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From a sustainability perspective, achieving a greener future with a minimal carbon footprint requires maxi-
mizing waste materials’ reuse. Typically, processing, price, properties, and performance are the four pillars of
satisfying customer demands. Armed with this vision, the present work seeks to utilize waste printer ink (WPI) as
a source of carbon in combination with low- and high-surface carbon black (LCB and HCB, respectively) additives
to enhance the properties and performance of natural rubber (NR). Using WPI-modified CB together with NR
underlines the importance of this work from a sustainability angle. By altering the type and amount of CB and
WPI content, a broad properties window was unraveled, such that a very high elongation at break of ~970% and
elasticity of 53% were achieved under optimized conditions and formulation, when compared with 385% and
27.5% values of the reference blank NR sample, respectively. Thermal stability was also changed quite broadly,
depending on the formulation. The analysis of volatile organic compounds (VOCs) revealed that propanol and its
derivatives were the most abundant volatiles detected, accounting for more than 85% of the total emission.
Analyzing environmental contamination and properties investigations opened avenues to propose practical ideas
and strategies in order to standardize the usage of WPI and CB additives in NR compounding.

1. Introduction examined in rubbers from simple to complex hybrid systems [12].

Overall, the degree of success in achieving a high-performance rubber

Polymer composites and nanocomposites combine the advantages of
polymers, such as the outstanding resistance to chemicals, lightness, and
flexibility to the processing with the promising characteristics of organic
and/or mineral filler/additives in order to achieve a higher thermal [1],
mechanical [2] flame retardant [3], and electrical properties and per-
formance [4,5], particularly compared to their metal counterparts.
Rubber composites are a foremost class of polymer composites widely
studied and manufactured for myriad applications ranging from
bitumen and end-of-life tire recycling to medical devices and systems
[6,7]. In this regard, a quite wide variety of fillers and additives ranging
from bio-waste [8] and mineral [9] to carbonaceous fillers such as
carbon nanotubes (CNTs) [10], graphite and graphene [11], have been

* Corresponding authors.

composite severely depends on the degree of interfacial adhesion be-
tween the rubber matrix and additives, which necessitae precise design
and formulation, along with implementation of efficient processing
methods [13,14].

Due to their extraordinary features, such as electrical and thermal
conductivity, charring behavior, and anti-corrosive properties, carbo-
naceous fillers have frequently been considered as the first candidates
for developing high-performance rubber composites [15]. On the other
hand, environment protection and safety regulations have additionally
stressed the consideration of two more vital aspects in the design,
formulation, and manufacture of rubber composites, i.e., prioritizing
wasted and recycled fillers/additives and the use of commercially
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available carbon-based fillers [16-18]. There is no denying that carbon
black (CB) should be the first additive to be prioritized among carbo-
naceous fillers considered for developing rubber composites, given its
mechanical properties and crosslinking privileges, particularly towards
natural rubber (NR) [19]. Typically, increasing the amount of CB leads
to the morphological transition from amorphous into semi-crystalline
structures, which substantially affects the ultimate properties of NR
composites. Nevertheless, CB has been known to be the most reliable
carbonaceous filler for NR, given its anisotropic features, which govern
the mechanical reinforcement mechanism [20].

There are several parameters, such as the surface chemistry and
morphology of CB, along with modification of the NR matrix, which
interrelatedly affect the ultimate performance of NR composites
[21,22]. Among elaborated investigations, the one performed by Salaeh
and Nakason contained several sorts of NR composites by comparing
unmodified, epoxidized, and maleated NR together with variation of the
type of CB providing different surface area and morphology [23]. They
reported that the degree of crosslinking and electrical conductivity of NR
composites have markedly changed, as a result of the change in the
degree of physical and chemical interactions, contributed from the
surface area and presence of polar functional groups on the surface of
CB. A more sustainable approach was presented elsewhere by replacing
and/or modifying CB in NR composites [24,25]. Very recently, the
recycling and reuse of waste printer inks (WPI) [26,27] and printer toner
[28] have become more and more attuned to the needs of sustainability,
but yet no systematic report was published on WPI incorporation into
rubbers.

In light of the above, we hypothesized that WPI, because of being
liquid and resembling oil from one side and being rich in carbon from
the other side, could have been a potential modifier for developing
partially sustainable high-performance NR/CB rubber composites,
which has not been reported yet. In this work, NR composites
comprising two types of CB with low and high surface area (hereafter
referred to as LCB and HCB, respectively) along with WPI were formu-
lated and underwent complete characterization, including volatile
organic compounds (VOCs) emission, swelling behavior (crosslink
density evaluation), rheological behavior (curing characteristics), ther-
mal stability with thermogravimetric analysis (TGA), abrasion, rebound
resilience, sol fraction, thermal behavior (differential scanning calo-
rimetry — DSC), tensile performance and dynamic mechanical analysis
(DMA). Attention was paid to exploring the correlation between curing
and thermo-mechanical properties, highlighting the role of WPI as a
prominent modifier of NR/CB composites. Moreover, properties were
interpreted based on the molecular interaction between the filler and
rubber matrix, where surface chemistry and specific surface area could
play the main roles.

