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Abstract: Asphalt is an essential material in the construction of asphalt pavements. Due to its
high demand and dependence on petroleum, it is crucial to use greener materials that can fully
or partially replace petroleum-based binders. The characteristics of asphalt cause the bio-binder
obtained through a hydrothermal liquefaction process from swine manure to have great potential
to be used as a modifier due to its similarities with asphalt, contributing to the construction of
more sustainable roads. Thus, this paper characterizes an asphalt binder modified with a new bio-
binder obtained from swine manure at different rates (0%, 10%, and 20%). Several characterization
tests were performed, including penetration, ring and ball, Fraass, viscosity, Cleveland open cup,
and the UCL method. Furthermore, the possible leaching of the bio-binder was studied, showing
no environmental problems. Results from the rheological tests showed that as the content of bio-
binder increases, the softening temperature, Fraass breaking point, and viscosity of the bio-modified
asphalt binder decrease, indicating the lower consistency of the bio-modified binder and its greater
thermal susceptibility.

Keywords: bio-binder; asphalt; asphalt mixture; swine manure; hydrothermal liquefaction

1. Introduction

Bitumen is an essential component in asphalt mixtures manufacturing that is in
high demand. The production of one metric ton of asphalt mixture requires an energy
consumption between 21 and 28 kgce [1]. This high energy consumption, in addition to the
current price of energy and the dependence on petroleum-derived products, results in the
road construction sector having high costs that limit its competitiveness. The environmental
cost in terms of carbon footprint, energy consumption, and raw-material consumption
must be considered. Thus, the carbon footprint due to the production of one ton of asphalt
mixture ranges from 70 to 95 kg CO2 eq. [2].

An approach to reduce the environmental and economic costs in asphalt pavement
manufacturing is to decrease the consumption of petroleum-based asphalt binders [3].
This could be carried out by using greener binders, called bio-binders, which allow the
total or partial substitution of petroleum-based asphalt binders. To produce this green
binder, so-called bio-materials are used, which come from recycled materials, co-products,
or waste [4], such as organic matter. Thus, recent research shows that the properties of the
produced bio-binders are similar to those of petroleum-based binders and, therefore, could
be used in the field of asphalt mixtures [5–9].

Livestock manure is the excrement and waste materials excreted by livestock, or the
mix of bedding with residual materials, which acquire different names depending on
their origin and dry-matter content (poultry manure or swine manure) [10]. Traditionally,
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livestock manure has been used as an organic fertilizer in crop soils, acting as an instrument
for their maintenance thanks to the increase in the content of organic matter and nutrient
elements. However, the intensification of livestock farming experienced in recent decades
has led to the generation of livestock manure exceeding the assimilation capacity that land
can tolerate to maintain the balance of the nutrient cycle, causing pollution of the soil itself
and the groundwater due to an excess of nitrates.

All the aforementioned data highlight the need for good management of livestock
manure. The easiest way is to manage it at the source, attempting to reduce these excesses
through good management of the volume of water and feed consumed by the animals [11].
However, due to the productive characteristics of the livestock sector and the economic
impact they have in industrially underdeveloped areas, it is necessary to find alternative
solutions to those proposed to date by different administrative institutions, which allow
for the valorization of the product outside the agricultural sector.

An innovative method for waste recycling, specifically converting biomass into bio-oil,
is the use of the so-called conversion technologies [12]. Technological advances in the area
of conversion technologies, both thermochemical and biochemical, allow for new ways
to reduce the current problem of pollution caused by livestock manure, while obtaining
valuable chemical and energy resources of ecological origin [13]. There are different
thermochemical conversion technologies, such as pyrolysis, hydrothermal liquefaction,
gasification, or direct combustion [14]. Due to the presence of moisture in livestock manure,
and with the purpose of reducing the previous thermal treatments to the conversion process,
the hydrothermal liquefaction process emerges as the technology with the greatest potential
in swine manure conversion [15].

