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A B S T R A C T

A novel nitrated asphaltene-derived adsorbent (Asf-Nitro) was prepared using facile isolation and modification
procedures. The successful modification was confirmed by Fourier-transform infrared spectroscopy (FTIR). The
nitrated adsorbent was evaluated in terms of dispersive and specific interactions, Lewis acid-base properties and
adsorption isotherms by means of inverse gas chromatography (IGC). Nitration was found to be extremely ef-
fective in enhancing adsorption properties of asphaltenes towards variety of chemical compounds. Asf-Nitro ad-
sorbent exhibits superior dispersive interactions (197.50±1.12mJm−2 at 423K), as compared to unmodified
asphaltenes, which are comparable with activated carbons, zeolites or alumina. Examination of the specific in-
teractions revealed a shift from basic to acidic character of the surface, what will be beneficial for adsorption
of alkaline gases. Additionally, adsorption isotherms revealed that developed surface properties of the Asf-Nitro
results in more than doubled monolayer adsorption capacity. Obtained results demonstrates the applicability of
the asphaltene-derived materials in adsorption processes as highly effective and low cost adsorbents. This studies
revealed a highly effective adsorption of environmentally important VOCs, e.g. n-butanol (odorous compound),
trichloromethane (chlorinated hydrocarbon) and benzene (carcinogenic).

1. Introduction

Volatile organic compounds (VOCs) are a large group of organic
chemical compounds having vapor pressure of at least 0.01kPa at stan-
dard conditions [1]. They are present as gaseous airborne chemicals and
as chemicals adsorbed on solids (indoor surfaces, airborne particular
matter) [2,3]. The effects of some groups of VOCs on human health as
well as ecosystems [4] relate to number of acute or chronic hazards e.g.:
cancer, allergies, respiratory and immune effects, central nervous sys-
tems dysfunctions, formation of tropospheric ozone and photochemical
smog [5–7].

Apart from increased health risk and ecosystems deterioration, VOCs
can be problematic even if their toxicity is not confirmed. Odorous com-
pounds emitted from industries and landfills can decrease the quality of
life and pose a problem for a company’s image, since odors are com-
monly perceived as an indicator of harmful and toxic activity

[8,9]. This issue is gaining particular importance due to development of
both industrial and residential areas [10,11].

The issue of VOCs emission from anthropogenic sources is acknowl-
edged and demand for VOCs emission control is increasing an enforce-
ment of environmental legislations, e.g. European Union obliged mem-
ber states to cut the emission of VOCs by 40% till 2030 [12]. Develop-
ment of separation techniques is a part of remedial measures to reduce
emission of VOCs.

Among the available technologies for removal of VOCs, adsorp-
tion-based processes proved their usefulness and effectiveness in purifi-
cation and separation of gaseous streams [13,14]. Since the key para-
meter in adsorption processes is a type of adsorbent, the main develop-
ments in this field are focused on new adsorbents [15]. To replace com-
monly used activated carbon, zeolites, silica or polymers, new adsorbent
must exhibit unique adsorption properties or/and its application must
be economically feasible. Three main trends in the research on new ad-
sorbents can be observed:
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(1) synthesis of new types of adsorbents e.g. carbon nanotubes,
graphene [16], molecular organic frameworks [17],

(2) development of low-cost activated carbon prepared from waste ma-
terials [18–20]

(3) direct application of natural materials as bio-adsorbents [21,22]

An interesting alternative for traditional sorbents can be asphaltenes.
They are carbonaceous material with high C:H ratio of about 1–1.2 and
the most aromatic fraction of the crude oil and the heaviest products
of its processing, quantitatively remaining in residue from vacuum dis-
tillation. Asphaltenes are numerous group of polycyclic aromatic hy-
drocarbons (PACs) defined on the basis of solubility - as a fraction in-
soluble in n-alkanes and soluble in toluene or benzene. They are com-
prised of 4–10 fused aromatic rings, peripherally attached alkyl chains
and polar functional groups, with tendency to stacking and formation of
graphite-like structure. Besides carbon and hydrogen, heteroatoms such
as oxygen, sulfur, nitrogen and trace amount of metals can be found in
their backbone [23–28].

Asphaltenes structure i.e. aromatic ring, alkyl chains, polar func-
tional groups (carboxylic, phenol, pyridine) is a source of a vast variety
of interactions e.g. van der Waals, coulombic, hydrogen bonding and π-π
stacking [29].

