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Abstract: Basalt rockwool wastes with large output, which are toxic and require expensive environ-
mental treatment, are produced during the production of rock wool. Hence, it is urgent to find an
effective method to reuse these materials. In this study, polyaniline (PANI)-coated basalt rockwool
wastes (BRWs) were prepared as fillers to serve in coatings for the anticorrosion study. Results show
that the PANI-coated BRW (PANI@BRW) had enhanced dispersion stability in several conventional
solvents and improved the anticorrosion performance of the epoxy resin coating. A high protection
efficiency of 97.7% could be obtained from the coating with 5% fillers after immersion for 30 days.
This study not only provides a promising method of solving the issues caused by BRW, but also turns
these wastes into valuable substances.

Keywords: basalt rockwool waste; inorganic fillers; polyaniline; epoxy resin; anti-corrosion;
protection efficiency

1. Introduction

Basalt rockwool has been widely used as a thermal insulating filler in building ma-
terials [1,2]. As demands increase, the waste generated during production also increases.
It is reported that the total output of the basalt rockwool wastes (BRWs) produced by the
EU has already exceeded 2.3 million tons per year and continues to grow [3]. The large
amount of BRW with ammonia smell causes environmental issues and increases the cost of
post-treatments.

In recent years, basalt scales, as inorganic pigments, have widely served in anti-
corrosion coatings [4,5]. They can effectively protect the metal matrix from corrosion for a
long time due to the “labyrinth effect”, which can hinder or delay the intrusion of corrosive
factors such as oxygen and water [4,6-8]. BRW is similar in chemical composition and size
to the basalt scale. A promising method to reduce the impacts and improve the value of
BRW is to use them as fillers in anti-corrosion coatings. In addition, with the BRWs as fillers,
the coatings do not contain metals such as zinc and aluminum. They can be implemented
underwater and are suggested to serve as a primer for marine antifouling coatings.

Polyaniline (PANI) has attracted a great deal of attention in the field of metal anti-
corrosion, antistatic materials, and electronic chemicals [9-11]. It has a low monomer price,
easy fabrication, good environmental stability and unique oxidation-reduction with a
catalytic passivation mechanism [12-18]. In addition, it is expected to be applied to almost
all metal surfaces using the appropriate technology due to its relatively low impact on
human health and the environment.
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Even though BRWs and PANI show advantages in anticorrosion coatings, they also
have their own limits. For BRW, as an inorganic material, the poor compatibility with epoxy
resin reduces the quality of coatings. Moreover, owing to the amino group on the surface
of BRW, the epoxy resin is cured immediately and cannot be implemented. PANI has
high crystallinity and is difficult to dissolve in normal solvents due to the rigid benzene
structure that greatly restricts its application in coatings [19,20].

In this paper, PANI-coated BRW was prepared and used as a filler in epoxy resin
coatings. The PANI prevents the BRW from directly contacting with the epoxy resin that
improves the compatibility between them. Furthermore, the passivation effect of PANI
on the metal and the physical barrier effect of the BRW will significantly enhance the
anti-corrosion performance of the composite coatings. Therefore, the existence of these
components in the coating makes it possible to protect the metals from corrosion. Due to
the non-metal elements included, this coating is especially applicable to surfaces that are
exposed to a marine environment, such as the surfaces of boats and offshore platforms.
Good anti-corrosion performance will greatly promote the application and increase the
worth of BRWs.

2. Experimental
2.1. Materials

Aniline (An), ammonium persulfate (APS), phosphoric acid (H3PO,), N-methylpyrrolidone
(NMP), N, N-dimethylformamide (DMF), and ethanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China). Basalt rockwool waste (BRW) was provided
by Sichuan QianYi Composite Material Co., Ltd. (Guangan, China). The as-purchased
materials are shown in Figure 1a. The uncoated BRW has a short fiber shape, while its
surface is smooth and delicate. EDS analysis demonstrates that the surface of the BRW is
mainly made up of silicon and oxygen elements as shown in Figure 1b—d. Epoxy resin (ER,
E51), polyamide curing agent (650), n-butanol, and xylene were purchased from Sanmu
Chemical Co., Ltd. (Yixing, China). Deionized water was made in our own laboratory.
All reagents were used as received.
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Figure 1. (a) SEM image, (b,c) elemental mapping, and (d) EDS spectrum of basalt rock waste (BRW).
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2.2. Method
2.2.1. Synthesis of PANI and PANI@BRW