Recent studies have highlighted the convenience of incorporating oils or bio-oils in the
production of bituminous mixtures in order to improve their mechanical properties [16–20].
Borghol et al. [21] demonstrated the potential of using a bio-binder obtained from microal-
gae waste in the manufacture of bituminous mixtures. Likewise, Sun et al. [19] used waste
cooking oil as a binder in the manufacture of bituminous mixtures, obtaining material
behaviour similar to that of a binder modified with SBS and even better in its performance
at low temperatures. Considering the great importance of ageing in the properties of
bituminous mixtures [22–24], in most cases, some oils are used as rejuvenators, which
effectively delays the ageing process of the binder [25–29]. Nayak and Sahoo [26] used
Pongamia oil and a composite rejuvenator (from castor oil and coke oven gas condensate)
to restore the properties of binder after ageing, concluding that both are suitable for this
purpose. This approach not only contributes to greater durability and performance of bitu-
minous mixtures but also aligns with growing towards sustainability and respect for the
environment. In this context, other materials such as industrial waste containing lignin [30]
or clay, used as modifiers of bituminous mixtures, are of great interest when it comes to
improving certain properties of mixes. Thus, the use of nanoclay allows us to improve the
properties of the mixture against ageing, while the use of nanoiron allows us to improve the
behaviour of the mixture against moisture damage [31]. Yadykova and Ilyin [16] developed
a nanocomposite formed by montmorillonite nanoparticles and bio-oil with the aim of
improving the properties of the binder, concluding that this modifier would be interesting
for its use in critical areas.

The characteristics of bitumen cause the bio-oil obtained through hydrothermal lique-
faction applied to swine manure to have great potential to be used as an asphalt binder
due to its similarities with bitumen, contributing to the construction of more sustainable
roads. According to Ingrassia et al. [4], the bio-binder obtained from thermochemical con-
version of organic matter can have the following functions: (i) modifier of the binder, if it
replaces <10% of petroleum-based binder; (ii) extender of the binder, if it replaces between
10–75% of petroleum-based binder; and (iii) substitute of the binder, if it replaces >75% of
petroleum-based binder. Tayh et al. [32] and Abdel [33] summarized the main aspects to
consider for this product use in road construction: whether the product was obtained from
a waste material, reduces the need for petroleum-derived products, can act as an additive



Appl. Sci. 2023, 13, 11412 3 of 16

or modifier, can allow the reduction of asphalt mixtures manufacturing temperature up to
40 ◦C, reduces the carbon footprint of the road, and requires pre-treatment of the bio-oil
due to the presence of water and volatile contents. Regarding its environmental impact,
Samieadel et al. [34] demonstrated that the impact of the bio-modified binder, due to both
emissions and energy consumption, is reduced compared to the virgin binder.

Therefore, obtaining a sustainable product from swine manure that allows reducing
or even replacing petroleum-based asphalt is of great interest [35]. However, few current
studies have been found in the literature. Islam and Park [36] conducted a literature review
and found significant differences between petroleum-based fuel and bio-oil obtained from
thermochemical processes applied to swine manure. Specifically, the latter has the negative
aspect of high contents of water, ash, and oxygen. On the other hand, as positive aspects,
the bio-oil from swine manure has lower viscosity and emissions.

The response of the bio-modified asphalt binder to temperature is a crucial aspect
due to the existence of two different binders in the same mixture. On one hand, due to the
bio-binder lower softening point, its implementation in a conventional binder can favour
its behaviour towards plastic deformation since it absorbs heat earlier. On the other hand,
in the bio-binder, volatilization starts earlier than in the conventional binder, which can
lead to material loss during manufacturing. Liu et al. [37] chemically and rheologically
analysed the effect of partially substituting a commercial binder with a bio-binder obtained
through a pyrolysis process applied to swine manure. The results from this study indicate
that the bio-binder has chemical groups similar to the conventional binder, and in the low-
frequency ageing region, the bio-binder has lower resistance. They also observed a better
response to possible cracks induced by low temperatures and a worse behaviour at high
temperatures. Fini et al. [38] studied the effect of using a bio-binder obtained from swine
manure as an additive in a tyre powder modified asphalt, obtaining positive results in
terms of workability and pumpability of the consequent asphalt mixture, increasing fatigue
cracking resistance, and improving binder properties at low temperatures. Regarding
moisture damage, Oldham and Fini [39] studied the effect of a bio-modifier from swine
manure on moisture damage resistance, revealing that it improves due to the passivation
mechanism of the bio-modifier.

