— or the symmetric deforma-
tion of the —CHj; group. All bands above were attributed
to the nonpolar part in organic acid, which indicated
the existence of long-chain aliphatic groups in the
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sample. The strong peak at 1704 cm ™' (v,,) of organic
acid disappeared, while the new peak at 1549 cm ™'
was observed, which demonstrated that the organic
acid was present in the form of carboxylate ions
rather than free organic acid.

The FT-IR spectra showed that the particles con-
tained organic acid and there was no corresponding
peaks in XRD patterns. This may be because the or-
ganic acid was absorbed on the surface of BaSO,
rather than entering the BaSO, crystal to form com-
posite.

TG analysis of BaSO, modified by stearic acid
and pure stearic acid is shown in figure 5. Curve 5a
showed that stearic acid decomposed from 200 to
450°. However, BaSO, modified by the stearic acid
began to lose at 350° and the main was from 500° to
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Figure 4. FT-IR spectra of particles modified by diffe-
rent organic acid in approach (III) (a) 3 wt% stearic acid,
(b) 4 wt% hexadecanoic acid, (¢) 6 wt% tetradecanoic
acid.
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Figure 5. TG Curves for the pure stearic acid (a) and

BaSO, modified by 3 wt% stearic acid using approach
11D (b).
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550°. The main loss was about 8% which was sug-
gested by the curve 5b. The decomposition temperature
of stearic acid modifying BaSO, was higher than
pure stearic acid, resulting from the interaction bet-
ween R-COO and Ba*".

4. Formation mechanism of BaSO,
nanoparticles

Approach (I): The reason that the average diameter
of BaSOQ, particles in the presence of organic acid
was smaller than that obtained without organic acid
was that when the organic acid was added into the
reaction system, the growth of BaSO, was prevented
due to the steric hindrance of organic acid on the
surface of BaSO, particle. But the steric hindrance
was so weak that the difference was negligible.

Approach (II): The average diameter of BaSO,4 ob-
tained in this system was about 70 nm, which was
larger than that obtained in approach (III). It might
be relative to the rate of release of the RCOO™. The
possible reactions were as follows:

RCOOH + NH;-H,0 - RCOO™ + NH;, + H,0
RCOO™ + Ba* - (RCO0),Ba

When ammonia was first added into solution B, re-
action took place immediately. Because NH;-H,O
was surplus, RCOO™ was fully released. But due to
the presence of a large number of Ba*" in solution B,
reaction took place subsequently. As a result, the
RCOO" was decreased and there was not enough
RCOO serving as modifier to prevent aggregation,
leading to larger size.
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Figure 6. The possible mechanism of the BaSO, nano-
particles modified by organic acid.
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But when solution A containing ammonia was
dropped into solution B, the release of RCOO™ was
relatively slow. They could be absorbed on the sur-
face of BaSO, to decrease the size.

Approach (II1I):  When solution A with the pH = 8-
9 by adding ammonia (added drop-wise) into solu-
tion B, the reaction process was:

S0 + Ba* — BaSO, ¥
RCOOH + NH;-H,0 — RCOO™ + NH}, + H,0.

In this process, reaction could be ignored because
BaSO, was casier to settle down than (RCOO),Ba.

Ba®® was relatively surplus because SO; was
dropped into Ba® in the process. Initially, a small
amount of SO; was dropped into the system.
RCOO" acted as an inducer to attract Ba®" via elec-
trostatic forces. With the addition of SOF, BaSO,
crystals formed gradually. RCOO" still covered the
surface of the BaSO, crystals, resulting in the inhibition
of further growth of BaSQO, nanoparticles, which
was the reason for smaller size and uniform distribu-
tion of particles. During the process, organic acid
played two roles: inducer and inhibitor. The average
diameter of BaSQ, nanoparticles decreased in the
order of addition of tetradecanoic acid, hexa-
decanoic acid and stearic acid, which was possibly
related to the chain length of organic acid. The longer
the chain length, the greater the steric hindrance.

5. Conclusions

The application of materials composed of nanoparti-
cles was inhibited by the trend to aggregate. Here
we succeeded in preparing BaSO,4 nanoparticles with
good dispersion using a facile method under mild
conditions. BaSQ, nanoparticles modified by tetra-
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decanoic acid, hexadecanoic acid and stearic acid
were prepared. The diameter of BaSQO, reached mini-
mum when ammonia was first added into Na,SO4—
ethanol-water solution, then Na,SO,—ethanol-water
solution was added drop-wise into BaCl,—ethanol-
water solution containing organic acid. The average
diameter of barium sulphate was about 25, 20 and
16 nm obtained in the reaction system containing
tetradecanoic acid, hexadecanoic acid and stearic
acid respectively. XRD indicated that barium sulphate
particles were all orthorhombic. This method might
be suitable for preparation of other materials as well
and could have future application in the industry.
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