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Abstract 

Herein the biowaste by-product spent coffee grounds (SCGs) from coffee industry were incorporated into asphalt 
binders for performance enhancement. From the analysis of Fourier transform infrared spectroscopy (FTIR), differential 
scanning calorimetry (DSC), dynamic shear rheometer (DSR), and Brookfield viscosity rheometer, it is confirmed that 
SCGs have potential prospects as bio-waste modifiers in the application of sustainable pavements. Results demon-
strated that the modification process was mainly based on physical reinforcement. Compared with that of the neat 
asphalt, the shearing stress-resistant ability and high-temperature performance of the SCGs modified binders with the 
appropriate addition presented a bit of improvement; whereas the binders with 1% and 3% SCGs exhibited remark-
ably enhanced low-temperature stability. However, notable weaknesses of practical performance were shown for the 
binder with excessive content of SCGs, indicating the necessity of proportion selecting before application.
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摘要 

本文将咖啡萃取后得到的固体废弃物咖啡渣(Spent coffee grounds, SCGs)应用于沥青材料改性中，旨在实现
生物基固废材料处理和沥青路面性能提升的双重目的。通过傅里叶红外光谱(FTIR)、差示扫描量热仪(DSC)
、动态剪切流变仪(DSR)和布氏黏度计等技术，证实了咖啡渣在路面材料可持续化发展中具有潜在的应用与
推广前景。试验结果表明，咖啡渣改性过程主要基于物理增强作用；与基质沥青相比，合理掺量的咖啡渣
改性沥青具有理想的高温稳定性和良好的抗永久变形能力；同时1%和3%掺量的咖啡渣引入有利于增强基质
沥青的低温性能。然而，过多咖啡渣的加入可能会对改性沥青的流变性能产生负面影响，这表明改性时应
选择合理掺量的咖啡渣改性剂以满足实际性能提升需求。
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Graphical Abstract

1  Introduction
Coffee has been the second most traded product that 
shows essential impacts on the development of agri-
culture and global economy [1–3]. According to Inter-
national Coffee Organization (ICO), although affected 
by COVID-19, about 10.1 million tons of coffee has 
been consumed from 2019 to 2020, and this data is 
estimated to climb up by 0.3% compared with that of 
2018/2019 [4]. Spent coffee grounds (SCGs) are the 
by-product collected after coffee brewing. Generally 
they are discarded directly as waste for landfills with 
no added value. As one type of organic solid waste, it is 
worth remarking that more potential risks of SCGs are 
exposure to exert toxic influences on the environment, 
which attributes to their higher contents of organic 
chemical compounds—i.e. caffeine, tannins, poly-
phenols—diverse from other waste materials [1, 5, 6]. 
Recently, Shanghai has been confirmed as the metropo-
lis possessing the most number of coffee shops in the 
worldwide [7, 8]. With more than 7000 coffee shops 
located in [9], there is no doubt that a huge amount of 
SCGs is generated in Shanghai everyday. Meanwhile, 
this data even accounts for 6 million tons of SCGs gen-
erated annually worldwide [10], thus contributing to 
serious consideration for waste management.

Lots of efforts have been made to promote the addi-
tional value of SCGs and make rational use of them, 
which can be illustrated with the examples of the purifi-
cation of high-value bioactive compounds [11–14], acti-
vated carbon [15], or as the absorbents for heavy metals 
removal [16], energy fuels [17, 18], and oil extraction 

[19, 20], etc. Regardless of rather fewer SCGs consumed, 
however, a complicated reutilizing procedure leads to an 
increased cost budget, which restricts further application 
on a large scale.