In petroleum industry uncontrolled asphaltene precipitation is a
source of severe technological issues during crude oil processing eg.
well-bore and pipeline clogging, catalyst deactivation, fouling, coke
and emulsion formation [30,31]. The only practical application of as-
phaltenes is production of bitumen and bitumen mixtures. In petroleum
industry there is significant interest in separating asphaltene fraction
from process streams. Due to this reasons, asphaltenes can be treated as
a undesired by product or waste.

Recently it was shown that asphaltenes can be applied as sorbents in
separation techniques, due to their unique selectivity and thermal stabil-
ity [32] and simplified isolation procedure of asphaltenes using residue
from vacuum distillation of crude oil was proposed [33]. Their applica-
tion as sorbents would lead to valorization of the by-product, reduction
of the costs and would enhance company’s competitiveness.

Modification of the surface chemistry can be a feasible direction to-
ward novel applications [34]. Surface modifications that can improve
or extend adsorption properties of adsorbents are widely investigated
[34–39]. Heteroatoms present on a surface of an adsorbent affects the
adsorption capacity and selectivity. In the literature studies on the sul-
fonation [39], amination [38], methylation [37], nitration [36], ammo-
nia [35] or ozone treatment effects on the adsorption properties can be
found. The diverse structure of asphaltene molecules make them espe-
cially prone to chemical modifications, thus opening many routes to-
ward tuning their properties for particular adsorption applications [34].

The objective of this study was to evaluate the possibility of utiliz-
ing asphaltene fraction in adsorption-based processes. To enhance the
surface and adsorption properties of the asphaltene fraction, its proper-
ties were tuned by a chemical modification. To evaluate the effect of the
chemical modification on the performance of the asphaltene-based sor-
bents in adsorption processes, inverse gas chromatography (IGC) tech-
nique was used. It is a variant of gas chromatography in which a ma-
terial to be investigated is placed inside a column and characterized
by monitoring of the retention of probe molecules with known prop-
erties under dynamic conditions. IGC measurements can be carried out
at infinite dilution and finite concentration. At infinite dilution adsor-
bate-adsorbent interactions are the leading cause of adsorption effects
and the retention data can be converted into e.g. dispersive and specific
components of the free energy of adsorption. At finite concentration,
for example, adsorption isotherms can be obtained. Among test probes
were environmentally important VOCs, e.g. n-butanol (odorous com

pound), trichloromethane (chlorinated hydrocarbon) and benzene (car-
cinogenic).

2. Experimental

Informations about the origin of bitumen samples and the asphaltene
isolation method and purity control procedure can be found in Text S1.

2.1. Chemical modification (nitration) of the asphaltene fraction

Nitrated asphaltenes were modified as follows: HNO3 (65%, 6.4cm3,
91mmol) was added to a stirred solution of asphaltene (1.59g) in
CH2Cl2 (50ml). The mixture was refluxed and stirred for 16h. After
this time, solvent was removed under reduced pressure (ca. 10mmHg).
Residue was suspended in methanol (50ml) and filtered off. The precipi-
tate was washed with methanol (20ml) and dried under vacuum at 80 °C
for 8h. Successful modification was confirmed by the Fourier-transform
infrared spectroscopy (FTIR). Details of the FTIR analysis procedure are
described in Text S2.

2.2. Adsorbent preparation

Asphaltene-derived adsorbents (raw asphaltenes – Asf and nitrated
asphaltenes – Asf-Nitro) were prepared by coating the Chromosorb W
AW DMCS 80/100 mesh (Johns-Manville, USA) with asphaltenes (ad-
sorbent). Chromosorb W (further denoted as Ch-W) is a hydropho-
bic support with large irregular pores and has BET surface area of
0.6–1.3m2 g−1. Textural properties (i.e. low surface area values, absence
of micropores) of the support ensures that only surface’s characteris-
tic influences the adsorption experiments. Moreover it eliminates issues
with diffusion into pores and on a surface of an adsorbent.

Detailed description of the coating procedure can be found in [32].
The content of the adsorbent on the support was 10% by mass. It is
worth to mention that during the immobilization of asphaltenes on the
Ch-W a total coverage is obtained, thus support characteristics in terms
of molecular interactions with solutes is negligible.

