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Smart composite useful to acid release
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ABSTRACT: This work presents a smart composite prepared using a resin based on cardanol and furfural, filled with Al,Os. This mate-
rial is inert at room temperature. However, it is able to release an active substance after a certain temperature is reached. The
obtained materials were characterized by Fourier transform spectroscopy, X-ray diffraction, scanning electron microscopy, thermal
gravimetric analysis, and differential scanning calorimetry. In addition, cure degree and acid-release tests were performed. According
to the obtained data, acid is trapped inside the composites, remaining inactive in the structure while the melting temperature of the
hydrophobic shell is not reached. After it is, acid is released and the pH decreases. Therefore, this smart composite could be useful in
speeding up drilling in sedimentary rocks with a combination of chemical (acid release) and physical (mechanical wear) mechanisms.
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INTRODUCTION

The manufacture of composites as new smart materials, materi-
als which have one or more properties that can be significantly
changed by external stimuli,'™® is a promising new area. In the
pharmaceutical field, for instance, some of these composites are
used as responsible drug delivery systems, improving the thera-
peutic efficacy of the treatments.””"”> Nowadays, the science
behind drug delivery has entered new research fields, which
include the release of different active substances such as pesti-
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cides, fertilizers, nutrients, and flavors.

Deep marine carbonate rocks are key targets of offshore oil and
gas exploration’ since these rocks form significant hydrocarbon
reservoirs.”> As some of these rocks present an alkaline nature,>
the drilling efficiency,”* which is ordinarily measured as rate of
penetration (ROP), decreases with the increase of the rocks’
density.> Thus, ROP can be improved by the use of fracturing
fluids®® containing enzymes®” or strong acids, such as hydro-
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chloric acid, which is able to reduce the density of the carbona-
ceous formations.”®

Thus, in this work, we present a proof-of-concept study for the
application of a smart cardanol-furfural resin able to trap and
release HCI from fracturing fluids. As far as we know, hydro-
chloric acid has never been trapped in this kind of polymer sys-
tem. In addition, the resin was filled with alumina, a known
abrasive particle,”*® and the obtained composites were coated
with paraffin, producing a material able to respond to an exter-
nal stimulus, in this case an increase in temperature. This
increase in temperature acts as a trigger, allowing the controlled
release of the strong acid contained into the composites. The
materials produced were characterized by Fourier transform
spectroscopy (FTIR), X-ray diffraction (XRD), thermal gravi-
metric analysis (TGA), differential scanning calorimetry (DSC),
and scanning electron microscopy (SEM). In addition, measure-
ments of pH as a function of the temperature were also per-
formed. The results obtained are very encouraging because the
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Figure 1. Spectra of (a) resin and composites containing composite filled
with 15 wt % of alumina (b) without and (c) with the paraffin shell and
(d) alumina.

materials produced are able to keep the pH of the water
unchanged up to the start of the fusion of the paraffin. There-
fore, these materials are potentially useful to the drilling
industry.

EXPERIMENTAL

Materials

Alumina from Ascontec Abrasivos (Lorena-Sao Paulo, Brazil),
solid paraffin (melting point equal to 57°C) from REDUC/
PETROBRAS (Rio de Janeiro - Rio de Janeiro, Brazil), and car-
danol from Resibras (Frtaleza-Ceard, Brazil) were kindly pro-
vided and used as received. Furfural and HCI, both analytical
grade, were purchased from Vetec, Rio de Janeiro, Brazil. All
reactants were used as received without further purification.

Polymerization and Preparation of the Composites

Cardanol and furfural resins were prepared through acid cataly-
sis as described elsewhere.’’ In a general procedure, cardanol
(25 g) and furfuraldehyde (17 g) were poured into a three-
necked flask under continuous stirring at 70°C. Soon afterwards,
the medium was acidified with hydrochloric acid (12M, 40 mL)
and then stirred until a solid material formed. The composite
materials were prepared using a similar experimental procedure.
In this case, seeking to ensure the complete dispersion of the
alumina in the reaction medium, the abrasive filler was inserted
before acidification in three different amounts equal to 5, 10,
and 15 wt % in the composites. Furthermore, composites were
milled until they could pass through a 200-mesh sieve (~75
pm). The obtained particles were dispersed in 10 g of melted
paraffin. Particles were removed from the medium using a
nylon sieve and then were poured into a mortar, where the par-
affin became solid. The particles were mechanically dispersed
using a pestle.

Characterization

Fourier Transform Spectroscopy. The samples were analyzed
by FTIR-ATR. FTIR analyses were performed on Nicolet iN10
equipment in which was coupled the attenuated total reflection
(ATR) accessory (germanium crystal). The parameters used
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were a resolution of 4 cm™!
4000 and 650 cm ™",

and an analyzed range between

X-ray Diffraction. The XRD experiments were performed on a
Rigaku Miniflex diffractometer model, 20 angle of 2° to 80°, the
method FT (fixed time), in steps of 0.05° per second. The analy-
sis was performed at room temperature with Cu Ko (4= 1.5418
A). This technique allows observation of the characteristic peak
of alumina in the composites and pure alumina.