2. Experimental
2.1. Materials

Two types of carbon black (CB) were applied in the presented study.
The first type was Chezacarb AC-60 (HCB) acquired from ORLEN Uni-
petrol a.s. (Czech Republic) and characterized by the iodine value >950
gekg 1, oil absorption number > 380 cm®e100 g™, sieve residue at 45
pm <0.05 wt%, bulk density > 112 kgem 3, and nitrogen surface area >
800 mzog_l. The second one was Carbon Black PP 1201 PB (LCB) ob-
tained from Phillips Carbon Black Limited (India) and characterized by
the iodine value of 127 gekg™?, oil absorption number of 114 cm3e100
g1, sieve residue at 45 pm equal to 0.0011 wt%, bulk density of 342
kgem ™3, and nitrogen surface area of 192 m?eg~!. Comparatively, HCB
shows a noticeably higher specific surface area, which can be attributed
to the reduced density.

Waste printer ink (WPI) has been applied as a modifier of CB. They
were obtained from the local recycling company (Katowice, Poland)
and, according to the company, contained pigments, resins, and organic
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solvents, mainly ethanol, ethyl acetate, n-propanol, ethoxypropanol,
methoxypropanol, and n-propyl acetate.

Natural rubber (NR) obtained from Guma-Pomorska (Poland) as
ribbed smoked sheets with a density of 0.92 gecm > were applied as the
matrix for prepared composites. It was used as received without addi-
tional modifications.

Stearic acid (SA) obtained from Standard Sp. z o.0. (Poland) was
applied as a plasticizer and activator of vulcanization during compos-
ites’ preparation. It was characterized by a density of 0.94 gecmn > and a
melting temperature of 69.3 °C.

Zinc oxide (ZO) acquired from Standard Sp. z o.o0. (Poland) was
applied as an activator of vulcanization. It was characterized by a den-
sity of 5.61 gecm >,

N-tert-butyl-2-benzothiazole sulfonamide (TBBS) and 2-mercapto-
benzothiazole (MBT) were used as vulcanization accelerators. They
were obtained from Standard Sp. z o.0. (Poland) and characterized by
the density of 1.29 and 1.54 gecm >, respectively, and the melting
temperature of 104-111 and 173 °C, respectively.

Sulfur (S) acquired from Standard Sp. z o.0. (Poland) was used as a
vulcanization agent. It was characterized by a density of 2.07 gecm™>
and a melting temperature of 115 °C.

2.2. Modification of CB with WPI

Two types of CB were mixed with the WPI using the Intensive Mixer
Eirich RO2 manufactured by Maschinenfabrik Gustav Eirich (Germany).
The mixer was equipped with a star-belt type stirrer rotating opposite to
the mixer pan rotation. Intensive mixers enable the efficient mixing of
components because around 90% of energy would be compensated for
the mixing. Therefore, a high degree of homogeneity could principally
and relatively quickly be achieved. Moreover, the intensive mixers could
allow the simultaneous mixing and granulation of the material, enabling
the disintegration and fragmentation of agglomerates. The following
process parameters were used: agitator rotations at 1700 rpm, pan ro-
tations at 60 rpm, and mixing time of 30 s.

The compositions were based on the maximum content of CB
possible to introduce into the WPI. For HCB, it was 80 parts by weight,
while for LCB, 100 parts by weight per 100 parts of WPI. Such a dif-
ference was fuelled by the difference between specific surface areas of
particular CB samples. Therefore, samples HCB 4 and HCBg g contained
40 and 80 pbw of HCB for 100 pbw of WPI, respectively, while samples
LCBy 5 and LCB; o contained 50 and 100 pbw of LCB for 100 pbw of WPI,
respectively.

2.3. Preparation of NR/CB rubber composites

As-received and modified CB samples were mixed with NR at
ambient temperature using a two-roll mill model 14,201/P2 from
Buzuluk (Czech Republic). Formulations of samples are presented in
Table 1. Mixing included a 2-min mastication of NR, then ZO and SA
were added. Fillers were introduced after 4 mins, TBBS and MBT after 12
mins, and S after 15 min. Mixing time equaled 17 min. The obtained
composites were compression molded at 160 °C and 4.9 MPa according
to the determined optimal cure time.

2.4. Characterization techniques

Volatile matter content in as-received and modified CB samples was
determined using a moisture analyzer MA 50/1.X2.IC.A.WH from Rad-
wag Wagi Elektroniczne (Poland). Samples weighing approximately 1 g
were analyzed at temperatures from 60 to 150 °C (in 10 °C intervals)
until mass change was lower than 1 mg/min.

To indirectly assess the adsorption capacity of the samples, they were
placed in different solvents for 72 h. Solvents, acetone, methanol, and
toluene, have been selected based on the different values of the polarity
index, equaling 0.355, 0.762, and 0.099, respectively, according to
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Table 1
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Formulations of the prepared NR-based composites containing modified CBs, along with the reference sample — unfilled vulcanized NR.

Component Content, parts by weight

RO RHCB RLCB RHCBo 4 RHCBy 5 RLCBy 5 RLCB; o
NR 100 100 100 100 100 100 100
Curing system* 6.2 6.2 6.2 6.2 6.2 6.2 6.2
HCB 30
LCB 30
HCBo 4 30
HCBg g 30
LCBos 30
LCB1o 30
CB content, phr 0 30.0 30.0 8.6 13.3 10.0 15.0
CB content, % 0 22.0 22.0 6.3 9.8 7.3 11.0

" Curing system composition: ZO — 2.5 phr, SA — 0.3 phr, TBBS — 0.7 phr, MBT — 0.7 phr, S — 2.0 phr.

Reichardt [29]. After 72 h, the samples were photographed.