It is clear that society, and especially the governments, have long ago started requiring
more sustainable and greener solutions for road infrastructures, which force asphalt in-
dustries to shift from the current linear economy model based on the consumption of raw
materials and petroleum-based products to a new circular bioeconomy model [40] based
on the consumption of recycled materials, by-products and biomass valorized residues.
Therefore, this paper aims to analyse the feasibility of using a new bio-binder obtained from
swine manure through a hydrothermal liquefaction partially substituting petroleum-based
bitumen. Thus, the obtained bio-modified asphalt binder is characterized.

2. Materials and Methods
2.1. Materials
2.1.1. Reference Asphalt Binders

Two different commercial asphalt binders were used as references, a 15/25 and a
50/70 type. The 15/25 binder was chosen for its higher hardness compared to other
commercial binders. On the binder was selected for its extensive use in regular roads.
Table 1 shows a summary of the main rheological properties of these binders.

2.1.2. Bio-Binder Production

Bio-binder was produced through a hydrothermal liquefaction (HTL) process applied
to swine manure collected from a pig farm located in the Anoia region, Spain. It initially
had 70% water content and was stored in a freezer at −15 ◦C. For its further characterization
and processing, it was diluted in water to a total solids content of 5%. For each batch, 500 g
of swine manure were introduced into a 1 L stainless steel autoclave with heated casing
and a rotary impeller system without magnetic coupled packing. The reactor was heated
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to a temperature of 300 ◦C and a pressure of 9.0 MPa for a residence time of 0 min. The
processing gas used to purge the residual air in the reactor was nitrogen, and no catalyst
was used in the process. After the reaction, the heating shell was removed, and the reactor
was cooled down to room temperature using water.

Table 1. Properties of reference asphalt binders according to manufacturer [25].

Characteristic Standard (EN) Unit 15/25 50/70

Original Bitumen

Penetration at 25 ◦C 1426 [41] 0.1 mm 15–25 50–70
Softening point R&B 1427 [42] ◦C 60–76 46–54
Fraass breaking point 12593 [43] ◦C TRB ≤−8

Flash point 2592 [44] ◦C ≥245 ≥230
Solubility 12592 [45] % ≥99.0 ≥99.0

Residue after ageing

Mass variation 12607-1 [46] % ≤0.5 ≤0.5
Retained penetration 1426 % ≥55 ≥50

∆ Softening point 1427 ◦C ≤10 ≤11

The different phases of the HTL process were defined. The gaseous phase was mea-
sured by a gas flow meter and afterwards collected and stored in plastic bags for later
analysis. The aqueous phase was collected by pouring it into a flask. Part of the solid phase,
which was contained in the aqueous phase, was also collected in the previous step after
filtration. The rest of the solid phase, together with the biocrude, was stuck to the walls and
to the agitation module of the reactor. Acetone was used to recover them and to clean the
reactor. The solids were washed with acetone to remove biocrude to obtain the bio-binder.
Acetone was afterwards evaporated with a rotary evaporator.

The organic elemental analysis of the obtained bio-binder is detailed in Table 2.

Table 2. Organic elemental analysis of the bio-binder.

Elemental Analysis Bio-Binder (%, g/100 g)

C 69.18
H 7.85
N 3.26
O 19.72

2.1.3. Preparation of Bio-Modified Asphalt Binder

The bio-modified asphalt binder used in this study was obtained by gradually adding
the bio-binder to the reference binder. Firstly, the reference asphalt binder and bio-binder
were preheated at 135 ◦C for 90 min and 65 ◦C for 30 min, respectively, in forced-air drying
ovens. Once the preheating times elapsed, the established quantities of reference asphalt
binder and bio-binder were poured into a metal cylindrical container placed on a precision
balance. Immediately after, both components were mixed using a stirrer at a speed of
100 rpm for 15 min.

The percentages of bio-binder considered in this study were 0%, 10%, and 20% by
weight on the reference asphalt binder.

2.2. Methodology

Several characterization tests were performed to study the effect of the addition of
bio-binder on the resulting bio-modified asphalt binder: the penetration test, ring-and-ball
test, Fraass test, viscosity test, Cleveland open cup test, and the UCL method.