Initially, 2 g of aniline and 6 g of BRW were mixed with 10 mL deionized water and
kept in an ice-water bath for 15 min, and then 20 mL of 0.5 mol/L H3PO,; was added,
as shown in Figure 2 [15]. After continuous stirring for 30 min, the APS/H3POj solution,
which was prepared in advance by dissolving 5.8 g APS in 60 mL H3POy, was slowly
added into the mixture [4]. The mixture was stirred for 3 h and then kept for 24 h. Finally,
the mixed solution was filtrated and the obtained particles were washed with deionized
water and ethanol five times. In the end, the dark green PANI-coated BRW (PANI@BRW)
was obtained through filtration and dried in a vacuum oven at 60 °C. With the same steps,
pure PANI was synthesized without the addition of BRW and used as a control.
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Figure 2. Preparation of polyaniline-coated basalt rockwool wastes/epoxy resin (PANI@BRW /ER) coating.

2.2.2. Preparation of Coatings

To fabricate PANI-coated BRW /epoxy resin (PANI@BRW /ER) coatings, 10 g epoxy
resin, 10 g curing agent, and PANI@BRW were added to the NMP and completely blended
through ultrasonic dispersion and stirring. To evaluate the effect of PANI@BRW fillers on
the properties of coatings, the PANI@BRW /ER coatings with different amounts of fillers
(0.25g,0.5 g, and 0.75 g) were fabricated and marked as PANI@BRW /ER1, PANI@BRW /ER?2,
and PANI@BRW /ER3, respectively. In addition, pure epoxy resin (ER) coating, PANI/epoxy
resin (PANI/ER) coating, and BRW/epoxy resin (BRW/ER) coating were prepared as con-
trols. The paint was sprayed on a substrate of surface-treated carbon steel with a size of
1cm x 1 cm. After 7 days at room temperature, fully cured coatings were obtained.

2.3. Characterization
2.3.1. Characterization of PANI and PANI@BRW

To determine the structure and properties of the fillers, a field-emission scanning elec-
tron microscope (FESEM, Verios G4 UC, Thermo Fisher Scientific Brno Co., Ltd., Waltham,
MA, USA) was used to observe the surface morphology of the samples. X-ray diffractome-
ter (XRD, Rigaku Company, Akishima, Japan) was used to study the crystalline properties
of polyaniline and composites with the diffraction angle set from 10° to 80°. Fourier-
transform infrared spectroscopy (FI-IR, Bruker, Karlsruhe, Germany) was implemented in
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testing the structure of polyaniline and composites, and the spectrum was collected within
the wavenumber range of 4000-400 cm~!. After ultrasonically dispersing the samples in
different solvents (water, ethanol, NMP, and DMF), respectively, the results were compared
to show their dispersion stability. Thermogravimetric analysis (TGA, NETZSCH, Selb,
Germany) was used to characterize the thermal stability of the samples and tested from
room temperature (RT) to 800 °C.

2.3.2. Characterization of Coatings

A salt spray test was used to evaluate the anti-corrosion performance of the coatings.
Tests were implemented in a salt spray chamber with a NaCl concentration of 5 &= 0.5 wt.%
and a pH value of 6.5-7.0 [21].

By immersing the coating samples in 3.5 wt.% NaCl solution, the electrochemical
signal changes under different saturation times were recorded. A three-electrode system
was employed to characterize the anti-corrosion performance of the coatings using the
DH?7000 electrochemical workstation. The open circuit potential (OCP) test was carried
out to study the changes in the corrosion potential of the coatings. EIS was measured to
analyze the corrosion resistance of the coatings with a working frequency ranging from
1072 to 10° Hz and an amplitude of 10 mV. The ZView software was used to record Nyquist
and Bode plots. In addition, the polarization curve test of the coatings was performed
before and after immersion for 30 days with a scanning voltage in the range of £0.25 V (vs.
OCP), a sweep rate of 1 mV/s, and the test conditions required for when the open circuit
potential remained stable.