2.3. Inverse gas chromatography measurements

IGC measurements were carried out using Clarus 500 gas chromato-
graph equipped with flame ionization detector (Perkin Elmer, USA).
Preliminary studies revealed that sorption properties of asphaltenes
strongly depend on the temperature and that there is nonlinear change
in asphaltene’s surface properties at about 453K. To observe that
change in detail, measurements were carried out in the 423–473K tem-
perature range with 5K increments. Since retention on Ch-W was insuf-
ficient at that temperatures, it was lowered to the 313–333K range with
5K increments. Temperature of both the injection port and the detector
were 573K. The carrier gas was nitrogen (N5.0, Linde Gas, Poland) and
a flow rate of 20mlmin−1 was used. The FID detector was supplied by
N5.5 hydrogen from the PGXH2 500 generator (Perkin Elmer, USA) and
air from the GC 3000 zero air generator (Perkin Elmer, USA).

To perform IGC experiments at infinite dilution (near zero surface
coverage), when adsorption is described by Henry’s law, repeatedly
smaller samples of vapors from the headspace of the probe compounds
were injected by a gas-tight syringe into the GC injector operated in
splitless mode. Each probe was injected separately. Retention time was
calculated from the peak maximum when there was no change in re-
tention time for three consequent injections. To determine dead (void)
time, methane was used as a non-interacting, with a stationary phase,
compound at conditions used in this study. Test probes used in IGC ex-
periments are listed in Table S1. n-Alkanes were used as standard com
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pounds to evaluate dispersive interactions. Selected polar test probes
represents various chemical groups of compounds with different chemi-
cal and physical properties. It allows to precisely characterize surface’s
adsorption properties.

Main parameter calculated in IGC experiments is the net reten-
tion volume [40] or specific retention volume (per gram of adsorbent)
[41–43]. Here it was calculated according to Eq. (1):

(1)

where tR (min) is the retention time of given probe, t0 (min) is the void
time measured with a non–interacting probe (methane), F (mLmin−1)
is the flow rate measured at the temperature of experiment, j (–) is the
James-Martin correction factor taking into account the compressibility
of the gas [44] and m (g) is the mas of the adsorbent coated onto sup-
port.

Based on VN value, the molar free energy of adsorption ΔGA (Jmol−1)
can be calculated by Eq. (2):

(2)

where R (J K−1 mol−1) is the gas constant, T (K) is the absolute temper-
ature and C is a constant.

The differential heat of adsorption ΔHA (Jmol−1) and the standard
entropy of adsorption ΔSA (Jmol−1) can be derived from the well-known
van’t Hoff equation.

The free surface energy of a solid is a sum of dispersive ( and
specific components ( ). For non-polar probes, such as alkanes, only
dispersive interactions occurs with the surface of the solid. Hence, the
value of can be obtained from the ΔGA values calculated for the series
of n-alkanes [45]. To obtain the value of the , the Dorris-Gray method
was used [46] in which it is calculated from Eq. (3). Fig. S1 summarize
the method of determination.

(3)

where N is the Avogadro’s number (mol−1), ΔGCH2 (Jmol−1) is the free
energy of adsorption per methylene group. It can be obtained from the
slope of the ΔGA versus the number of carbon atoms in the n-alkane
molecule. aCH2 (m2) is the surface area of methylene group. In this work
the most common value of 6Å2 was used, although other values can be
found in the literature [45]. γCH2 (Jmol−1) is the surface energy of the
polyethylene-type polymer with finite molecular weight and is calcu-
lated according to Eq. (4) [45]:

(4)

By injecting polar probes into the column, specific interactions be-
tween polar probes and an adsorbent can be observed. Extent of that
interactions can be measured with different methods [45] all based on
the same assumption that:

(5)

where (Jmol−1) refers to specific interactions (the specific free en-
ergy of adsorption) of a polar molecule adsorbed on a solid.

Specific free energies of adsorption were calculated using Papirer’s
method [47,48]. Plotting values of ΔGA for series of n-alkanes against
the logarithm of the vapor pressure (P0) of the probe at the experimen-
tal temperature, will result in a straight line. can be calculated as

a difference between ΔGA obtained for the polar probe and ΔGA of a
hypothetical alkane with the same vapor pressure. The principle of the
measurement is presented in Fig. S2. The advantage of the Papirer’s
method are easily accessible P0 values for test probes in wide tempera-
ture ranges.