Appl. Sci. 2023, 13, 11412 5 of 16

2.2.1. Penetration Test

The consistency of the analysed asphalt binders was determined by the penetration
test, following the EN 1426 standard. A digital semi-automatic penetrometer (Matest
B056-02, Treviolo, Italy) was used for this purpose. The test temperature, applied load, and
test duration were 25 ◦C, 100 g, and 5 s, respectively.

2.2.2. Ring-and-Ball Test

The softening point of the analysed asphalt binders was determined using the ring-and-
ball test, according to the EN 1427 standard. An automatic digital ring-and-ball apparatus
(Matest B070N1) with a heating rate of 5 ◦C/min was used.

2.2.3. Fraass Test

The stiffness of the analysed asphalt binders was determined by the Fraass breaking
point test, according to the EN 1259 standard, using a Petrotest model BPA 5 equipment
(Petrotest, Dahlewitz, Germany) and a mass of 0.4 g.

2.2.4. Viscosity Test

The viscosity test was used to determine the dynamic viscosity of the considered
binders at different temperatures, according to the EN 13302 standard [47]. A Brookfield
DV-II Pro + Thermosel system and a mass of 50 g were used.

2.2.5. Cleveland Open Cup Test (Flash Point)

The Cleveland open cup test was used to determine the flash point of the asphalt
binders considered in this study, according to the EN ISO 2592 standard [44]. Herzog HFP
386 equipment was used.

2.2.6. UCL Test

The UCL method, developed at the Laboratory of Roads of the Universitat Politècnica
de Catalunya (Barcelona, Spain), was used to measure the cohesion provided by the binder
to an open-graded standard mix without fines, or filler, as shown in Table 3, and how
this cohesion varies with temperature, water action, and binder ageing [48,49]. Using
porphyritic aggregates and a content of 4.5% bio-modified asphalt binder on aggregates,
mixture specimens were prepared according to the Marshall procedure, but using only
50 blows per face for the compaction. The percentage of bio-binder was 20% by weight on
the reference asphalt binder.

Table 3. Particle size distribution of the reference mixture according to the UCL method.

Sieves UNE (mm) 5 2.5 0.63

% Passing 100 20 0

The binder cohesion was evaluated based on the resistance to disintegration that
this fixed amount of binder provides to the reference mixture, using the Cántabro test
(NLT-352/00; EN 12697-17 [50]) at a temperature of 25 ◦C. During the Cántabro test for
loss of weight, the Marshall specimen is placed into the Los Angeles abrasion test machine
and subjected to wear without any abrasive load. During the test, the most superficial
aggregates of the specimen are detached by impact and abrasion, and after a certain number
of revolutions (300), the weight loss of the specimen is determined and expressed as a
percentage of the initial weight. Three replicates were carried out for each study condition.

To study the thermal susceptibility of the binder, specimens were tested at the tempera-
tures of 60 ◦C, 40 ◦C, 25 ◦C, 10 ◦C, and −10 ◦C. The binder adhesiveness to the aggregate of
the specimens after moisture conditioning was also determined according to NLT-362/92.
Thus, specimens were immersed in a water at a temperature of 60◦C for a period of 25 h.
After moisture damage, the specimens were conditioned at a temperature of 25 ◦C for
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24 h before being tested. To assess the binder resistance to ageing, the accelerated ageing
procedure described by the RILEM committee [51] was used, being performed directly in
the mixture. For the short-term ageing, the loose mixture was kept for 4 h at a temperature
of 135 ◦C, while for the long-term, it was kept in the oven, uncompacted, for 9 days at a
temperature of 85 ◦C.

2.2.7. Leaching Test

To study the possible leaching of the bio-binder in contact with water, firstly, a quali-
tative test was performed on the bio-binder sample, which basically consisted of leaving
the sample in the presence of water and observing if there were any changes in the colour
of the water. Subsequently, a leaching test was carried out on a sample of disaggregated
asphalt mixture manufactured with 20% bio-binder according to the EN 12457-4 stan-
dard [52]. The concentrations of the constituents of interest were determined using the EN
ISO 17294-2 standard [53], except for mercury, which was determined using the EN ISO
17852 standard [54].