The organic compounds emission investigations were performed
using stationary emission chambers system (Micro-Chamber/Thermal
Extractor™ (u-CTE™ 250, Markes International, Inc.) which contains
four equal chambers made of polished stainless steel (internal volume of
a single chamber - 114 cm®) [30,31]. Before analysis, CB samples were
placed on Petri dishes and weighed (average weight of analyzed samples
- 0.200 + 0.010 g). After this, 2 pL of deuterated toluene (Toluene-dg
solution certified reference material containing 2000 pg-mL of Tolu-
ene-dg in 1 mL of MeOH, TraceCERT®, Merck, KGaA, Darmstadt, Ger-
many) was injected on each of investigated sample as an internal
standard (to assess the total VOCs (TVOCs), which were emitted to the
gaseous phase). Next, CB samples were installed inside a chamber,
sealed, and conditioned under the following conditions: inert gas (ni-
trogen; RH = 0%) flow rate — 12 mL~min’1; temperature — 30 °C; con-
ditioning time — 10 min. Emitted from the CB samples, organic
compounds were collected on stainless steel tubes filled with Tenax TA
(60/80 mesh, stainless steel TD tube, O. D. x L 1/4 in. x 3 1/2 in.,
preconditioned, Merck KGaA, Darmstadt, Germany). After this, adsor-
bed on the surface of Tenax TA organic compounds were liberated using
two-stage thermal desorption technique (TD) under following condi-
tions: (i) Tenax TA tube desorption temperature — 285 °C; 1st stage
desorption time - 10 min; gas flow rate (helium) - 50 mL-min~}; focusing
cold trap temperature — 0 °C; (ii) focusing cold trap desorption tem-
perature (ballistic heating) — 300 °C; 2nd stage desorption time — 5 min;
gas flow rate (helium) — 2 mL-min~'. The injection of liberated analytes
from the cold trap to gas chromatography (GC) capillary column in a
splitless (as-received CBs) as well as in a split mode (WPI-modified CBs)
(split set on a cold trap) 1:12. The TVOC parameter assessment was
performed according to general procedure [32] using TD (Markes Series
2 Thermal Desorption Systems; UNITY/TD-100 (Markes International,
Inc.) combined with GC and flame ionization detector (Agilent Tech-
nologies 7820 A GC System). The final determination stage was carried
out under the following GC-FID conditions: FID temperature — 280 °C;
TD-GC transfer line temperature — 180 °C; GC capillary column (30 m x
320 pm x 5 pm, J&W DB-1, USA); helium (He, 5.0) constant flow rate -
2.0 mL-min"}; oven temperature program: 50 °C maintained for 1 min,
next increased 7 °C-min~! up to 180 °C and hold for 1 min, finally
increased 20 °C-min~! up to 260 °C and maintained for 5 min. For
qualitative screening analysis of the VOCs that were emitted to the
gaseous phase from investigated CB samples, the TD (Markes Unity v.2
(Markes International, Inc.) system combined with GC (Agilent Tech-
nologies 6890) mass spectrometry (5873 Network Mass Selective De-
tector, Agilent Technologies) was applied. The main thermal extraction
and injection conditions were the same as in the TD system mentioned
earlier. The working parameters of the GC-MS system were as follows:
GC capillary column - 30 m x 250 pm x 1 pm (J&W HP-1MS, USA); MS
ion source temperature — 250 °C; the quadrupole mass analyzer tem-
perature — 150 °C; GC-MS transfer line temperature — 280 °C. The GC
oven working conditions were the same as in the mentioned earlier GC-

FID system. The screening identification of emitted organic compounds
was performed using the mass spectra database (NIST 2.0 Mass Spectral
Library) linked to the MS system software (The NIST Mass Spectral
Search Program for the NIST/EPA/NIH Mass Spectral Library Version
2.0 d, USA).

The thermal stability of CB samples and resulting NR-based com-
posites were assessed using a TG 209F3 thermal analyzer from Netzsch
(Germany). Analyses were performed under an N, atmosphere, in the
temperature range of 30-900 °C (heating rate of 10 °Cemin 1), for ~10
mg samples.

Curing characteristics were investigated according to ISO 3417,
using a Monsanto R100S rheometer with an oscillating rotor (USA). The
cure rate index (CRI) was calculated according to Eq. (1):

CRI = 100/(t90 - tl) (1)

where: tgg — optimum vulcanization time, min; t; — scorch time, min.

The aging resistance at elevated temperatures was determined using
an R3gp parameter [33], which is the percentage reversion degree after a
period of 300 s calculated from the time of reaching the maximum
torque value. R3gp was calculated according to Eq. (2):

Ri00 = (My — Msg05) /My x 100% 2

where: My - maximum torque, dNm; Msgps — torque 300 s after
maximum torque, dNm.

The Mooney viscosity (MV) of the rubber compounds was measured
at 100 °C using a Mooney viscosimeter MV2000 from Alpha Technolo-
gies (USA) according to ISO 289-1.

Abrasion resistance was measured using an abrasion tester from
Gibitre Instruments (Italy) according to the standard ISO 4649. The
abrasion resistance value averages at least three measurements per
sample.

The rebound resilience was determined with a Schob-type pendulum
Zwick 5109 (Germany). The analysis was performed following the ISO
4662 standard. Each evaluation was prepared for 7 test specimens.