The coating adhesion was measured according to the pull-off method in accordance
with the ASTM D4541-2009 by PosiTest Pull-Off Adhesion Tester (DeFelsko Corporation,
Ogdensburg, NY, USA) [15].

3. Results and Discussion
3.1. Characterization of PANI and PANI@BRW
3.1.1. Micromorphology Analysis

Figure 3 shows the FESEM images of PANI and PANI@BRW. Figure 3a shows that
the as-prepared PANI powders aggregated to form clusters. With the addition of BRW,
the PANI was coated on the surface of BRW, as shown in Figure 3b. The layer of PANI
was designed to avoid direct contact between the inorganic material and the organic
solvent, and it was expected to improve the dispersion stability of the composites in the
different solvents.

Figure 3. SEM images of (a) PANI, (b) PANI@BRW (mass ratio, An/BRW = 1:3).

3.1.2. Microstructure Characterization

The FT-IR spectra of BRW, PANI, and PANI@BRW are shown in Figure 4. For the
spectrum of BRW, there is a broad peak near 1028 cm ™!, which represents the Si-OH of
BRW. The main characteristic peaks of the PANI at 1564 cm ! and 1483 cm ! relate to C=C
tensile vibrations which are attributed to the quinone ring and the benzene ring in the
polyaniline segment, respectively [22]. The peaks at 1300 cm ! and 1245 cm ™! correspond
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to C-N stretching vibrations of the benzene ring, respectively [18]. The peak at 1111 cm ™! is
attributed to the quinoid unit of polyaniline. The peaks of these quinone rings and benzene
rings prove that the polyaniline exists in the form of emeraldine salt [23]. The spectrum of
PANI@BRW is similar to that of PANI. However, the peaks at 1111 cm~! and 1245 cm ™!
disappear due to the overlap with the peak of Si-OH on the BRW surface. The peaks shift
from 1564 cm ! and 1483 cm ! to 1588 and 1499 cm !, which indicates the interaction
between the PANI and the BRW. It may be attributed to a large number of hydrogen bonds
that are formed between the polyaniline and the basalt rockwool waste [4,24].
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Figure 4. Fourier-transform infrared (FT-IR) spectra of BRW, PANI, and PANI@BRW.

3.1.3. X-ray Diffraction Analysis

In order to verify the changes of PANI in terms of crystallinity, X-ray diffraction (XRD)
analysis was performed on BRW, PANI, and PANI@BRW, and the results are presented
in Figure 5. The diffraction pattern of BRW shows a broad peak in the range of 10°-30°,
which behaves as a clear amorphous phase. The pattern of PANI has sharper diffraction
peaks at 15.15°, 20.48°, and 25.50° that correspond to its (011), (100), and (110) crystal
planes, respectively [16,25,26]. With the introduction of BRW, the intensity of these peaks
was significantly weakened, which indicates that the crystallinity of PANI was reduced
due to the interaction between PANI and BRW.
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Figure 5. X-ray diffraction (XRD) patterns of BRW, PANI, and PANI@BRW.
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3.1.4. Stability of Samples in Different Solvents

The dispersion stability of fillers in solvents is an important parameter of organic
coatings. As shown in Figure 6, BRW, PANI, and PANI@BRW, arranged from left to
right, were dispersed in different polar solvents including water, absolute ethanol, DMF,
and NMP, respectively. The samples were dispersed by ultrasound for 30 min and then left
to stand still to observe the stability of the dispersions. The results show that, immediately
after dispersion, all samples could be uniformly dispersed in the four solvents. After 1 day,
the BRW completely deposited in all four solvents but the PANI remained well-dispersed in
two solvents (DMF and NMP). PANI@BRW was able to distribute stably in three solvents
except for water, even after 7 days. This indicates that the PANI layer improved the
dispersion stability of the BRW in the solvents. Comparing to PANI, the better stability
of PANI@BRW may be due to the interaction between PANI and BRW, which decreases
the crystallinity of PANI. The good dispersion stability makes PANI@BRW a more likely
candidate as a filler in epoxy resin coatings.