Construction industry in civil engineering and trans-
portation accounts for a huge percentage of carbon 
emissions of the world. More importantly, severe cli-
mate problems imply the urgency of sustainable devel-
opment for construction materials to mitigate global 
warming [21, 22]. For these reasons, the disposal of solid 
waste with less carbon footprint draws more attention in 
both academia and engineering applications. It cannot 
only achieve the adequate utilization of solid waste and 
reduce the environmental repercussions but even have 
certain improvements in performing of the final prod-
ucts [23–26]. In recent reports, SCGs were incorporated 
into cementitious materials and other binding systems 
for building and road constructions. Eliche-Quesada 
et  al. [27, 28] found that the modified clay bricks with 
3% SCGs exhibited acceptable compressive strength and 
better insulating thermal capacity as compared to the 
control samples. Besides, several reports [29, 30] demon-
strated that the thermal conductivities of bricks were in 
obvious decline owing to the remarkably increasing addi-
tion of SCGs, which indicates their promising application 
in thermal behavior regulation as the thermal insulator. 
The increase of SCGs content may also contribute to the 
decreased bulk density; whereas the enlarged porosity 
would also lead to a reduction in compressive strength 
[31], suggesting the importance of appropriate dosage for 
application.
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As for pavement construction, several works of SCGs 
were conducted to determine their potential viability 
in road embankment applications. Arulrajah et  al. [32] 
found that the adoption of SCGs was hard to resist high 
traffic loadings as structural filling materials of embank-
ments, this hence provides the possibility for SCGs to be 
used as non-structural filling materials in road embank-
ments. To cope with the drawbacks, several additional 
efforts proposed to incorporate SCGs into geopolymers 
along with mineral admixtures, including fly ash [33], 
slag and fly ash [34], hydrated lime and Portland cement 
[35], etc., which ensures the enhanced stabilization and 
appropriate mechanical properties as filling materials 
of road subgrade or structural embankment. Asphalt 
is a common composition derived from the petroleum 
refining process which is widely applied to the pavement 
industry; however, barely has the interaction mechanism 
between SCGs and asphalt binder been studied in previ-
ous reports. Owing to the main components of hemicel-
lulose, lignin, amorphous cellulose and oil fraction [36], it 
is expected that the performance of asphalt binders can 
be effectively improved by the incorporation of SCGs. On 
the whole, it is of great value to determine and summa-
rize the immediate impact of SCGs on the physicochemi-
cal and practical properties of asphalt binders.

Herein, we proposed an effective utilization approach 
for biowaste by-product SCGs to achieve the dual pur-
pose of bio-waste management and characterizing prop-
erties enhancement for asphalt binders. As shown in 
Fig. 1, the circular cycle follows a sustainably developing 

process starting from the waste generation to reutilizing, 
and recycling, eventually accomplishing a more envi-
ronmental life cycle of SCGs. For this purpose, thereby, 
SCGs were adopted as the modifier incorporat into 
asphalt binder. Fourier transform infrared spectroscopy 
(FTIR) and scanning electron microscopy (SEM) was 
conducted to clarify the chemical composition variation 
and micro-morphology features of asphalt binder sam-
ples with SCGs. Different dosage was untaken to inves-
tigate the rheological characteristic in terms of dynamic 
shear rheometer (DSR), also the low-temperature sta-
bility of asphalt binders was studied using differential 
scanning calorimetry (DSC) for the asphalt binders. This 
work provides a promising insight into the reutilization 
of organic solid waste in the paving asphalt industry.

2 � Material and methods
2.1 � Materials and preparation
In ths work, asphalt with the 60/80 penetration grade was 
used as the control binder. Spent coffee grounds (SCGs), 
blended from the Asia Pacific and Latin America coffee 
belts, were acquired from a local commercial coffee shop 
freely. Before being used as the asphalt binder modifier, 
they have been oven-dried at 105 °C for 24 h to remove 
the residual evaporated water. Also, the median particle 
size was evaluated by laser particle sizes distribution ana-
lyzer (Fig. 2).

The SCGs modified asphalt binders were fabricated by 
using a high-speed shearing and dispersing and emulsify-
ing machine to attain a homogenous state, of which the 
modifying process can be summed up in Fig. 3. The mod-
ified binders with 1%, 3% and 5% SCGs by the weight of 
asphalt were marked as S1, S3, S5, respectively; while the 
neat control binder was directly listed as NA.