3. Results
3.1. Penetration Test

In Figure 1, the evolution of the penetration values of the bio-modified asphalt binder
depending on the added bio-binder content can be observed. These values were obtained
under homogeneous conditions. The figure shows an exponential increase in the penetra-
tion values as the bio-binder content increases, indicating a possible softening effect of the
bio-binder. In the case of the 15/25 reference binder, with the addition of 10% bio-binder, a
41.9% increase in penetration was observed, while with the addition of 20%, values 114.9%
higher than those of the reference binder were observed. In the case of the 50/70 reference
asphalt binder, with the addition of 10% bio-binder, a 57.5% increase in penetration was
observed, while with the addition of 20% bio-binder, values 90.9% higher than those of
the reference binder were obtained. The increase in penetration values of the bio-binder
is consistent with those obtained by Oldham et al. [55]. Higher penetration values indi-
cate lower binder consistency, which is an indication of better binder performance under
low-temperature conditions.
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During the penetration test on the bio-binder, in the absence of reference binder, a
bleaching phenomenon of the top layer of the sample in contact with water was observed,
changing from the original blackish colour to a brownish colour. (Figure 2). However, once
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the surface in contact with water was dried and a period greater than 180 min elapsed, the
bio-binder returned to its original blackish colour. This indicates that, in the short term,
water influences the properties of the bio-binder, and to a lesser extent, the bio-modified
asphalt binder. Although this process may be reversible, during the period in which the
bio-binder is in the presence of water, the bond between the aggregate and the binder could
be affected by the water. However, the results of the UCL test (Section 3.6) on the asphalt
mixture subjected to moisture damage indicate the opposite.
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3.2. Ring-and-Ball Test

The response of the bio-modified binder to temperature is a crucial aspect due to the
existence of two different binders within the same one. In Figure 3, the evolution of the
softening point of the bio-modified asphalt binder can be observed as a function of the
added percentage of bio-binder, obtained under homogeneous conditions. In all cases, a
linear decrease in the softening temperature was observed. In the case of the 15/25 asphalt
binder, with the addition of 10% bio-binder, a decrease of 9.5% in the softening temperature
was observed, while with the addition of 20%, values were 11.4% lower. In the case of
the 50/70 reference asphalt binder, a decrease in the softening point of 7.0% was observed
with the addition of 10% bio-binder, while with the addition of 20%, values were 9.9%
lower. Based on these results, the plastic deformation of the bio-modified asphalt binder
could increase due to the lower softening point of the bio-binder, as it will absorb ambient
heat earlier. On the other hand, in the bio-binder, volatilization begins earlier than in the
reference binder and may cause problems with material loss during production. The lower
softening point values, combined with the higher binder penetration, lead to an increase in
the thermal susceptibility of the modified bio-binder.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 18 
 

of the 50/70 reference asphalt binder, a decrease in the softening point of 7.0% was ob-
served with the addition of 10% bio-binder, while with the addition of 20%, values were 
9.9% lower. Based on these results, the plastic deformation of the bio-modified asphalt 
binder could increase due to the lower softening point of the bio-binder, as it will absorb 
ambient heat earlier. On the other hand, in the bio-binder, volatilization begins earlier 
than in the reference binder and may cause problems with material loss during produc-
tion. The lower softening point values, combined with the higher binder penetration, lead 
to an increase in the thermal susceptibility of the modified bio-binder. 

 
Figure 3. Softening point evolution of bio-modified asphalt binder according to the percentage of 
bio-binder added. 

3.3. Fraass Test 
In Figure 4 the evolution of the Fraass breaking point value of the bio-modified as-

phalt binder depending on the added percentage of bio-binder is shown. According to the 
observed values, the results are not conclusive. In the case of the 15/25 reference asphalt 
binder, no variation was observed with the addition of bio-binder, and the reference value 
was inconsistent with typical values for this asphalt binder (normally values < −5 °C). On 
the other hand, in the case of the 50/70 reference asphalt binder, a decrease in the Fraass 
breaking point was observed with the addition of 10% bio-binder by 12.5%, while with 
the addition of 20%, values 37.5% lower were observed. In this instance, this decrease in 
Fraass values suggests that, as the bio-binder content increases, the bio-modified asphalt 
binder becomes less brittle at low temperatures compared to conventional bitumen. This 
could translate into greater resistance to fatigue cracking in cold climates, which would 
improve the durability and performance of asphalt pavements manufactured with this 
bio-modified asphalt binder. These results are consistent with the obtained penetration 
and softening point values. 