Scanning Electron Microscopy. Experiments were performed
with a JEOL JSM-5610 LV microscope using an acceleration
voltage of 15 kV. Samples were coated with gold in order to
study the morphology of the prepared materials.

Thermogravimetric Analysis. TGA tests were performed using
a Perkin-Elmer STA6000. Measurements were carried out using
a sample mass around 25 mg, under nitrogen flow (20 mL/
min), from 25°C to 700°C, at a heating rate of 20°C/min.

Differential Scanning Calorimetry. The thermal properties of
paraffin were studied by DSC performed in the equipment TA
Instruments DSC Q-1000 V9.9 Build 303. Measurements were
carried out using a sample mass around 15 mg, under nitrogen
flow (50 mL/min), from —80°C to 190°C, at a heating rate of
10°C/min.

Cure Degree. Cure degree was determined by the extraction
method,?® using toluene as solvent. Materials were kept inside
the Soxhlet extractor for 48 h. The percentage of crosslinked
material (%R) was calculated using eq. (1):

(%R) = (W/W,) X 100 (1)

where W is the sample weight after drying and W, is the initial
weight of the sample before extraction.

Acid Released from the Paraffin-Coated Composites. For each
test, one gram of composite was studied using the USP

(a)

(&)

()

26 (°)
Figure 2. XRD patterns of (a) resin, (b) paraffin, (¢) alumina, and com-

posite filled with 15 wt % of alumina (d) without and (e) with the paraf-
fin shell.
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Figure 3. SEMs and respective PDFs of (a) bioresin, composites filled using (b) 5 wt %, (c) 10 wt %, and (d) 15 wt % of alumina. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Apparatus I at 75 rpm. The released amount of acid was ana-
lyzed in distilled water (1 L). Temperature was increased using a
heating rate equal to 5°C/min, and samples were collected at 23,
28, 38, 48, 57, and 67°C. All of these tests were performed in
triplicate. A pH meter (Novatecnica model NTPHM) was used
to determine the acidity of the solution.

RESULTS AND DISCUSSION

The composites showed a high degree of cure, which was, on
average, equal to (85 % 7)%. This high degree of cure helps to
ensure the complete immobilization of alumina particles inside
the organic matrix, producing a thermoset and abrasive material.
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Figure 1 shows the FTIR spectra of the tested materials. Figure
1(a) shows the spectrum of the resin, which presents a wide
band at 3342 cm ™' related to OH stretching. This band is wide
because the OH group presents a high capability to form hydro-
gen bonds. There is a decrease in the intensity of this band in
the bioresin spectrum compared with the cardanol one. This
intensity decrease means that the polymerization took place
through the phenolic group preserving the aliphatic chain. The
presence of a characteristic band around 1640 cm Y, associated
with the C=C axial deformation, corroborates this information.
The doublet observed at 2921 and 2846 cm™ ' corresponds to
CH, and CHj stretching. The low intensity of this doublet can
be associated with the high degree of crosslinking.*® Figure 1
also shows the spectra of the composite filled with 15 wt % of

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43071

Applied Polymer -


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

110

Weight (%)

N 1 I I ’
0 100 200 300 400 500 600 700
Temperature (°C)

Figure 4. TGA curves of the composites filled with (a) 5 wt %, (b) 10 wt
%, and (c) 15 wt % of alumina without paraffin.

alumina before [Figure 1(b)] and after [Figure 1(c)] the use of
paraffin as a shell. The FTIR of the composite without paraffin
is quite similar to the one of the pure resin, presenting most of
its characteristic bands. In turn, FTIR of the paraffin-coated
composite is identical to the one of the pure paraffin. This last
presents a doublet at 2915 cm ' and 2846 cm !, related to
CH; and CH, axial deformation. The characteristic peak at
1459 cm™' is associated with the CH, and CHj; symmetric
angular deformation, and the characteristic peak at 719 cm™'
corresponds to the CH, and CHj asymmetric angular deforma-
tion in alkanes.”® This is a very promising result because FTIR-
ATR is a surface analysis,” which indicates the success of the
coating process. Finally, alumina [Figure 1(d)] presents a single
characteristic band around 575 cm™', which is assigned to
Al—O vibrations.”