Fig. 1  Schematic diagram of the sustainable life cycle of SCGs from 
generating to reutilizing and recycling

Fig. 2  The median particle size distribution of SCGs
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2.2 � Experimental methods
2.2.1 � Rheology analysis
The rotational viscosity was tested using a Brookfield 
viscosity rheometer (Brookfield, DV2TRVTJ0, USA) to 
investigate the viscosity-temperature characteristics of 
binders from 120 °C ~ 200 °C in this study, with the test 
methods complied with ASTM D4402/D4402M-15. 
In accordance with ASTM D7175–15, furthermore, 
the rheological properties of asphalt binders were 
determined using a dynamic shear rheometer (DSR, 
SmartPave 92, Anton Paar GmbH, Austria) within 
intermediate and high-temperature ranges. The tem-
perature sweep mode of DSR was conducted on all 
asphalt binders from 30 °C to 90 °C with a shearing 
angular frequency of 10 rad/s and a heating rate of 1 °C/
min. The complex shear modulus (G*), phase angle (δ) 
and rutting factor (G*/sinδ) can be obtained to reveal 
the temperature stability of asphalt binders. Mean-
while, the rheological performance was also deter-
mined from the frequency sweep tests using a small 
strain amplitude from 100 Hz to 0.01 Hz at a constant 
temperature of 35 °C, of which the results illustrate the 
undamaged stiffness of binders within the linear vis-
coelastic (LVE) region.

The multiple stress creep recovery (MSCR) test is one 
of the most effective approaches to evaluate the rutting 
resistance properties of asphalt binders using DSR instru-
ments. In accordance with AASHTO T 350–14, Two 
creep stress levels (0.1 kPa and 3.2 kPa) were applied to 
the binder specimens for 1 s, then followed by a recovery 
duration of 9 s. The loading recovery procedure would be 
repeated for 10 times in each stress level at a temperature 
of 64 °C. In addition, two parameters of non-recoverable 
compliance (Jnr) values and recovery (R) values were cal-
culated and analyzed to evaluate the permanent defor-
mation resistance and delayed elastic behavior of binders 
respectively.

2.2.2 � Characterization
The chemical structure and functional groups of asphalt 
binder samples and SCGs were characterized by Attenu-
ated Total Reflection Fourier transform infrared spectros-
copy (ATR-FTIR, Thermo Scientific Nicolet iS5, USA) 
with the scanning rate of 4000 cm− 1 to 500 cm− 1. In order 
to investigate the thermal behavior and low-temperature 
stability of asphalt binders, differential scanning calorime-
try analysis (DSC 2500, TA instruments, USA) was meas-
ured from − 50 °C to 150 °C with a scanning rate of 10 °C/
min under the nitrogen atmosphere, where the glass tran-
sition temperature (Tg) and endothermic enthalpy (△cp) 
can be obtained from the analysis curves. It is mentioned 
that the thermal history of different samples has been 
eliminated before testing. Otherwise, a scanning electron 
microscope (SEM, ZEISS Gemini 300, Germany) has been 
conducted in the secondary electron mode to observe the 
microstructure and surface morphology features of tested 
modified binders along with SCGs (gold-sprayed) with an 
accelerated voltage of 15 kV.

3 � Results and discussion
3.1 � Chemical structure
FTIR analysis was carried out to illustrate the chemi-
cal structure of asphalt binders and SCGs, which is 
presented in Fig.  4. The identified chemical functional 
groups of SCGs are shown in Fig. 4(a). Specifically, char-
acteristic peaks observed at 2925 cm− 1 and 2854 cm− 1 
can be attributed to asymmetric and symmetric stretch-
ing of C–H in –CH3 and –CH2 groups of caffeine mol-
ecule, respectively. Meanwhile, the characteristic peaks 
at 1460 cm− 1, 1379 cm− 1 and 811 cm− 1 can be attributed 
to the β-linkage of cellulose [37]. Furthermore, the char-
acteristic peak at 1747 cm− 1 corresponds to the –C=O 
stretching vibration of O=C–O from aliphatic ester or tri-
glycerides [38]. The vibration band at 1510 cm− 1 is related 
to C=C stretching of the aromatic ring in lignin or lipids, 

Fig. 3  Schematic diagram of the preparation process of SCGs modified asphalt
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whereas the peaks at 1064 cm− 1 and 1245 cm− 1 are cor-
responding to the C–O stretching vibrations from mono-
saccharides as well as diverse acids molecules, including 
chlorogenic acid, caffeic acid and coumaric acid [39].