The swelling degree of the blends (approx. 0.2 g samples) as a

function of time was determined by equilibrium swelling in toluene (at
room temperature). The swelling degree was calculated according to Eq.
(3):
Q = (m, —my)/mgy x 100% 3
where: Q —swelling degree, %; m;— a sample mass swelled after time t, g;
mg — an initial mass of the sample, g.

The sol fraction was determined based on the mass difference be-

tween the initial sample and the dried sample after extraction according
to Eq. (4). The remaining part is a gel fraction (5):

Fyot = (mo—my)/mg x 100% e))

Fgel = 100% — Fol 5
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where: Fg, — the content of sol fraction, %; Fge — the content of gel
fraction, %; mg — an initial mass of the sample, g; and my — a mass of the

- [ln(l - ¢get) T e + qud]

vy = (6)
dried sample after extraction, g. {V \ ( ¢1/l3 _ :m) ]
Crosslink density was determined according to the Flory—Rehner Eq. o :
(6) [341:
where: vy — crosslink density, molecm ™3, (gel — the volume content of gel
fraction, %; y — polymer-solvent interaction parameter; V), — solvent
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Fig. 1. The moisture content of as-received and modified CBs, (a) HCB and (b) LCB, at various temperatures, mass loss curves (straight lines), and differential
thermogravimetric curves (dashed lines) for as-received and modified CBs, (c) HCB and (d) LCB, samples, and the appearance of the samples after 72-h immersion in:
(e) acetone, (f) methanol, and (g) toluene. The order of samples (from left to the right): HCB, LCB, HCBg 4, HCB( g, LCBg 5, and LCB .
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molar volume.

The Flory-Rehner equation is correct for non-filled compounds,
which is not in line with the presence of high content of CB in the
examined materials. Therefore, the Kraus correction should be included
to calculate the actual crosslink density [35]. The correction was
calculated following egs. (7) and (8):

Vx

Ux corrected = W (7)
= _ Ojiter ® Eynarriz ® Mo 8)
fﬁuer ® My

where: Vx corrected — Crosslink density after correction, molecm™3; T —
filler-characteristic constant (1.17 assuded in the presented work), sol-
vent independent; Ogjer — volume fraction of filler; &payix — matrix
density, gocm’B; Efiller — filler density, gocm’3.

The density of prepared composites was determined using an
Ultrapyc 5000 Foam gas pycnometer from Anton Paar (Austria).
Following measurement settings were applied: gas — nitrogen; target
pressure — 18.0 psi; flow direction — sample first; temperature control —
on; target temperature — 20.0 °C; flow mode — monolith; cell size — small,
10 cm?; preparation mode - flow; time of flow — 0.5 min.

Differential scanning calorimetry analysis was performed to analyze
the thermal performance of prepared composites. Approximately 10 mg
samples were placed in aluminum crucibles with pierced lids. They were
heated from 20 to 200 °C with a heating rate of 10 °Cemin !, then
cooled to —80 °C with a cooling rate of 10 °Cemin~! and heated again to
200 °C with a heating rate of 10 °Cemin~'. The heating/cooling cycle
was performed twice to erase the samples’ thermal history during the
first heating. The measurements were conducted in an inert Ny atmo-
sphere using a Netzsch 204F1 Phoenix apparatus (Germany).

The dynamic mechanical analysis was conducted on a DMA Q800 TA
Instruments apparatus (USA). Samples with dimensions of 18 x 10 x 2
mm were loaded with variable sinusoidal deformation forces in the
single cantilever bending mode at 1 Hz under the temperature rising rate
of 4 °Cemin ™!, ranging from —100 to 150 °C.

Strength properties were estimated by determining the tensile
strength, elongation at break, and tear strength. The tests were carried
out based on the PN-EN ISO 527 and ASTM D624 standards using the
Instron 4465H 1937 testing machine (USA) with an elongation head and
an extensometer. The elongation rate was 500 mmemin ! to measure
tensile strength and elongation at break and 50 mmemin~! for tear
strength. For each material, at least five samples were analyzed.

3. Results and discussion
3.1. Properties of modified CBs

Fig. 1 presents the moisture content of as-received and modified CB
samples at particular temperatures determined by the moisture
analyzed. It points to volatile matter content, the course of their thermal
degradation, and their appearance after immersion in acetone, meth-
anol, and toluene lasting 72 h. It can be seen that volatile content is at a
similar level for both types of as-received CB, which was related to their
similar chemical composition. Thermogravimetric curves confirmed
these similarities. Values of thermal decomposition onset, determined as
the temperature of 2 wt% mass loss, were 592.4 and 662.2 °C, while char
residue equaled 96.92% and 90.58%, respectively, for HCB and LCB
materials.

On the other hand, significant differences have been noted between
modified HCB and LCB materials, pointing to the varying adsorption
capacity due to the particle size and surface area differences. For HCB,
the moisture content and the mass loss during the initial degradation
phase (up to 200 °C) were noticeably higher than for LCB. Such an effect
pointed to the higher amount of WPI adsorbed by HCB particles.
Considering the shares of as-received CBs in modified samples, the

Sustainable Materials and Technologies 38 (2023) e00765

adsorption capacity (calculated as a quotient of WPI share in moisture
content and CB content of a particular sample) was twice as high for
HCB.

The immersion tests have been conducted to assess the interfacial
interactions between CBs and applied WPI indirectly. The appearance of
samples after analysis points to the significant differences related to the
HCB and LCB surface properties, confirming data provided by pro-
ducers. For as-received CBs, solvents were transparent, pointing to the
absence of extractives, which also aligns with the TGA analysis results.