Knowing the extent of the specific interactions, the acidic (elec-
tronacceptor) and basic (electrondonor) properties of a solid can be de-
termined. Calculations of specific interactions revealed nonlinear depen-
dence of versus 1/T (R2 =0.7–0.95), thus could not be
determined, at least without enormous uncertainty. It prevent usage of
donor (DN) and acceptor (AN) numbers that are commonly used to as-
sess acidic and basic properties of a solid, when specific interactions
varies linearly with temperature. Instead, Good and van Oss equation
[49] was used to obtain the acidic ( ) and basic ( ) parameters of
the asphaltene adsorbents. Based on the values of aforementioned para-
meters, the specific component of the surface free energy can be deter-
mined ( ). Details of the calculation procedure are presented in Text
S3.

Adsorption isotherms were determined according to the peak max-
imum method at finite concentration as described elsewhere [50,51].
Adsorption isotherms were measured at three temperatures i.e. 423,
448 and 473K for selected noxious VOCs i.e. TCM (chlorinated hydro-
carbon), benzene (carcinogenic) and n-butanol (odorous). The isotherm
calculation method is described in more depth in Text S4 and in Fig. S3.

Experimental data were fitted by non-linear regression to BET
isotherm model. Computations were performed in R [52] using mini-
pack.ln package which utilizes Levenberg-Marquardt nonlinear
least-squares algorithm [53]. Based on the maximum monolayer adsorp-
tion capacity, surface areas occupied by the adsorbate were calculated.
Details are provided in Text S5.

2.4. Quality assurance of data

All data points obtained by GC measurements and presented in this
paper are an average of three injections. The values reported in the fol-
lowing section are given with 95% confidence interval.

3. Results and discussion

Fig. 1 presents infrared absorption spectra of raw (Asf) and mod-
ified (Asf-Nitro) asphaltenes. FTIR-ATR spectroscopy was used to de-
termine functional group types in tested samples. FTIR spectra of both
samples revealed intensive bands near 2920, 2850 and 1455cm−1 be-
cause of the CH2 and CH3 groups. For that groups peak at 1375cm−1

is also characteristic [54]. It is clearly visible in the spectrum for Asf,
while on Asf-Nitro spectrum it is overlaid by stronger absorption band
at 1337cm−1. Bands at 2920, 2850, 1450 and 1375cm−1 corresponds
to vibrations of the methyl group in aliphatic chains. Interestingly,
no absorption above 3100cm−1 was observed, indicating lack of OH
groups. Small band visible in both spectra, at around 700cm−1 can be
related to alkyl chains longer than 4 methylene units [55]. The ab-
sorbance bands observed between 730 and 870cm−1 can be assigned
to the aromatic C H out-of-plane bending vibrations [56]. Cleary vis-
ible band close to 1030cm−1 can be related to sulfoxide functional
group [57] or to ester linkages [58]. Absorption bands at 1262 (Asf)
and 1274 (Asf-Nitro) cm−1 can be attributed to groups containing singly
bonded oxygen eg. esters or ethers [59]. Distinct band observed at
the 1600cm−1 in the Asf spectrum is related to the aromatic C C
stretching vibration [55]. In the Asf-Nitro spectrum that band is over-
laid by the strong absorption at 1337cm−1. Three new intensive bands,
that can be observed in the Asf-Nitro spectrum, at 1529, 1337 and
1272cm−1 are a clear confirmation of successful nitration of the as-
phaltenes, as they can be related to the asymmetrical and symmetrical
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Fig. 1. Normalized FTIR spectra of the asphaltene samples.

aromatic C-NO2 and N O stretching, respectively [60]. Additional new
peak in the Asf-Nitro spectrum at 1715cm−1 corresponds to the carbonyl
functionality [61], what may be a result of the oxidation and together
with the increased absorption at 1274cm−1 indicates increased presence
of ester functionalities.

Quantitative assessment of the structural features and the effect of
the chemical modification on the structure of asphaltenes can be de-
termined based on an approach that can be found e.g. in [62,63]. It is
based on the absorption intensity ratios of characteristic bands and the
results are presented in Text S6 and Table S2.