Almost no difference can be found from Fig. 4(a) when 
comparing the function groups of NA binder along with 
the modified asphalt binders, since the rather low dosage 
level is not enough to initiate an evident transformation 
in FTIR results. Indeed, all the characteristic peaks of 
NA binder are exhibited in the modified samples, where 
the bands at ~ 2920 cm− 1 and ~ 2852 cm− 1 are assigned 
to asymmetric and symmetric stretching of C–H. The 
vibrations at ~ 1601 cm− 1 (C=C stretching vibration of 
aromatic ring), 1457 cm− 1 (−CH2 scissoring vibration), 
and 1374 cm− 1 (−CH3 in-plane bending vibration) can 
also be identified when compared with the control sam-
ple. This finding presents an indication that the modify-
ing process mainly results from physical effects.

To further determine the variation of chemical bonds 
after being modified by SCGs, the characteristic absorb-
ance spectra are presented in Fig. 4(b) from 1250 cm− 1 to 
1900 cm− 1 and Fig. 4(c) from 1700 cm− 1 to 1800 cm− 1. In 
contrast with NA binder, it can be noticed that the car-
bonyl absorption peak at 1747 cm− 1 (originated from –
C=O stretching vibration) is simultaneously improved 
as the dosage of SCGs increases. This can be attributed 
to the chemical interaction between the neat asphalt and 
chemical compounds in SCGs, primarily including ali-
phatic ester or triglycerides.

3.2 � Rotational viscosity‑temperature characteristics
The viscosity-temperature relationship is an important 
indicator to evaluate the high-temperature performance 
of asphalt binders. Figure  5(a) demonstrates the results 
of Brookfield rotational viscosity-temperature curves 
under the range of 120 °C ~ 200 °C. It is evident that the 

Fig. 4  FTIR results of modified asphalt binders, NA neat binder and SCGs, a wavenumber from 4000 cm− 1 ~ 500 cm− 1; b specific wavenumber 
range from 1250 cm− 1 ~ 1900 cm− 1; (c) specific wavenumber range from 1700 cm− 1 ~ 1800 cm− 1

Fig. 5  Rotational viscosity-temperature characteristics of the asphalt, a viscosity-temperature chart under the range of 120 °C ~ 200 °C; b fitted 
curves based on the Saal model
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incorporation of SCGs contributes to the increased vis-
cosity, and the rotational viscosity of SCGs modified bind-
ers met the requirement of workability and mixability in 
operation complied with ASTM D6373, which should 
be no more than 3000 mPa·s at a temperature of 135 °C. 
Among this temperature range, the asphalt binders with 
1% and 3% SCGs exhibit higher rotational viscosity com-
pared to others. This is because the stiffening of binder 
increased with the addition of SCGs, thereby illustrating 
the modified binders display enhanced high-temperature 
stability and viscosity-temperature performance by the 
incorporation of SCGs. Nevertheless, the improved viscos-
ity-temperature characteristic is restricted by the increas-
ing addition, although the modified binder with 5% SCGs 
shows slightly higher viscosity than the control (NA). This 
could be explained by the fact that although SCGs are able 
to enhance the rotational viscosity of modified binders, 
the increased organic compounds (i.e. the oil fractions) 
of SCGs mainly dominate the binder easy to flow, thus 
the rotational viscosity of 5% SCGs modified asphalt is 
reduced as the dose increases.

The Saal model from ASTM-D2493/D2493M-16 has 
also been adopted to analyze the viscosity-temperature 
characteristic of different binders, which is listed in the 
following Eq. (1).

Where η represents the viscosity of asphalt binder 
(mPa·s), and T is the tested temperature (K). m and n is 
the regression coefficient, where m stands for the regres-
sion intercept and n represents the regression slop, 
respectively.
m and n values obtained from regression analysis are 

presented in Fig.  5(b). m value is an important param-
eter to evaluate the viscosity-temperature susceptibility 

(1)lglg(η) = n−mlgT

of binders. It can be observed from Fig. 5(b) that the vis-
cosity-temperature susceptibility parameter m decreases 
from 3.415 for the neat binder to 3.357, 3.396, 3.277, for 
S1, S3, S5, respectively. The decreased m value contrib-
utes to lower temperature sensitivity [40]. The results 
demonstrated that the SCG modifier has an optimal 
impact on the reduction of viscosity-temperature sus-
ceptibility, and the m value of binder decreases with the 
increased content of SCGs, which indicated that the 
adoption of SCGs enhanced the temperature stability of 
asphalt binder.