However, for the samples soaked in toluene, suspended particles
were noted contrary to acetone and methanol, which points to the
relatively low polarity of CBs’ surface, especially for HCB [36]. Modi-
fying CB samples with WPI noticeably changed the results of the per-
formed test. The color of the solvents changed after immersion, which
points to the extraction of WPI components from modified CBs. For HCB,
the most substantial effect was noted for acetone, which aligns with the
polarity of solvents reported by the supplier as WPI components. For
LCB, the effect appears to be similarly noticeable for all solvents. The
differences between modified HCB and LCB samples confirm the dif-
ferences in their surface properties and indicate significantly stronger
interactions with WPI for HCB material, which can be attributed to the
higher specific surface area. Observed differences may show the impact
on the properties of polymer composites due to the potential migration
of WPI from filler.

For a deeper understanding of the CBs’ adsorption potential toward
WPI and assessment of their environmental impact, the emissions of
VOCs from modified HCB and LCB samples were analyzed. Fig. 2 pro-
vides insights into the total VOCs emissions (expressed by TVOC
parameter) from modified CBs, while Table 2 lists the detected
compounds.

Samples of HCB are characterized by significantly higher values of
TVOC parameters than LCB, which can be associated with the higher
adsorption capacity of applied CB. It can be seen that obtained TVOC
values are about twice as high for HCB as for LCB samples, while their
normalization for the WPI content in modified CB samples, which is
responsible for VOCs’” emissions, points to an even higher difference.
Therefore, along with the abovementioned results, it confirms that HCB
enables the utilization of significantly higher amounts of WPI material.

Values of TVOC parameters may also be used to identify the envi-
ronmental impact of analyzed samples. However, their quantitative
analysis should be supplemented by the qualitative assessment to
determine posed hazards precisely. Table 2 provides details on the
detected in gaseous phase VOCs’ properties and safety characteristics
according to the NFPA 704: Standard System for the Identification of the
Hazards of Materials for Emergency Response maintained by the U.S.-
based National Fire Protection Association [37] and Globally Harmo-
nized System of Classification and Labelling of Chemicals (GHS) [38].
These international standards describe the impacts of the chemicals on
the surrounding environment and human health, as precisely described
in previous works [39-41].

For unmodified HCB and LCB samples, various compounds were
detected, which may be attributed to their production process, including
various purification treatments. For HCB, the most abundant VOCs were
1-propanol and cyclohexane, while for LCB, 1-propanol, 1-methoxy-2-
propanol, and 1-ethoxy-2-propanol. Moreover, HCB emitted methylene
chloride, while LCB tetrachloroethylene, which are commonly applied
as solvents in various industrial processes. According to the recycling
company, WPI contained significant amounts of ethanol, ethyl acetate,
n-propanol, ethoxypropanol, methoxypropanol, and n-propyl acetate,
which was mirrored in VOCs emitted from modified CBs. Propanol and
its derivatives were the most abundant VOCs detected, accounting even
for over 85% of total emissions.

Considering the hazards posed by analyzed samples, it can be seen
that most of the detected in gaseous phase VOCs are characterized by
relatively low values of flash points and noticeable vapor pressures at
ambient temperatures, which classify them as flammable materials.
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Fig. 2. TVOC emissions determined for the modified CBs with and without the stream splitting on the cold trap, as well as TVOC values normalized for the WPI

content in selected samples.

Numerous compounds also show some unfavorable effects on human
health, which is expressed by the GHS08: Health Hazard pictogram or
score 2 according to NFPA standard (cause temporary incapacitation or
a possible residual injury after intense or continued but not chronic
exposure). Therefore, proper precautions and process design should be
considered when applying WPI materials on an industrial scale. How-
ever, considering the application of modified CBs in rubber materials, it
is essential that for numerous VOCs, boiling temperature did not exceed
160 °C, which was selected as vulcanization temperature. As presented
in the further part of the manuscript, determined vulcanization times for
composites containing HCB and LCB were 9.9 and 6.0 min, which should
enable efficient evaporation of detected in gaseous phase VOCs. For the
application of modified CBs, this time was elongated to 8.4-14.5 min.
Therefore, proper ventilation, including a collection of potentially
harmful compounds, should be implemented during vulcanization.

3.2. Properties of rubber composites

The effect of the CB addition and its type on the curing characteristic
at 160 °C and Mooney viscosity at 100 °C of NR is summarized in
Table 3. Moreover, Fig. 3 presents plots of samples’ curing characteris-
tics, Mooney viscosity, and Mooney viscosity relaxation. It can be seen
that while introducing any type of CB resulted in some increase in the
minimal torque (M), the HCB brought about drastic changes. Such a
significant increase in My, parameter (from 1.1 to 33.4 dNm) indicates
more difficult rubber compound processing. This is related to the larger
surface area of the HCB compared to the LCB due to the formation of
physical bonds of greater intensity [42,43]. On the other hand, the
characteristic of rubbers incorporated with WPI-modified CB was in-
termediate between neat rubber and CB-filled rubbers, which is directly
associated with the reduced CB content and the potential migration of
WPI components to the rubber phase. It should be noted that My, values
agree with the Mooney viscosity results, which revealed increased vis-
cosity for CB-filled rubbers (including higher for HCB). However, the
Mooney viscosity of RHCB could not be determined due to the torque
overload occurring already in the initial phase of the measurement. As
expected, with the increase in surface area and CB content, the stiffness
of the rubber composites increased accordingly, as evidenced by the My
parameter. Surprisingly, the torque increment (AM), which refers to the
effectiveness of cure, showed that LCB clearly supports the chemical
crosslinking of rubber (AM increased almost by 50% compared to the

