
1 INTRODUCTION 

Life cycle assessment of asphalt binder shows sig-
nificant CO2 and GHG emissions. Lignocellulosic 
biomass and biowaste have been explored as alterna-
tive sustainable resources for asphalt binder re-
placement that can substantially reduce these emis-
sions. Biomass is initially chemically treated to 
convert into compounds with a similar composition 
as that of the asphalt binder. The thermochemical 
conversion process is the most effective method for 
converting biomass into biobased carbonaceous ma-
terials. Past studies have performed pyrolysis and 
hydrothermal liquefaction on plant-based and waste 
biomass to obtain bio-oil as a replacement for as-
phalt binder. Literature survey indicates mixed per-
formance results of bio-asphalt binder (with a re-
placement up to 40%). Due to the softening of the 
base binder with the use of higher dosage of bio-oil, 
polymer modification of the bio-asphalt has also 
been explored in a few studies (He et al. 2020; Al-
Sabaeei et al. 2020).  

Biomass condensate obtained from a gasifier fa-
cility was used in this study as a partial replacement 
of asphalt binder. In general, a gasifier facility is 
used for syngas production from biobased feedstock 
such as lignocellulosic, bio-waste, or other carbona-
ceous resources. They are sustainable production 
systems for producing clean and green alternative 
forms of energy over fossil fuel-based natural re-
sources. The gasifier operates at high temperatures 
of 800°C to 1100°C for biomass conversion into sus-
tainable renewable energy in the presence of oxy-
gen. The feedstock is initially pretreated for mois-
ture removal. The gasifier operates through a series 
of physicochemical processes occurring inside the 
reactor, such as combustion reaction, pyrolysis, 
cracking, reforming, oxidation, and reduction pro-
ducing gas and char as primary products. Other than 
syngas and char production, higher production tem-

peratures lead to the formation of a byproduct. This 
condenses on the reactor bed after cooling the gasi-
fier. Gasifier condensate is a combination of heavy 
metals, oil, fly ash, tar, and low-carbonaceous mate-
rials. The condensate is recovered as a mixture of 
water during the cleaning process of the gasifier. 
The composition of the gasifier condensate is widely 
dependent on feedstock source, operating conditions, 
and gasifier type.  

In this study, gasifier condensate of pine needle 
biomass was investigated as a potential replacement 
for asphalt binder. The bio-asphalt binders were pre-
pared by replacing the base binder with 5%, 10%, 
15%, and 20% bio-condensate (by weight of the 
base binder).  The bio-condensate and the prepared 
bio-asphalt binder were characterized using Fourier 
Transform Infrared (FTIR) spectroscopy to identify 
the chemical composition of the condensate and the 
bio-asphalt binder. Thermal stability, mass loss, and 
residue analysis were performed on the prepared 
bio-asphalt using Thermogravimetric Analyzer 
(TGA). The aging performance of the bio-asphalt 
binder was further investigated using physical, rheo-
logical, and chemical analysis. Finally, morphologi-
cal investigations were performed using Atomic 
Force Microscopy (AFM) to understand the interac-
tion between base binder and bio-condensate at dif-
ferent aging conditions.  

2 EXPERIMENTAL STUDIES 

2.1 Bio-asphalt production 

A VG-40 binder, as per IS 73-2013, was used as the 
base binder in this study. The condensate obtained 
from the gasification process was heated initially at 
a controlled temperature of 150°C to remove water. 
Volatiles and lightweight compounds also get re-
moved with water at this temperature. The recovered 
condensate had a homogeneously viscous oily tex-
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ture. The dewatered bio-condensate was added to the 
preheated asphalt binder at 135°C. (Zhang et al. 
2020). The condensate and the asphalt binder were 
mechanically mixed with a stirrer rotating at 1500 
rpm for 20 mins at 135°C to prepare the bio-asphalt 
binder. Low blending temperatures were considered 
for bio-asphalt production to ensure that the inherent 
properties are not affected by the production temper-
atures. The homogeneity of the produced bio-asphalt 
binder was assessed visually.  

2.2 FTIR analysis 

FTIR spectroscopy can be used to evaluate the func-
tional groups and compounds present in any materi-
al. The quantification of the compounds present in 
the asphalt binder is typically performed by calculat-
ing the indices of the functional groups and com-
pounds. Carbonyl (C=O) and sulfoxide (S=O) indi-
ces are generally used to quantify aging in the 
asphalt binder (refer to Equations 1 and 2). The 
samples in this study were tested using the KBr pel-
let method. Sample solutions were prepared using 
CS2 as a solvent and 10 microliters of the sample so-
lution was drop casted on the KBr pellet to test using 
the FTIR spectroscopy (Bora & Das 2020, 2021). 32 
scans were performed per sample to obtain the ab-
sorbance spectra. 4 cm-1 resolution was used during 
the experiment. 

              (1) 

               (2) 

2.3 TGA analysis 

The temperature stability and mass loss of the bio-
asphalt binder can be analyzed using a thermograv-
imetric analyzer. The decomposition kinetics and the 
degradation behaviors of asphalt binders at higher 
temperatures were investigated using the TGA. For 
TGA analysis, around 10 mg of binder sample was 
tested from 30°C to 800°C under inert conditions at 
a heating rate of (10°C) ⁄min.  