3.3 � Undamaged stiffness properties
The frequency sweep curves of complex shear modu-
lus (G*) and phase angle (δ) for the SCGs modified 
binders together with the neat binder were determined 
in Fig. 6 (a) and (b) . It can be noticed that the adoption 
of 1% and 3% SCGs contributes to an shift of complex 
shear modulus values across all frequencies compared 
to the control binder, which indicates that the undam-
aged stiffness of modified binders has been improved. 
Furthermore, the binder with 3% SCGs exhibits the 
highest G* values at low frequencies, confirming 
that SCGs are effective as the modifier in improving 
the shearing stress-resistant ability of asphalt bind-
ers. However, such increment of G* values will not be 
strengthened further along with the increased dos-
age of SCGs. The binder with 5% SCGs shows slightly 
lower complex modulus than that of the control. This 
is due to the fact that the agglomeration of excessive 
SCGs offsets the improved stiffness of modified bind-
ers. From the frequency sweep results of phase angle 
demonstrated in Fig. 6, the δ values of modified bind-
ers are reduced in comparison with the control sample 
across all frequencies, since the incorporation of SCGs 

Fig. 6  The frequency sweep results of SCGs modified binders and NA binder, a complex shear modulus; b phase angle
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increased the elastic recovery performance of binders. 
As a type of reinforced and porous solid waste (shown 
in Fig.  7), SCGs are able to absorb oil and resin from 
asphalt, thus the proportion of elastic components 
has relatively increased with the fluidity of binders 
decreased, which leads to the decline of phase angle. 
Besides, it is worth mentioning that scarcely does the 
increasing content of SCGs in binders influence the 
variation of the phase angle values, whereas 1% and 
3% SCG-incorporated binders still present lower δ val-
ues among the binders with different addition of SCGs 
modified than the control sample. Also, the outcomes 
from the frequency sweep curves are coherent with the 
results achieved from the rotational viscosity and rut-
ting factors.

3.4 � High‑temperature performance
Complex shear modulus (G*) and phase angle (δ) were 
summarized by using DSR with the temperature rang-
ing from 30 °C to 90 °C. The temperature sweep results 
of SCGs modified binders and NA binder are presented 
in Fig.  8(a); meanwhile, the rutting factors (G*/sinδ), 
which implies the high-temperature rutting resistance 
of specimens, are also shown in Fig. 8(b). From Fig. 8(a), 
the complex shear moduli of binders exhibit a declining 
trend with the sweeping temperature rising, while the 
phase angle (Fig. 8(a)) increases owing to the decreased 
elasticity and increased viscosity of asphalt binder. After 
being incorporated by SCGs, the complex shear moduli 
of binders are slightly increased, while the phase angles 
are in decline compared with the neat binder, which illus-
trates their better responses to the applied force. The 
results also indicate that the SCGs modified binders have 

the enhanced ability to resist high-temperature shear-
ing stress. Nonetheless, it is remarkably to mention that 
this increased resistance to shearing stress is rather lim-
ited. The rutting factors of binders were calculated and 
shown in Fig.  8(b). Compared with the neat binder, the 
modified binders exhibit a bit higher G*/sinδ values at the 
same temperature, but these changes can be negligible. It 
implies that the adoption of SCGs almost has no differ-
ence in the rutting resistance of asphalt binders, except 
for the binders with 1% SCGs exhibiting relatively better 
performance. This enhancement can be attributed to the 
increased modulus and lower phase angle of the modi-
fied asphalt binders. With SCGs modified, the viscous 
components in asphalt are decreased and the light com-
ponents are inclined to absorb into the porous SCG par-
ticles (Fig. 9), which has been discussed in the following 
Sections 3.6 and 3.7.

3.5 � Creep and recovery behavior
The creep and recovery behavior of asphalt binders 
investigated by the MSCR test is also essential to dem-
onstrate the permanent deformation resistance under 
high-temperature performance. The time-strain curves 
of MSCR results are shown in Fig.  10(a) and (b) at two 
creep-recovery stress levels of 0.1 kPa and 3.2 kPa respec-
tively. It can be seen that the accumulated strains of mod-
ified asphalt binders are remarkably reduced owing to 
the incorporation of SCGs at both loading levels, among 
which the binder with 1% SCGs exhibits the lowest accu-
mulated strains, and then followed by 3% and 5%. This 
provides a strong indication that SCGs addition is benefi-
cial to improve the permanent deformation resistance of 
binders, in that the adoption of SCGs works by effectively 

Fig. 7  False-color SEM images of SCGs (SCGs particles were colored with blue)
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increasing the viscosity of binder, which complies with 
our discussion above. Fig.  10(a) and (b) also illustrate 
that a dose of 1% can be considered as the optimal incor-
porated content of SCGs, whereas the improvement of 
shear strain responses will be restricted or even weak-
ened as the dosage rises to 3% or 5%.