unfilled rubber), in contrast to HCB, which had a negligible effect on this
parameter. This proves that there are more functional groups (e.g.,
sulfur) on the surface of LCB than HCB, allowing for chemical cross-
linking with NR in addition to physical bonding [42]. Interestingly, the
modification of HCB with WPI led to improved curing efficiency com-
parable to LCB. This can be explained by the presence of resins or other
compounds with reactive groups in the WPI, which could participate in
the crosslinking process as well as reduced stiffness of the material,
enhancing macromolecular mobility. This might also be the reason for
the extension of the optimum cure time for all samples with modified CB
(up to 14.5 min for RHCB 4), as well as a reduced cure rate (described
by CRI). Therefore, based on the obtained results, it can be assumed that
the co-crosslinking of resins contained in WPI, although it improves the
effectiveness of rubber curing, requires a longer time to occur. In addi-
tion, it is worth mentioning that the aging resistance at 160 °C for all
rubber composites was high, which is indicated by low values of the Rzgo
parameter (0.3-4.1%), especially for samples filled with WPI-modified
CBs.

Table 3 also provides data on samples’ density and swelling
behavior, described by the swelling degree, sol fraction, and crosslink
density. Regardless of the material composition, the density of prepared
rubber composites was in the range of 0.94-1.07 gecm 3. Data on
swelling behavior yields somewhat contradictory results for different
formulations. Therefore, for further analysis, the values of sol fraction
were adopted as the most reliable parameter of the degree of rubber
crosslinking, as it does not include the mass of the sample after swelling,
which is burdened with a significant error due to the rapid evaporation
of toluene. The sol fraction of the rubber slightly decreased after the LCB
addition (to 4.1%), while it increased after the HCB addition (to 6.0%),
indicating a higher crosslink density of RLCB. These results are consis-
tent with the AM parameter, confirming the influence of LCB on the
crosslinking efficiency. Moreover, such a phenomenon might be related
to the higher adsorption capacity of HCB compared to LCB and the
higher content of WPI in the final composite.

The results of the mechanical properties of rubber composites are
presented as graphs in Fig. 4. Both the CB surface area and the presence
of WPI modification strongly influence the tear strength, tensile prop-
erties, rebound resilience, and abrasion resistance of rubber composites.
As can be seen in Fig. 4, the incorporation of 30 phr LCB generally
significantly improved the mechanical properties of rubber, while the
addition of HCB led to their deterioration. These results are consistent
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Table 2
Detected representatives of VOCs emitted from as-received and WPI-modified CBs.
NFPA

Vapor s Sample

Compound Chemical structure ~ Formula 204 GHS pictograms pressure at 25 F.las}l C B911111gc HCB LCB
I °C,kpa  POIMLTC o point."C e 04 LCB 05
’ HCBys LCBio
Aliphatic hydrocarbons
Cyclohexane O CoHia . 0 @@@ 12.92 18 807+ -
Alcohols
+ -
Ethanol S C:HO 0 <§>® 791 14 782+ o
+

Isopropanol )\ C3Hz0 0 @@ 6.05 12 82.3 + ° n -
OH - -
+ +

1-Propanol R . C3H;0 0 @ 2.80 23 97.2 + +
+ +
OH - +

Isobutanol Y CiH,0 0 @@ 1.39 28 1080 - .
- +
+ -

2-Butanol \)\ CaH10 0 @@ 2.44 24 95 - -
OH + +

+ +

1-Methoxy-2- g CiHu0s 0 @@ 1.67 32 1200+ +
propanol i oH + +
+ +

1-Ethoxy-2-] 1 CsH 20 0 <C>< : > 1.31 40 133.0 + +
0Xy-2-propano O o sH1202 . .

o

- +

Diacetone alcohol M\ CeH 1202 0 @@ 0.23 53 167.9 N -
OH - +

+ +

Propylene glycol m]\/‘\ CeH 1202 0 - 0.017 99 187.6 - -
OH + +
o + +
2-Butoxyethanol S, CeHuO2 0 @ 0.12 62 1684 - +
+ +
Aldehydes
+ +
Octanal Aol CsHi60 0 @@@ 0.16 52 1710+ £
+
+ +
Nonanal et oHso 0 0.049 64 1950 - o,
- +
Decanal Ao C1oHx0 0 @ 0.014 83 2120 - +
- +
Esters
o - -
Ethyl acetate /\k CiH0, 0 @@ 1243 4 71 - I
I | CsH10 0 @@@ 479 14 10 N B
-P fat Y H ‘ 7 s - +
n-Propyl acetate ~ 5H1002 + _
~ . f + +
1-Methoxy-2-propyl \/k I cmo, . @@ 053 46 1458 - )
acetate >~ ” + -
Others
Methylene chloride g CHaCl, 0 @ 60.00 . 39.8 + i ; i
cl Cl - -
Tetrachloroethylene >=< CyCly 0 @@ 247 - 121.2 - +
Cl cl - -
0 +
Acetic acid )L CHI0, 0 @@ 2.09 39 17 - ]
OH +
+ -
Diethyl ether o CiH10 1 @@ 7173 45 346 - ;