Figure 6. Dispersion stability of BRW, PANI, and PANI@BRW in different solvents (BRW, PANI,
and PANI@BRW are arranged from left to right in each image).

3.1.5. Thermogravimetric Analysis

Figure 7 shows the thermogravimetric analysis of BRW, PANI, and PANI@BRW.
The raw BRW lost 1.4% of its weight during the entire heating process, which is attributed
to the volatilization of water in the material [16]. For pure PANI, except for the volatilization
of water at about 150 °C, the main weight loss started from approximately 300 °C as a
result of the decomposition of PANI. However, the starting decomposition temperature
of PANI@BRW was nearly 350 °C. This may be due to the strong interaction between
PANI and BRW [4]. The results illustrate that the thermal stability of the PANI@BRW was
improved. The differences between the curves can also testify that the mass ratio of PANI
to BRW in the composite is approximately 1:3.
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Figure 7. Thermogravimetric analysis (TGA) diagrams of BRW, PANI, and PANI@BRW.

3.2. Characterization of the Coatings
3.2.1. Salt Spray Test

The salt spray test serves as an accelerated corrosion test method for laboratory
research on the anti-corrosion performance of coatings. It was conducted to detect the
corrosion protective efficiency of the coatings and to predict their service life in practical
applications. The anti-corrosion performance of steel sheets with different coatings before
and after salt spray tests are summarized in Figure 8. The results show that sheets with
ER coating and BRW/ER coatings started to blister on the surface in less than 15 days
while there were no obvious corrosion products observed on the sheets with PANI/ER
and PANI@BRW /ER coatings. After 40 days, the sheets with the PANI@BRW /ER2 and
PANI@BRW /ER3 coatings were still in good condition, without corrosion. These results
conclude that the PANI@BRW can effectively improve the anti-corrosion performance of
ER coatings.

3.2.2. Open Circuit Potential (OCP)

The OCP values of the different samples are shown in Figure 9. Compared with the
ER coating, the OCP value of the BRW/ER coating was even lower. This can be attributed
to the inorganic powders, which have poor compatibility with epoxy resin and increase
the defects in the coating. The defects provide pathways for water, oxygen, and ions to
penetrate the coating and reach the surface of the substrate. The OCP value of the ER
and BRW/ER coatings changed greatly at the beginning as the substrates were corroded
and reaction products were generated [27]. Meanwhile, due to the presence of PANI,
the PANI/ER and PANI@BRW /ER coatings showed high potential and the OCP values
fluctuated little. This indicates that during the immersion stage, the polyaniline in the
coatings passivated the carbon steel and resulted in a stable interface between the coating
and the substrate [9].
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Figure 8. Images of ER, BRW/ER, PANI/ER, PANI@BRW /ER1, PANI@BRW /ER2, and PANI@BRW /ER3 coatings subjected
to salt spray test after 0 d, 15 d, and 40 d, respectively.
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3.2.3. Polarization Curve Test

To better explore the anti-corrosion performance of the PANI@BRW /ER coatings,
the Tafel polarization curve of the coatings was recorded Bare carbon steel (CS) samples
with ER, BRW/ER, PANI/ER, PANI@BRW /ER1, PANI@BRW /ER2, and PANI@BRW /ER3
coatings were immersed in 3.5% NaCl solution for 30 days and the polarization curve mea-
surements before and after immersion were carried out as shown in Figure 10. The protec-
tion efficiency (PE) of the coatings is used to directly exhibit the anti-corrosion performance
of different coatings [28-30]:

Leorr—cs = lcorr—coating

PE = x 100% 1)

Leorr—cs

where icorr-cs and icorr-coating T€present the corrosion current density of uncoated and coated
carbon steel, respectively. These two parameters can be obtained through the Tafel extrapo-
lation. The corresponding values are shown in Table 1.