2.4 AFM analysis 

Images of the base binder and the bio-asphalt binder 
were captured using the PeakForce Quantitative Na-
nomechanics (QNM) mode of scanning. Catan-
aphase, periphase, and paraphase are the three phas-
es of asphalt binder identified using the AFM. 
Sometimes waxes are identified as a fourth phase 
and are observed as a bright phase on the AFM im-
ages. In this study, AFM imaging was performed on 
the base binder and bio-asphalt binders to identify 
the wax content and the phase changes on modifica-
tion and aging (Das et al. 2016, Yu et al. 2016). A 

force of 272μN was applied on the cantilever probe 
having a spring constant 40.41 N⁄m and a tip radius 
of 64.56 nm for the QNM mode of scanning. 

2.5 Physical properties 

The softening point (SP) (ASTM D36/D36M-14) 
and the high-temperature true fail (T/F) temperature 
(AASHTO 2017) of the binders were evaluated for 
the unaged binder, short-term aged (STA) binder, 
and long-term aged (LTA) binder. The short-term 
aging index (STAI) was calculated using the values 
of SP and T/F temperatures. Long-term aging index 
(LTAI) was also determined using SP values. The 
mathematical definition of the aging index (AI) is 
presented through Equation (3). Similarly, the AI us-
ing FTIR chemical indices (IC=O and IS=O) were used 
to study the susceptibility of the binders to aging.  

  (3) 

3 ANALYSIS AND RESULTS 

The values of SP and the T/ F temperatures are pre-
sented in Table 1 and Table 2, respectively. In gen-
eral, with aging, the SP of all the binders increased. 
Irrespective of the type of binder, the increase in SP 
after STA and LTA was found to be approximately 
5°C and 18°C, respectively. Addition of bio-
condensate led to marginal reduction in the SP. With 
increase in the dosage of the bio-condensate, the SP 
values were found to reduce. Interestingly, these re-
sults of T/F temperature were not in agreement with 
the results of SP. At 15% and 20% replacement, the 
bio-asphalt binder showed significant increase in 
stiffness after STA. In other words, at higher re-
placement dosages, the bio-asphalt binder may be 
more prone to aging. More studies are required to 
explain the difference in the results of SP and T/F 
temperature. 

Table 1. Softening point (SP) of binders. 

 VG-40 5% 

rep 

10% 

rep 

15% 

rep 

20% 

rep 

Unaged (UA) 52.5 51 50.9 50.8 50.8 

STA  58.5 59.1 58.4 57.1 55.6 

LTA  71.2 70.4 70.2 69.1 69.3 

Table 2. High temperature PG and T/F temperature. 

 VG-

40 

5% 

rep 

10% 

rep 

15% 

rep 

20% 

rep 

UA Fail Temp 82 76 76 76 76 

P/F Temp 76.3 72.4 72.2 72.1 70.7 

ST

A  

Fail Temp 82 82 82 118 118 

P/F Temp 80.5 81 80.4 117.9 117 

Figure 1 represents the peaks in the fingerprint re-
gion of the FTIR spectra of the 5% bio-asphalt bind-
er in different aging conditions. Similar peaks pre-



sent in the bio-oil was observed in the bio-asphalt 
binder. However, amines, ester, ether, anhydrides, 
and substituted aromatic compounds were not ob-
served in the asphalt binder. Also, the -OH groups 
and the compounds formed due to presence of the 
hydroxyl compounds are absent in the bio-asphalt 
binder (refer to Figure 1). S=O formation, which 
typically occurs on aging, is observed at 1060 cm-1. 
Cyclic compounds such as cyclic alkenes, cyclic am-
ides, and aromatic compounds with C=O groups i.e., 
amide, lactam, and carboxylic acid are observed to 
be present in both bio-asphalt binder and bio-oil. On 
short-term aging no peak degradation is observed in 
peaks between 1560 cm-1 and 1760 cm-1. However, 
on long-term aging the peaks due to the cyclic com-
pounds, amides, acids, unsaturated ketones decom-
pose. -OH compounds also decompose on aging ob-
served form the peak at 3440 cm-1. On the contrary, 
no degradation is observed in the alkene peaks at 
1647 cm-1 and 1654 cm-1 on aging.  
 
 
 
 
 
 
 
 
 

 
Figure 1. 5% bio-asphalt binder spectra on aging. 

Figure 2 shows the C=O indices of the bio-asphalt 
binders and VG-40. C=O generally increases on ag-
ing, as observed for all the binders. The C=O values 
of 5% bio-asphalt binder are higher than VG-40 and 
decrease with the increase in the bio-condensate per-
centage. The decrease in C=O values is the rejuvena-
tion effect of the bio-asphalt binder. The unsaturated 
ketones, amides, and acids containing C=O decom-
pose on biomodification using gasifier bio-
condensate, leading to occurrence of such effect. 
Similar results were observed for long-term aged 
S=O, as presented in Figure 3. The S=O decomposes 
for the higher bio-condensate percent, i.e., the bio-
condensate reduces S=O formation after STA and 
LTA.  However, an increase in S=O was observed 
with the percent increase in bio-condensate. 