Table 1 presents values of the enthalpy and entropy of adsorption of
test probes on the investigated materials. Obtained values of enthalpies
confirmed that the process is exothermic and negative values of ΔSA
implies that the degree of freedom decreased at the gas-solid interface,
what is expected in adsorption process. Compared to ΔHliq (see Table
S1), ΔHA have much lower values (higher absolute values) on Asf and
Asf-Nitro, which indicate that measured enthalpies of adsorption are
not only due to condensation but also due to physic-chemical inter-
actions between adsorbate and adsorbent. As a result of nitration the
value of enthalpy of adsorption increased about one and a half times
compared to unmodified asphaltenes. The biggest change was observed
for n-butanol (1.81 times higher) and the smallest for TCM (1.30 times
higher). Similar change in the value of ΔHA for both the alkanes and
polar probes indicates that the most significant difference is in disper-
sion forces, since alkanes are not capable of specific interaction. The

change in the value of entropies followed the same trend as in case of
enthalpies.

For Chromosorb W adsorption experiments at temperatures suitable
for asphaltene sorbents were infeasible, thus measurements were con-
ducted at 40–60 °C interval with 5 °C increments. It means that for Ch-W
lower number of data points (5 instead of 9) were obtained, what re-
sulted in smaller number of the degrees of freedom. As a result, the
confidence intervals had extended. Although direct comparison between
the results for asphaltene based sorbents and Ch-W is difficult, never-
theless it can be seen that the affinity (indicated by the value of ΔHA)
of probe molecules is stronger for the surface of Asf and Asf-Nitro sor-
bents, as compared to Ch-W, despite the three times higher temperature
during experiments with asphaltene sorbents.

The forces responsible for the adsorption (intermolecular adsor-
bent-adsorbate interactions) can be generally divided into dispersive

and specific components of the surface free energy, corre-
sponding to the dispersion and specific interactions, respectively. The
dispersive component is unspecific for all molecules and is caused by
London forces. In the Table 2 values of the for asphaltene sorbents
are given along with the value comparing the difference (Asf-Nitro/Asf)
that arise after chemical modification. The plot for the data in Table 2
can be found in Fig. S4.

Determination coefficient values for alkane reference lines were
above 0.995 at almost all experimental temperatures. Obtained values
of the indicate that asphaltene sorbents are very active and exhibit

Table 1
Values of enthalpies and entropies of adsorption. TCM – chloroform, THF – tetrahudrofuran, EtOAc – ethyl acetate, nBuOH – n-butanol. NA – not applicable; at the experimental conditions
the retention was insufficient or excessive.

Ch-W Asf Asf-Nitro

T [K] 313–333 423–473 423–473

Probe ΔHA (kJ/mol) ΔSA (J/mol) ΔHA (kJ/mol) ΔSA (J/mol) ΔHA (kJ/mol) ΔSA (J/mol)

C5 NA NA NA NA −52.06±8.44 −98±19
C6 −34.12±8.34 −112±26 −43.89±8.13 −90±18 −71.82±17.60 −133±39
C7 −59.83±18.62 −182±58 −59.24±4.89 −119±11 −94.28±8.09 −173±18
C8 −70.05±22.83 −203±71 −69.47±2.70 −136±6 −111.91±8.21 −202±18
C9 −77.76±9.30 −217±29 −80.36±3.39 −155±8 −124.81±12.32 −220±27
C10 −93.77±14.59 −259±45 −88.15±4.21 −167±9 NA NA
TCM −33.92±7.30 −112±23 −50.40±9.38 −101±21 −66.48±5.32 −117±12
THF −43.11±2.76 −113±9 −54.12±2.33 −106±5 −81.70±6.40 −144±14
EtOAc −53.09±10.99 −144±34 −61.54±5.27 −123±12 −97.74±8.81 −174±20
nBuOH −44.04±9.53 −109±30 −55.32±3.50 −101±8 −100.97±6.78 −175±15
acetone −38.70±5.59 −102±17 −48.96±5.88 −96±13 −83.18±4.76 −148±11
benzene −34.01±8.03 −110±25 −51.49±2.43 −100±5 −76.64±5.06 −133±11
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Table 2
Values of the dispersive component of the surface free energy for the Asf and Asf-Nitro
adsorbents.