-2 (a) ) 21 (b) 0
-3 1 . 234
-4 K 6) : _ 4]
2 { ! L
-6 ~ g’ -6 W]
&-71 Y «‘\f —cs & -4 ‘
- | — QIR -
-84 —— (3) BRW/ER -8
——— (4) PANIER
94 (5) PANI@BRW/ERI -9 4
- (6) PBNI@BRW/ER2
(7) PBNI@BRW/ER3
-10 t T " . T r — r -10 T T T T T T T T
.10 -08 -06 -04 -02 00 02 04 -1.0 -08 -06 -04 .-0.2 00 02 04
Potential (V) Potential (V)

Figure 10. Tafel polarization curve for the coatings before (a) and after (b) immersion.

Table 1. The corrosion current density (icorr), corrosion potential (Ecorr), and protection efficiency (PE) of different coatings.

Sample icorr X 1076 (A/cm?) Ecorr (mV) PE (%) icorr X 1076 (A/cm?) Ecorr (mV) PE (%)
0d 30d

CS 3.0420 —810 - 2.1140 —744 29.5

ER 0.7824 —322 74.3 0.7223 —445 76.3
BRW/ER 1.0710 —434 64.8 0.8350 —630 72.6
PANI/ER 0.0367 —174 98.8 0.4687 —258 84.6
PANI@BRW /ER1 0.0424 —159 98.6 0.1563 —227 94.9
PANI@BRW /ER2 0.0351 —142 98.8 0.0688 —189 97.7
PANI@BRW /ER3 0.0497 —144 98.4 0.1835 —196 94.0

As shown in Figure 10a, the corrosion potential (Ecorr) of the bare carbon steel was
the most negative and the icorr was the largest when the substrate was in an unprotected
state. Besides, at the initial stage of immersion, the cured epoxy resin ensured that the
ER and BRW/ER coatings provided a certain barrier effect, while the coatings with PANI
and PANI@BRW had higher E.or. Moreover, the cathode and anode branches of the po-
larization curve shifted significantly to the direction of lower i, relative to neat carbon
steel [31-34]. These shifts are due to the combination of polyaniline and basalt rockwool
waste. Without immersion, the PE values of the PANI/ER and PANI@BRW /ER coatings
were higher than 98%, indicating that they possessed excellent corrosion resistance. Af-
ter being immersed for 30 days (Figure 10b), the samples (CS, ER coating, and BRW/ER
coating) displayed higher PEs than those before immersion. This is because of the corrosion
products that formed on the surface of the substrates and protected the substrates from
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further corrosion. The PE of the PANI/ER-coated sample dropped to 84.6% because the
corrosive factors penetrated the coating during the immersion process and local corrosion
occurred on the substrate. However, the polyaniline emeraldine salt in the intermediate
oxidation state turned Fe to Fe?*, obtaining reduced polyaniline. Subsequently, with the
entry of dissolved oxygen, the further oxidation of the Fe?" led to the formation of the
Fe,O5 passive layer [28,35]. However, the PE of all the PANI@BRW /ER coatings was still
larger than 94%, which indicates the improvement of the corrosion resistance compared to
other coatings. Among all these samples, the PANI@BRW /ER?2 coating showed the best
protection efficiency.

3.2.4. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was used to detect the electrochemical
characteristics of ER, BRW/ER, PANI/ER, PANI@BRW/ER1, PANI@BRW/ER?2,
and PANI@BRW /ER3 coatings [36]. The Bode plots and Nyquist plots were obtained
from the coatings which were immersed in 3.5% NaCl solution for 0 h, 72 h, and 168 h.
As shown in Figure 11, the Bode diagrams reveal the relationship between the impedance
modulus and the frequency [37]. Correspondingly, the Nyquist plots describe the functional
relationship between the real part and the imaginary part of the impedance [38].