Figure 2 shows the XRD patterns of the resin, paraffin, alumina,
and composite filled with 15 wt % of alumina before and after
the use of paraffin as a shell. Resin is amorphous. Alumina
presents diffraction peaks centered at 20 equal to 25.4°, 34.9°
37.6°, 43.2° 52.3°, 57.4° 61.1°, 66.4°, 68.0°, and 76.9°. These
results are in complete agreement with the literature.’® In turn,
the composite filled with 15 wt % of alumina presents an amor-
phous halo, from resin, centered at 21.3°, besides the crystalline
peaks related to the alumina phase, centered at 20 equal to
25.7°, 35.1°, 37.8°, 43.3°, 52.5° 57.5° 61.2° 66.5°, 68.2°, and
76.9°. These results lead to the conclusion that, as expected, the
preparation process of the composites did not change the struc-
ture of the alumina, thus preserving its properties as an abrasive
particle, allowing the use of the composites in drilling applica-
tions. Figure 2 also shows the XRD pattern of the paraffin,
which presents diffraction peaks centered at 20 equal to 21.8°%
24.1°, 30.0° 36.3° and 40.6°. These results are also in complete
agreement with the literature.””*® In turn, the paraffin-coated
composite, as discussed in the FTIR analysis, presents only the
paraffin peaks, in this case centered at 20 equal to 21.4°, 23.7°,
29.7°, 35.9°, and 40.4°. Therefore, this result is in complete
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agreement with the FTIR one, proving that the coating process
of the composites with paraffin was efficient.

The scanning electron micrograph of the bioresin and compo-
sites filled with 5 wt %, 10 wt %, and 15 wt % of alumina with-
out paraffin, as well as the probability distribution functions
(PDF) of their observed micropores, are shown in Figure 3. As
one can see, all of the tested materials presented multiple
micropores. These micropores are due to the presence of hydro-
chloric acid, which promotes the formation of voids where this
active substance remains trapped. The diameter distribution of
these pores was also studied. The PDFs shown in Figure 3 are
useful to describe the spread of experimental data around a
sample average and can be interpreted as a smoothed histo-
gram. The commonest PDF is the normal distribution,>*°
which, as described by Bard,*' is very useful because of its sim-
plicity. However, as in the present case, experimental fluctua-
tions can follow rather different distribution functions, which
can be used for interpretation of the experimental technique
and of the experimental data. Therefore, PDF analysis shows
that the spread of pore data is more complex, so, using a non-
Gaussian representation, the diameter of pores of the bioresin
and composites filled with 5 wt %, 10 wt %, and 15 wt % of
alumina are equal to 15%%, 23743 | 2174 | and 2574 pum,
respectively. These diameters correspond to volumes equal to
1.687040 X 1077, 4.797%% X 107°, 8.677%% X 107°, and
6.637092 x 1077 mL, respectively. Therefore, as the calculated
volumes are statistically equal, the tested samples possess statis-
tically the same capability to trap the active substance, and the
presence of alumina does not affect it.

Figure 4 shows the TGA of the composites without paraffin.
There are three main mass loss events. The first, around 110°C,
and the second, around 210°C, are associated with the elimina-
tion of hydrochloric acid* and low molecular weight volatiles,
respectively. This is an important result, which allows us to

Heat Flow (mW)

Temperature (°C)

Figure 5. (a) Acid released from composite filled with 15 wt % of alu-
mina without paraffin shell; paraffin-coated composites and filled with (b)
5 wt %, (¢) 10 wt %, and (d) 15 wt % of alumina; and (e) DSC thermo-
gram of the pure paraffin. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 6. Changes in the composite structure triggered by an external
stimulus leading to the release of the trapped acid. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

conclude that HCl is trapped inside the composites under
100°C. In turn, the third one, around 390°C, is related to the
thermal decomposition of the polymer.*’ Figure 5 also shows
that the increase of the used amount of alumina produces an
increase of the residue amount, besides improving the thermal
stability of the materials. Therefore, materials filled with 5 wt
%, 10 wt %, and 15 wt % of alumina were thermally stable up
to 381°C, 409°C, and 411°C, respectively. The same samples pre-
sented residues at 650°C equal to 36.7 wt %, 43.2 wt %, and
46.4 wt %, respectively.

The acid release test of the composites is shown in Figure 5.
The results imply that the coating process with the paraffin was
similar to all composites and the amount of paraffin used was
enough to keep the acidity levels at room temperature, ensuring
that the acid is just released from the onset of melting of the
paraffin. This is confirmed on the same graph by examining the
results of the paraffin melting test, performed using the DSC.
This test showed that the beginning of the paraffin melting pro-
cess occurred around 34°C. From this temperature, the acidity
of the medium increases, reaching its maximum value when all
of the paraffin melts at 60°C. This phenomenon can be exem-
plified using the mechanism proposed in Figure 6. According to
the proposed model, acid is trapped inside the composites,
remaining inactive in the structure while the melting tempera-
ture of the paraffin shell is not reached. After this, acid is
released and the pH decreases, as shown in Figure 5.

Thus, the experiments performed show that the release of active
systems can be engineered to act under specific conditions, as
expected in smart composites.

CONCLUSIONS

The preparation of green and abrasive composites in the pres-
ence of a strong acid was performed. The paraffin-coated mate-
rials obtained presented an interesting acid-release profile that is
triggered by temperature. As soon as the paraffin melts, the
smart composite starts to release its trapped acid, producing an
increase of the H™ concentration, which became around 800
times larger than the initial one. This increase of the acid con-
centration is able to produce the reaction between the CaCOs;
present in sedimentary rocks with the HCI released from the
composite, allowing us to conclude that drilling operations can
be faster in the presence of this smart composite.
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