+ -
with those reported by Al-Hartomy et al. [44], who found that the The LGB addition increased tear strength from 31.0 to 91.4 Nemm'!
addition of low surface area CB (BET surface area of 105 mZeg™1) and tensile strength from 14.9 to 23.5 MPa and decreased the abrasion
improved the tensile strength of NR, but high surface area CB (BET from 180 to 135 mm? of the neat rubber. On the other hand, the LCB-
surface area of 1000 m2?eg™!) tended to deteriorate the tensile proper- filled rubber was characterized by slightly reduced elongation at break
ties, regardless of the CB content. (—4%) and rebound resilience (—22%) compared to NR, which is typical
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Table 3
Curing parameters and Mooney viscosity of prepared NR/CB composites along with their density, swelling degree, sol fraction, and crosslink density.
Property Sample
RO RHCB RLCB RHCBg 4 RHCBg g RLCBy s RLCB, o
M;, dNm 1.1 33.4 3.5 4.8 6.7 2.7 2.7
My, dNm 22.6 53.0 35.4 34.4 37.4 28.1 27.1
AM, dNm 21.5 19.6 31.9 29.6 30.8 25.4 24.4
T, min 3.9 2.9 2.8 4.9 4.5 4.7 4.1
Tgp, min 6.0 9.9 6.0 14.5 13.1 10.0 8.4
CRI, min~! 46.7 14.2 30.9 10.4 11.7 18.8 23.1
Rago, % 2.7 1.5 4.1 0.3 0.5 1.5 1.1
MV 100 °C 7.3 - 21.9 24.2 34.3 18.5 19.6
Density, g-cm ™3 0.94 £ 0.01 1.07 £ 0.01 1.05 £ 0.01 1.01 £ 0.01 1.02 £ 0.01 1.02 £ 0.01 1.02 + 0.01
Swelling degree, % 363 +1 239+1 285+ 2 338+3 332+2 306 + 3 284 +1
Sol fraction, % 4.6 £ 0.1 6.0 £ 0.1 50+1.2 6.0+ 0.3 5.8 +0.1 5.3+0.1 4.8 £0.2
Crosslink density, mol-cm3.107° 6.2 +0.1 4.9 +0.1 3.8+0.1 28+0.1 29+0.1 3.4+0.1 4.0 +£0.1
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Fig. 3. Plots of (a,b) curing characteristics (at 160 °C), and (c,d) Mooney viscosity for unfilled NR and prepared NR/CB, and NR/CB/WPI composites containing (a,c)

HCB and (b,d) LCB.

for compounds with the presence of reinforcing fillers. Interestingly, the
LCB modification with WPI further improved the tensile strength to
25.2 MPa, with a WPI:CB ratio of 2:1, and mitigated the damaging ef-
fects, leading to a 2% increase in elongation at break and only a 9%
decrease in elasticity compared to the reference sample. Nevertheless,
the WPI modification of LCB resulted in some deterioration in tear
strength and abrasion resistance.

Considering the RHCB system, all investigated mechanical properties
were negatively affected by the presence of HCB, with the most signif-
icant deterioration noted for elongation at break (by 69%) and rebound

resilience (by 65%). Such an effect could be attributed to the high sur-
face area of CB particles, which enhanced the particle-particle in-
teractions and reduced the interfacial adhesion, limiting the stress
transfer. However, the HCB modification with WPI resulted in sub-
stantial improvement in the properties of the composites, which might
be associated with the enhanced mobility of macromolecules due to the
potential migration of WPI components to the rubber phase. For
example, the RHCBy 4 sample achieved an elongation at break of 967%
and an elasticity of 53.3%, while the unmodified RHCB sample was 385
and 27.5%, respectively. It should be highlighted that this strategy
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Fig. 4. Graphs visualizing mechanical properties of unfilled NR and NR/CB composites: (a) tear strength, (b) tensile strength, (c) elongation at break, (d) abrasion,
(e) rebound resilience, and their changes related to the composition of applied CB.

Table 4

Thermal properties of the studied NR/CB composites determined by various techniques.
Sample DMA DSC TGA

E’ at 25 °C, MPa Tg pma, °C tan 8 at Tg Cy, % Tg psc, °C AC), T1o0%, °C Trmax °C Residue at 800 °C, %
Jg k!
RO 6.1 —39.6 2.04 - —56.9 0.383 338 371 2.76
RHCB 77.1 —39.5 0.54 27.3 —59.7 0.222 340 373 25.57
RLCB 12.4 —41.3 1.15 9.5 —58.7 0.269 343 371 24.28
RHCBg 4 15.2 -39.7 1.11 10.2 —57.4 0.266 333 371 14.32
RHCBo g 12.7 —42.3 1.00 12.3 —58.7 0.271 338 371 16.84
RLCBo.5 7.3 —40.4 1.39 5.9 —57.8 0.302 335 371 14.47
RLCB; o 3.5 —40.2 1.92 0.8 -57.9 0.283 336 372 16.61
9
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increases tear strength by almost 100% compared to neat rubber while
maintaining comparable mechanical strength and abrasion resistance.