Two parameters from MSCR tests, non-recoverable 
compliance (Jnr) values and recovery (R) values are pre-
sented in Fig.  10(c) and (d) at different loading levels 
respectively. Jnr is considered as the predominant param-
eter to evaluate the rutting performance of asphalt bind-
ers. From the results shown in Fig. 10(c), the adoption of 
SCGs modified generally leads to the lower Jnr(0.1) and 

Jnr(3.2) values compared to the neat binder, demonstrat-
ing the rutting resistance has been greatly improved. 
Besides, the binder with 1% SCGs exhibits the best rut-
ting resistance, since the values of Jnr(0.1) and Jnr(3.2) 
exhibit  22.7% and 22.5% lower than that of the neat 
binder. The result indicates that 1% SCGs modified 
binder was expected to have the best resistance to defor-
mation. Nevertheless, this enhancement is offset by the 
increase in SCGs content as well. The increasing SCGs 
modifier percentage of 3% or 5% is found to induce a 
lower rutting potential for binders than that of the 1% 
SCGs modified binder, though the modified binders still 
present higher rutting performance than the control. 

Fig. 8  The temperature sweep results of SCGs modified binders and NA binder, (a) complex shear modulus and phase angle; (b) the rutting factors 
(G*/sinδ) of SCGs modified binders and NA binder

Fig. 9  False-color SEM images of tested asphalt binders (the neat binders with 60/80 penetration grade were colored with green; SCGs particles 
were colored with blue), (a) ~ (b) the modified binder with 1% SCGs; (c) ~ (d) the modified binder with 3% SCGs; (e) the modified binder with 5% 
SCGs; (f) the neat asphalt binder
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This is mainly due to the oil fractions in SCGs weaken 
the physical reinforcement of SCGs modification. The 
increased organic groups of modified binders can be veri-
fied from the FT-IR results (as shown in Fig. 4) as com-
pared to that of the control.

Figure  10(d) displays the R(3.2) values of different 
asphalt binders, which is typically used to distinguish 
the delayed elastic behavior of binder. After modified by 
SCGs, the binders exhibit higher R(3.2) values than that 
of the neat binder during the process of creep-recovery 
loading sequences; meanwhile, the binder with 1% SCGs 
ranks the highest R(3.2) value, which has increased by 
140% than the control; then followed by the binders with 
3% SCGs and 5% SCGs, which has increased by 80% and 
60%, respectively. It remarks that this increment of R(3.2) 
values is mainly attributed to the improved elasticity of 
binders. With the addition of SCGs, the contents of light 
components have been reduced and the colloid structure 
of asphalt binder becomes more stable, thus improv-
ing the elasticity of binders. Meanwhile, the appropri-
ate addition of SCGs (1%) is regarded as the effective 

condition to promote the recovery performance of 
asphalt binders. Owing to the agglomeration of excessive 
SCGs, 3% ~ 5% SCGs content exterts a negative restric-
tion on the improvement of R(3.2) value. The reason was 
that the agglomeration of SCGs may exert passive effects 
on the creep and recovery responses of asphalt binder. 
But it is worth mentioning that the resistance to defor-
mation and the recoverability of modified binders are still 
better as compared to the neat asphalt, illustrating the 
effectiveness of SCGs modification.