Figure 3. Softening point evolution of bio-modified asphalt binder according to the percentage of
bio-binder added.



Appl. Sci. 2023, 13, 11412 8 of 16

3.3. Fraass Test

In Figure 4 the evolution of the Fraass breaking point value of the bio-modified asphalt
binder depending on the added percentage of bio-binder is shown. According to the
observed values, the results are not conclusive. In the case of the 15/25 reference asphalt
binder, no variation was observed with the addition of bio-binder, and the reference value
was inconsistent with typical values for this asphalt binder (normally values < −5 ◦C). On
the other hand, in the case of the 50/70 reference asphalt binder, a decrease in the Fraass
breaking point was observed with the addition of 10% bio-binder by 12.5%, while with the
addition of 20%, values 37.5% lower were observed. In this instance, this decrease in Fraass
values suggests that, as the bio-binder content increases, the bio-modified asphalt binder
becomes less brittle at low temperatures compared to conventional bitumen. This could
translate into greater resistance to fatigue cracking in cold climates, which would improve
the durability and performance of asphalt pavements manufactured with this bio-modified
asphalt binder. These results are consistent with the obtained penetration and softening
point values.
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3.4. Viscosity Test

Viscosity was studied in order to evaluate the effect of adding bio-binder on the
workability of the bio-modified asphalt binder. In Figure 5, the evolution of the bio-
modified asphalt binder viscosity can be observed as a function of the percentage of added
bio-binder and temperature. In all cases, a linear decrease in viscosity is observed as the
content of bio-binder increases, indicating that it is possible to reduce the manufacturing
temperature of the asphalt mixture. Additionally, the reduction in viscosity could reduce the
energy required during the manufacturing and installation process of bituminous mixtures,
which could lead to economic and environmental benefits by reducing fuel consumption.
These results are consistent with those obtained by Fini et al. [56–59]. The difference
in viscosity values between the reference binder and the modified binder decreases as
temperature increases, becoming negligible at a temperature of 180 ◦C.

3.5. Cleveland Open Cup Test (Flash Point)

In Figure 6, the evolution of the bio-modified asphalt binder flash point can be ob-
served depending on the percentage of added bio-binder. The observed values show
a slight decrease in this parameter with the addition of bio-binder. In the case of the
15/25 reference asphalt binder, a decrease in the flash point of 3.1% was observed with the
addition of 10% bio-binder, while values 8.0% lower were observed with the addition of
20%. Similarly, in the case of the 50/70 asphalt binder, a decrease in the flash point of 1.3%
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was observed with the addition of 10% bio-binder, while values 3.3% lower were observed
with the addition of 20%. The decrease in flash point values by increasing the bio-binder
content could lead to greater ease of handling and application of both the binder and the
bituminous mixture at lower temperatures, which could offer significant advantages in
regions with cold climates.
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3.6. UCL Test

The UCL test was used to analyse the thermal susceptibility, adhesion, and ageing
behaviour of the bio-modified 50/70 asphalt binder with 20% bio-binder.

3.6.1. Thermal Susceptibility

Figure 7 shows the thermal susceptibility, in terms of UCL method Cántabro losses,
of the 50/70 asphalt binder with and without the influence of the bio-binder. It can be
observed that the losses of the bio-modified asphalt binder are always higher, throughout
the temperature range, than those of the reference asphalt binder. This indicates that the
bio-modified asphalt binder is more brittle at low temperatures and more inconsistent at
high temperatures. The behaviour of the bio-modified asphalt binder observed from the
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Cántabro losses differs from the latter observed when this binder was tested alone, where
it was demonstrated that the bio-binder is less brittle at low temperatures with respect to a
conventional binder. These differences may be due, in part, to the temperature to which
the bio-binder was subjected during the manufacture of the asphalt mixture.
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3.6.2. Adhesiveness