Thermal properties of rubber composites were assessed based on
DMA, DSC, and TGA. The obtained results are summarized in Table 4.
DMA measurement provides detailed information about the thermo-
mechanical behavior of materials. Plots of storage modulus (E’) and
loss tangent (tan §) as a function of temperature are presented in Fig. 5a
and b, respectively. A rapid decrease in storage modulus, which results
from the energy dissipation within the material, corresponds to the
viscoelastic behavior of the rubber associated with its glass transition
(a-relaxation). The glass transition temperature (Tg), determined at
maximum tan §, was recorded at approximately —40 °C, regardless of
the rubber composition. In addition, it was found that at room tem-
perature, when rubbers are in the elastic state, the stiffness of CB-filled
rubbers was higher compared to neat rubber. Expectedly, the highest
value of E’ (77 MPa) was noted for the RHCB sample, containing CB with
a higher surface area, which is in agreement with previous results (My
parameter).

Except for the stiffness expressed by the E’ values, DMA provided
important insights in the form of tan §, which quantifies the materials’
ability to dissipate the energy through molecular motions. The decrease
in tan § is associated with the reduced mobility stimulated by the
interfacial interactions. According to Bindu and Thomas [45], the extent
of these interactions can be quantified using DMA data and expressed as
the fraction of polymer chains constrained by the incorporated filler
particles following the eqs. (9 and 10):

Sustainable Materials and Technologies 38 (2023) e00765

1- Q
C, = & ° 100% 9)
Q
7 e tand 10)

- (7 ® tand) + 1

where: C, — volume fraction of the immobilized polymer chains, %; Co —
volume fraction of the immobilized chains in pure polymer (taken to be
0), %; Q and Qg — energy loss fractions for the analyzed sample and pure
polymer, respectively.

The values of Cy clearly indicate that the application of WPI as CB
modifiers reduces interfacial adhesion, which, however, yields benefi-
cial effects on the composites’ mechanical performance. For the incor-
poration of 30 phr of HCB, over 27% of NR macromolecular chains are
efficiently immobilized, which significantly affects the rubbery
character.

Notably, the results of Ty determined based on DMA analysis were
consistent with the data obtained from DSC measurement. Although the
glass transition was detected at a slightly lower value (from —57 to —
60 °C), which is typical for different measurement techniques and
conditions, it was confirmed that the addition of CB (with and without
modification) did not affect the Ty of rubber composites. However, it is
worth mentioning that the changes in heat capacity (AG,) related to the
glass transition were smaller after the filler was introduced to the
system.

Fig. 5c-d shows the TGA (mass loss) and derivative TGA (DTG)
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Fig. 5. The results of DMA (a-b) and TGA (c-d) measurements of rubber composites in the form of the temperature dependence of (a) storage modulus, (b) tan 5, (c)

mass, and (d) DTG.
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curves of the prepared composites. In addition, the temperature at which
10% (T10%) and maximum (Tp,ax) Weight loss occur and the amount of
residual mass are summarized in Table 4. The obtained results indicate
that rubber composites undergo a one-stage degradation, which proves
the high homogeneity of the systems. The initial decomposition tem-
perature and the maximum degradation temperature were estimated at
340 and 370 °C, respectively, regardless of the material composition.
These data are consistent with the literature where the degradation of
NR (which is the main component of these composites) occurs at
350-375 °C [46,47]. Although the addition of CB did not affect the
thermal stability of the composites, it favored the formation of thermally
stable char residue after decomposition, which is promising in terms of
fire resistance. It was found that the amount of residue is strictly
dependent on the CB content (not type), as it was 24-26% for RHCB and
RLCB samples, 14-17% for WPI-modified CB composites, and <3% for
unfilled rubber.

4. Conclusions

The presented study proposes a novel strategy for application of WPI
as a modifier of CB so as to develop a functional additive to enhance the
properties and performance of rubber materials. In view of the reuse of
waste materials and seelction of NR as a green elastomer, the resulting
composites are of importance from the sustainability standpoint. The
results confirmed that the WPI-reinforced CB as the waste material can
be efficiently introduced into rubber technology. Proper selection of CB
and adjustment of its composition with WPI enables the manufacturing
of rubber-based composites with a vast range of properties and perfor-
mance, including mechanical, thermal, and thermo-mechanical char-
acteristics. Notably, the application of WPI enables one to use less virgin
CB during the manufacturing of composites as well as reinforcing rubber
materials, providing not only economic but also environmental benefits.
The use of high- and low-surface area CB (nominated as HCB and LCB,
respectively) ended in different properties and performance of NR
composites. First of all, HCB enables one to incorporate higher amounts
of WPI into the system. The values of VOC evaluated for as-received and
WPI-modified CB additives and composites showed a meaningful dif-
ference between VOCs applying various solvents, where HCB and LCB
differed obviously. Regarding composite samples, amalgamation of the
HCB with WPI led to higher crosslinking efficiency compared to the LCB,
notifying additional co-crosslinking of resin in WPIL. On teh other hand,
mechanical properties were negatively affected by the presence of HCB,
such that the highest drop in the elongation at break (-69%) and
rebound resilience (-65%) were recorded for HCB-based NR composites.
Therefore, it was apparent that domination of particle-particle in-
teractions for HCB-based composites deterioarated the particle-polymer
interactions or the interfacial adhesion, which hindered the stress
transfer. When modified with WPI, the superiority of HCB to LCB was
unraveled. A similalr trend, yet slightly was observed in the case of
thermal and thermo-mechanical properties. All in all, the results are
promising, but further works should attempt to serve other rubber ma-
terials, besides the effects of formulation, curing system, and other
carbonaceous additives can be studied. Investigation of flame retard-
ancy and conductivity as two key performance characteristics of the
resulting composites, as recently practiced [48], can also useful for
exploring the other features of WPIL.
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