3.6 � Low‑temperature thermal stability
DSC was performed to investigate the temperature 
dependent-behavior of the different binders and the 
results are summarized in Fig.  11(a) and (b). From 
Fig. 11(b), the incorporation of SCGs contributes to the 
continuous reduction of the glass transition temperature 
(Tg) values at low temperature for the asphalt binders as 
the percentage increases from 1% to 3%; whereas the Tg 
value increases from − 21.52 °C to − 18.13 °C when the 
dosage comes up to 5%. This is because the addition of 

Fig. 10  The time-strain curves of MSCR results for SCGs modified binders and NA binder at different stress levels, (a) 0.1 kPa; (b) 3.2 kPa; (c) the 
non-recoverable compliance (Jnr) values at 0.1 kPa and 3.2 kPa; (d) the recovery (R) values at 3.2 kPa
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SCGs leads to the increased viscoelasticity to elasticity in 
the modified asphalt binders, which can be supported by 
the results obtained from the previous rheology analy-
sis. Besides, the addition of SCGs at an optimal dosage 
is more effective to decelerate the phase change of neat 
binders, thus reducing the vitrification transforma-
tion; moreover, it is worth mentioning that the binder 
with 3% SCGs exhibits the lowest Tg value, of which the 
low-temperature stability has been evidently improved. 
Consistent with our discussion above, the decline of 
phase transition temperature at low temperature can be 
observed with the adoption of overdosing modifier.

The thermal transition energy values from DSC curves 
characterizes the agglomeration state of materials. Typi-
cally a lower endothermic enthalpy (△cp) value repre-
sents higher thermal stability. As shown in Fig. 11(b), the 
△cp values determined from the process of glass transi-
tion are generally considered as the prime parameter 
to evaluate the thermal behavior of asphalt molecules. 
Similar to the discussion above of Tg, the △cp values at 
low temperature of modified binders are decreased with 
the increased content of SCGs from 1% to 3%, which 
indicates they become more stable with SCGs modi-
fied. Asphalt binder frequently presents a weak con-
nection between molecules due to the low molecular 
weight (no more than 6000 in general) [41]. The porous 
structure of SCGs (Fig.  7) can absorb more light com-
ponents in asphalt and the movements of molecules 
can be effectively restricted with the incorporation of 
SCGs, indicating positive effects on enhanced low-tem-
perature stability. Meanwhile, it can also be detected 
from Fig.  11(b) that the modified binders possess ideal 
low-temperature stability with the percentage of SCGs 
no more than 3%, especially for a dosage of 3%, which is 
33.5% lower than that of the control. Notwithstanding, 

the low-temperature stability of the binder with 5% SCGs 
is inferior to the control with regard to the reduced △cp 
value for modified binders. This can be attributed to the 
increased amount of the isolated pores in SCGs when the 
dosage of SCGs is up to 5% (as discussed in Section 3.7), 
thus leading to the degradation of low-temperature 
stability.

3.7 � Micro‑morphology and structure
Figs.  7 and 9 present the micro-morphology of SCGs 
and the tested binders from SEM images respectively. 
For better visual presentation, false-colored SEM images 
have been adopted to differentiate SCGs and asphalt 
binders. It can be clearly noticed from Fig. 7(a)–(d) that 
SCGs exhibit the corrugated and porous surface with 
irregular shapes as a result of extraction, thus they pro-
vide the enclosing space as the reinforcement modifier 
for accommodating asphalt binder through the high-
speed shearing process. Additionally, the SEM images 
of modified binders along with the control are shown in 
Fig. 9(a)–(e). The distribution of SCGs in S1 is shown in 
Fig. 9(a), and it can be observed from Fig. 9(a)–(b) that 
SCGs are successfully immersed into the asphalt bind-
ers compared with the control sample shown in Fig. 9(f ). 
With the incorporation of SCGs, the light components in 
asphalt are more inclined to absorb into SCGs in terms 
of their porous structure, leading to improved stability 
and elasticity for asphalt binders. Meanwhile, the rough 
and jagged surface of SCGs can be afforded for enhanced 
interfacial compatibility between SCGs particles and 
binders. The cross-sections of SCGs in modified asphalt 
binders are presented in Fig. 9(c) and Fig. 9(e); also, the 
details about the cross-section of SCGs in S3 are dis-
played in Fig. 9(d). As the reinforcement phase, SCG par-
ticles exhibit corrugated and crude fiber-like structure, 

Fig. 11  Low-temperature performance of tested binders performed by DSC analysis, a DSC curves; b the glass transition temperature (Tg) and the 
endothermic enthalpy (△cp) for SCGs modified binders and NA binder from DSC curves
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which provides the possibility to enhance rheological, 
mechanical and physical properties. Beneficial from the 
improved bonding and mechanical strength, the modi-
fied binders have better performance to resist deforma-
tion as discussed above. However, this phenomenon does 
not last until the continuity of binders has been evidently 
blocked or even wrecked with the excessive addition of 
SCGs. The increased isolated pores within SCG particles 
exert negative effects when they are not filled with the 
binder, and thus offset the reinforcement from the modi-
fication of SCGs. These micro-morphology features can 
be reasonably excused for the degradation of enhanced 
properties as the discussion above.