Figure 8 shows the adhesiveness, in terms of UCL method Cántabro losses, of the
50/70 asphalt binder with and without the influence of the bio-binder, for dry conditions
and after immersion in water. It was observed that the losses after water immersion of
the bio-modified asphalt binder are lower than those of the reference asphalt binder, even
with higher losses for the dry condition, indicating good resistance to the action of water.
These results agree with those obtained by Mogawer et al. [60,61], where the susceptibility
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to water improved with the introduction of bio-binder. This is probably due to the fact that
the bio-binder is mainly formed by resins and asphaltenes (almost 90%), which indicates its
potential to improve the aggregate–binder compatibility due to the high presence of polar
components. Yadykova and Ilyin [62] improved adhesion properties of bitumen using
bio-oil, obtaining a quantitative evaluation of the parameter.
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3.6.3. Ageing Resistance

Figure 9 shows the ageing resistance, in terms of UCL method Cántabro losses, of the
50/70 asphalt binder with and without the influence of the bio-binder, for the different
degrees of ageing considered: without ageing, short-term ageing, and long-term ageing.
It was observed that the resistance to ageing of the bio-modified asphalt binder is lower
than that of the reference asphalt binder. Furthermore, Cántabro losses are higher both in
the short and long term, and the differences concerning to the reference asphalt binder are
greater than that obtained for the unaged condition. The results obtained might be due to a
lower enveloping capacity of the bio-modified asphalt binder with the aggregates due to
ageing, as observed by Fini et al. [63].
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The results obtained differ from those observed by Fini et al. [38] where they showed a
decrease in the susceptibility to ageing related to the molecular interaction of the functional
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groups of the bio-binder with the reference asphalt binder, creating a more stable structure
with less propensity to react with oxygen. As mentioned before, these differences may
be due, in part, to the temperature to which the bio-binder was subjected during the
manufacture of the asphalt mixture.

3.7. Leaching Test

Although the literature on the use of swine manure to obtain bio-binders suggests that
there are no leaching problems with this new bio-binder, leaching phenomena have been
observed in the bio-binder in presence of water over time (Figure 10).
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The results of the leaching test carried out on a sample of disaggregated asphalt
mixture (Table 4) comply with the limit values established in the European standard
(2003/33/EC) [64] to be classified as inert waste. However, the analysed sample does not
comply with the total organic carbon limit values, which is 53,000 mg·kg−1. Therefore, the
asphalt mixture sample with bio-modified binder cannot be classified as inert waste, but as
non-inert waste. However, since the dissolved organic carbon value obtained in the test
(300 mg·kg−1) does not exceed the value of 800 mg·kg−1, it is understood that the asphalt
mixture with bio-modified binder can be classified as non-hazardous waste. These results
show that the mixture with bio-binder does not present any environmental problems.

Table 4. Leaching concentrations (mg·kg−1) after leaching test (EN 12457-4) and limits for acceptance
at landfills for inert waste.

As Ba Cd Cr Cu Hg Mo Ni Pb Sb Se Zn

Results <0.01 0.63 <0.002 0.03 <0.02 <0.0005 0.03 <0.03 <0.02 <0.02 <0.02 <0.1
1 Inert waste
(mg·kg−1)

0.50 20.0 0.04 0.50 2.00 0.01 0.50 0.40 0.50 0.06 0.10 4.00

1 Limit for acceptance at landfills.

4. Conclusions

In this study, a bio-binder obtained from swine manure was evaluated as a binder
modifier at different rates (0%, 10%, and 20%) to two commercial asphalt binders (15/25
and 50/70) through several characterization tests. The results showed a softening effect of
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the bio-binder. As the bio-binder content increased, the penetration increased, while the
softening temperature, the Fraass breaking point, and the viscosity decreased. A decrease
in the flash point was also observed as the bio-binder content increased, as the bio-modified
asphalt binder has also been observed, showing the importance of temperatures during the
asphalt mixtures manufacturing process.

The results of the UCL method showed that bio-modified asphalt binder has a worse
thermal susceptibility (it is more brittle at low temperatures and more inconsistent at high
temperatures) and poorer resistance to ageing compared to the reference bitumen. This
was caused, in part, to the temperature to which the bio-binder was subjected during the
manufacture of the mixture. On the other hand, the resistance to moisture damage is better.

Finally, despite de fact that leaching phenomena were observed in the presence of
water, the asphalt mixture with bio-modified binder can be classified as non-hazardous
waste, presenting no environmental problems.
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