 
 
 
 
 
 
 

 

 

 

Figure 2. C=O index of bio-

asphalt binder. 

 

Figure 3. S=O index of bio-

asphalt binder. 

3.1 Aging Index 

The chemical indices obtained using FTIR were cor-
related with the binder's physical properties. Good 
correlation is observed between the SP and C=O in-
dex after STA. Similarly, good correlation between 
T/F temp and C=O index after STA was seen. Good 
correlation is observed between SI and SP for STA 
samples, but a poor correlation was obtained be-
tween the SI and SP after LTA. This is due to S=O 
decomposition reactions at higher temperatures. Ad-
ditionally, poor correlation between the SI and the 
T/F temp is observed after STA. The R2 value for all 
the correlation analysis is presented in Table 3. In-
consistencies in correlations under different aging 
conditions and between different material properties 
require further investigations. 

Table 3. Correlation values  of the chemical indices with the 

physical properties. 

 STAI LTAI 

CI vs SP 0.94 0.80 

SI vs SP 0.98 0.83 

CI vs PG 0.92 - 

SI vs PG 0.80 - 

3.2 TGA analysis 

Figure 4 represents the TGA decomposition graph of 
the base binder and the bio-asphalt binders. A two-
step decomposition graph was observed for the bio-
asphalt binder whereas, a one-step decomposition 
graph was seen for the base asphalt binder. The mass 
loss observed for all the asphalt binders follows a 
similar reaction path and is found to vary from 85% 
to 88%. The first stage decomposition was observed 
at 116°C for the 5% bio-binder, which decreases to 
110°C for the 20% bio-binder. The decomposition 
for the base asphalt binder was found to be approxi-
mately 239°C for the base asphalt binder. The sec-
ond stage decomposition temperature increased on 
asphalt replacement to 291°C and decreased with the 
bio-condensate replacement percentage to 275°C. 
Similar results were observed with the final decom-
position temperatures at both the decomposition 
stages for all the binders.  

 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Thermogravimetry (TGA) graph 



3.3 AFM analysis 

The AFM images of the base asphalt binder showed 
three distinct phases on the binder surface (refer 
Figure 5). The three phases observed in asphalt 
binder, i.e., catena phase (bee structures), periphase, 
and paraphase can be identified distinctly on the 
base asphalt binder surface. Bee structure agglomer-
ation can be observed for the LTA binders due to the 
increase in the asphaltene structures. In the case of 
the bio-asphalt binders only two phases can be iden-
tified. Also, the bee structures appear to dissolve in 
the periphase. This is due to the increase in the light-
er components in the bio-asphalt binder due to the 
presence of bio-condensate. Also, asphaltene deag-
glomeration occurs in the bio-asphalt binder as the 
periphase and the catanaphase disintegrate due to the 
rejuvenation effect of the bio-asphalt binder.  The 
restoration effect is also indicated by the C=O indi-
ces, which decrease with the increase in replacement 
percentage. Morphologically, the base binder struc-
ture is affected due to the replacement with the gasi-
fier bio-condensate. Further investigations are re-
quired to assess the effect of the morphological 
changes on the binder performance. 
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Figure 5. Morphological images of the binders through AFM. 

4 CONCLUSIONS 

This study investigated the characterization of bio-
condensate replaced asphalt binder chemically using 
FTIR and TGA. Physical properties were measured 
and correlated with the chemical indicators. Also 
imaging studies were performed to investigate the 
morphological changes due to the addition of bio-
condensate. Following conclusions were drawn: 
• The SP reduced by 2°C on replacement up to 20% 

using gasifier bio-condensate. Similarly, the high 
temperature PG reduced by one grade up to 20% 
replacement. 

• The CI and SI aging indices from FTIR showed a 
good correlation with the aging indices of the 
physical properties. 

• Although moisture decomposition is observed in 
the TGA graphs from the bio-condensate replaced 

binders, the thermal stability of all the bio-
condensate replaced binders increased.  

• Removal of moisture occurs from the bio-asphalt 
binders on aging. This was observed from the -
OH values and from TGA graphs. This is due to 
higher -OH compounds in the bio-condensate.  

• The bio-condensate also has a rejuvenation effect, 
decreasing the C=O index. This was observed 
from the bee structure deagglomeration images 
from AFM morphological studies. 

This study establishes the use of condensate from 
gasifier as a potential biobased material for asphalt 
binder replacement. The characterization studies on 
bio-condensate replaced binders up to 20% shows a 
potential for replacement of asphalt binder with the 
pine needle gasifier condensate. Further investiga-
tions on bio-asphalt binder rheology and perfor-
mance evaluation of the bio-condensate replaced as-
phalt mixtures are required to explain the potential 
of gasifier condensate as a sustainable replacement 
of asphalt binders in the future. In addition, the po-
tential for the use of gasifier condensate as a recy-
cling agent for RAP binders can be further explored. 
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