4 � Cost analysis
The cost analysis has been an important segment for 
the circular economy and cleaner production during the 
cycle of solid waste utilization. A simple calculation has 
been investigated to assess the related cost for the pro-
duced asphalt with the increased SCGs content rang-
ing from 0% to 3%, and the results were summarized in 
Fig.  12. According to the data from Martins, et  al. [42], 
the unit price of materials and operations for producing 
asphalt binder costs about 704 USD($) per ton(t), which 
is the major expense in the operation of asphalt mix-
ture. With the incorporation of 1% ~ 3% SCGs, the net 
unit price of modified asphalt per ton can be reduced by 
7.04 $/t ~ 21.12 $/t. However, it is difficult to determine 
the actual viable costs of the collection, transport, and 
processing of SCGs; also, there still exists a gap in han-
dling SCGs for commercial and industrial promotion by 
commercial organizations. In this work, a possible solu-
tion for the cost analysis proposed by Saberian et al. [39] 
was adopted to estimate the associated expenses of solid 
waste materials with their collection, transport and pro-
cessing, which was determined as 35 $/t in accordance 
with Sustainability Victoria [43]. After excluding the extra 

cost from the collection, transport, and processing, the 
modification of 1% ~ 3% SCGs in asphalt binder results 
in a cost saving of 6.69 $/t ~ 20.60 $/t hereby. Moreover, 
it can be expected that the pavements newly constructed 
would reach 25 million kilometers by 2050 worldwide 
[44, 45]. Plus about 5485.3 million tons of asphalt were 
produced in 32 countries from 2008 to 2015 [46, 47], and 
the price of asphalt continues to increase [42, 48]. Ergo, 
SCGs modified asphalt is of great expectation to achieve 
the cost-effective utilization of solid waste with the aug-
mented financial saving, and the logistics and transporta-
tion costs are almost negligible as compared to the cost 
saving.

5 � Conclusion and remarks
In this work, SCGs were adopted as a cost-effective 
modifying filler to achieve dual objectives, including 
sustainable management of bio-waste residual and tar-
geted enhancement of asphalt binders. The results dem-
onstrated the modification process was mainly based on 
physical reinforcing between asphalt binders and SCGs. 
SEM images showed that SCGs filler has been suffi-
ciently immersed into the neat asphalt binders. With 
the appropriate addition of SCGs, moreover, the modi-
fied binders exhibit better low-temperature stability and 
improved high-temperature performance as compared to 
the control. The incorporation of SCGs contributes to the 
reduced Tg and △cp values with percentages of 1% and 
3%, which accordingly improves the low-temperature sta-
bility of binders. It is indicated that the light components 
in asphalt are more inclined to absorb into SCGs in terms 
of their porous structure.

However, the excessively increasing content of SCGs 
exerts negative effects on the practical properties of 
asphalt binders, which is caused by the agglomeration 
of excessive SCGs in the asphalt. Besides, the increased 
isolated pores in SCGs that are not filled with asphalt 
exhibit adverse effects on the properties of asphalt as 
well. Hence, there still requires necessary selection for 
content before applied.

This study aims to provide a sustainable, facile but 
effective approach for the utilization of bio-waste resid-
ual from the coffee industry. It is remarkable to con-
clude that SCGs have potential prospects as a modifier 
in sustainable pavements, meanwhile, the increasingly 
huge amount of pavement construction has thoroughly 
created such marketing possibilities for their large-scale 
application. In addition, more efforts should be made 
for the research on how the particle sizes and impurities 
mixing of SCGs affect the performance of asphalt. Also, 
the applied effects and long-term performance of asphalt 
mixture should be considered in the further investiga-
tion. It is noteworthy that the cost of pretreatments and Fig. 12  Material-related costs of SCGs modified asphalt
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reutilizing approaches still needs to be comprehensively 
estimated during the life cycle of SCGs for future study 
as well.
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