In the Bode plots, the impedance modulus value at a frequency of 0.01 (i.e., 0.01 Hz)
was used to evaluate the corrosion resistance of the coating, which is marked as | Z 1.
As shown in Figure 11, at 0 h, the result in the Bode plot (Figure 11a) shows that the

| Z 101 values of the PANI/ER and PANI@BRW /ER coatings were much higher than
those of the ER and BRW/ER coatings. The |Z1(; of the PANI@BRW /ER2 coating was
8.03x10° O cm?, while that for the pure epoxy coating was only 8.7x10% Q cm?. On the
Nyquist chart [37] (Figure 11b), PANI@BRW /ER2 and PANI@BRW /ER3 exhibit a complete
semicircle. However, the BRW/ER coating exhibits a lower |Z 1 than the pure epoxy.
The results clearly show that the addition of PANI@BRW improved the corrosion resistance
of the ER coating.

When all samples were immersed for 72 h, the 1 Z 1 ; values were reduced, as shown
in Figure 11c,d, but the resistance of the PANI@BRW /ER coating did not decrease signif-
icantly, which can be concluded from the slight decrease in the radius of the semicircle.
However, the resistance of the PANI/ER coating dropped below those of the ER and
BRW/ER coatings, which can be ascribed to water and ions that penetrated the coating.
For the ER and BRW/ER coatings, the substrates were corroded on the surface and the
corrosion products were generated. Therefore, the impedance of ER and BRW/ER coatings
increased instead of decreasing.

After the coating was soaked for 168 h, the EIS was conducted on the coatings, and the
results are shown in Figure 11e,f. The 1Z1(; of PANI/ER and PANI@BRW/ER coatings
still maintained a relatively high impedance and the PANI@BRW /ER2 coating had the
highest impedance value. This indicates that a larger amount of PANI@BRW may be
beneficial to the anti-corrosion performance, but that an excessive amount may lead to an
increase of defects in the coating. Here, the coating with 5% PANI@BRW achieved the best
anti-corrosion performance.
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Figure 11.
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Bode plots and Nyquist plots of the ER, BRW/ER, PANI/ER, PANI@BRW/ER1, PANI @BRW/ER2,
and PANI@BRW /ER3 coatings after 0 h (a,b), 72 h (¢,d), and 168 h (e, f) immersion.

3.2.5. Adhesion Test

Adhesion is a key factor for a coating to maintain a long service life [39]. In this study,
a digital pull-off instrument was used to evaluate the adhesion of coatings on the substrates.
An aluminum dolly with a diameter of 20 mm was adhered to coatings with a binder and
the pull-off test was performed after curing for 48 h. The adhesion was quantified as the
force used to separate the coating from the metal substrate.

PANI@BRW /ER2, which performed better in the previous test, was selected for
testing, and ER, BRW/ER, and PANI/ER were used as comparisons. Figure 12 shows the
adhesion test results of all the coatings. The adhesion strength of the PANI@BRW /ER2
coating reached 7.86 MPa, while the adhesion strengths of the ER, BRW/ER, and PANI/ER
coatings were 3.39, 5.47, and 4.16 MPa, respectively. This may result from the good
dispersion and improved compatibility of PANI@BRW in epoxy resin [40].
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Figure 12. Adhesion strength results of ER, BRW/ER, PANI/ER, and PANI@BRW /ER?2 coatings (the
error bars show the standard error of the mean obtained from five repeated tests.

4. Conclusions

In this study, polyaniline-coated basalt rockwool waste (PANI@BRW) composites were
prepared as fillers to serve in coatings for anti-corrosion applications. The results show
that the modified BRW had better dispersion stability in some organic solvents, as well
as compatibility with epoxy resin. Moreover, the salt spray test, OCP, polarization curve,
and EIS measurements were adopted to evaluate the corrosion resistance of the coatings
with PANI@BRW. The results indicate that the addition of PANI@BRW improved the
anti-corrosion performance of the epoxy coatings. The coating containing 5% PANI@BRW
exhibited the best anticorrosion performance with the highest protection efficiency (PE)
of 97.7% and the highest impedance modulus (1 Z | ¢ 7). Therefore, this study provides a
potential application of basalt rockwool wastes as a new type of filler in the anti-corrosion
coatings. This application is also expected to create considerable economic benefits in
industry in the future.
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