T [K] (mJ m−2) Asf-Nitro/Asf

Asf R2 Asf-Nitro R2

423 57.72±0.01 1.000 197.50±1.12 0.997 3.42±0.02
428 55.32±0.00 1.000 186.04±0.69 0.998 3.36±0.01
433 52.00±0.03 1.000 175.64±0.06 1.000 3.38±0.00
438 49.79±0.02 1.000 165.35±0.29 0.999 3.32±0.01
443 48.14±0.06 0.999 146.80±0.52 0.998 3.05±0.01
448 44.17±0.06 0.999 159.30±0.42 0.998 3.36±0.01
453 42.68±0.04 0.999 155.87±1.67 0.993 3.65±0.04
458 36.07±0.28 0.995 144.50±1.13 0.995 4.01±0.06
463 37.39±0.09 0.998 130.24±1.03 0.995 3.48±0.04
468 37.58±0.03 0.999 118.85±0.74 0.996 3.16±0.02
473 40.97±0.33 0.999 113.09±0.41 0.997 2.76±0.03

strong dispersive interaction, as compared to Ch-W
(64.90±0.16mJm−2 at 313K) despite that measurements for asphal-
tene sorbents were carried out at temperatures 3–4 times higher. It is
clearly visible that the nitration promoted the dispersive interactions
Asf-Nitro adsorbent have values 2.7–4 times higher than Asf adsor-
bent. The difference is the most substantial at lower temperatures and
is diminishing as the experimental temperature increases. The increase
in the value for the Asf-Nitro can be connected with the shortening
of the side chains (see the FTIR analysis results), which can lower the
steric hindrance and increase the access of the adsorbate molecules to
the cores of the asphaltenes, which consists mostly of poly-condensed
aromatic rings.

Values of the obtained for Asf-Nitro adsorbent are similar to those
obtained for zeolite 13X and higher than those for alumina. Compared
to values of found in the literature for activated carbon, Asf-Nitro ex-
hibits slightly weaker dispersive interactions [64].

Analysis of the values obtained for tested sorbents at different
temperatures revealed a temporary increase of the value at around
448K. It could be explained with changes in the adsorption mechanism.
As at the elevated temperatures the asphaltenes could swell and partial
absorption phenomena could occur. In the previous GC studies an in-
creased efficiency (narrower peaks) were observed for compounds elut-
ing at higher temperatures during analyses with temperature program-
ming, what is characteristic for gas-liquid chromatography. However
similar trend should be observed for Asf adsorbent and while there are
fluctuations of the value at around 448K, but they are not statis-
tically significant. Another possible explanation is that the mentioned
increase in the dispersive interactions can be attributed to the surface
modification and relaxation/deactivation of some surface groups lead-
ing to stronger interaction with the aromatic rings present in the core of
the asphaltene structure.

For all adsorbents the value of is gradually decreasing with the
temperature. The decrease in the value is the most evident for the
Asf-Nitro. It is lowering at a rate of about −3.0mJm−2 K−1 up to 448K
and −1.9mJm−2 K−1 above 448K, while for Asf and Ch-W adsorbents it
is about −0.5 and −1.0mJm−2 K−1, respectively. While this is tangential
for adsorption step, during desorption it can be advantageous. 2–3 times
higher decrease rate of dispersive interactions with increased tempera-
ture for Asf-Nitro, compared to Asf, means increased performance dur-
ing regeneration process and higher economic feasibility.

Table S2 presents values of specific free energy change ( ) for
different polar molecules adsorbed on the investigated adsorbents at dif-
ferent temperatures. Both asphaltene adsorbents demonstrate fairly sta-
ble specific interactions in the range of experimental temperatures. Rel-
ative standard deviation (RSD%) of for probe compounds is at

the level of 10–15%. Examining changes of the value for Asf-Nitro
a sudden drop can be observed at around 458K, which can be caused
by lowering of the interactions provided by functional groups.

It is observed that values of specific interactions with basic com-
pounds (THF and EtOAc) are largely higher for the Asf-Nitro, as com-
pared to the Asf. That indicates increased acidity of the Asf-Nitro sur-
face and is an expected result of nitration, as nitro groups should en-
hance acidic properties of a solid’s surface. Contrary, there is no no-
ticeable change in the value of for TCM (acidic probe) between
asphaltene adsorbents. Values of for TCM and EtOAc reveals an
amphoteric character of the Asf adsorbent, whereas Asf-Nitro surface
displays enhanced acidic properties. In case of neutral compounds i.e.
n-BuOH, acetone and benzene, only acetone exhibit significant change
in the strength of specific interactions (caused by interactions of car-
bonyl group of acetone with nitro group of modified asphaltene). Thus,
the considerable change (decrease) in the enthalpy of adsorption (see
Table 1) for nBuOH and benzene is mainly a result of increased disper-
sive interactions, which is in line with measured values.

While strong specific interactions would be beneficial for removal of
variety of compounds with different acceptor and donor-properties, ex-
tensive electron-acceptor character of Asf-Nitro surface will promote an
adsorption of alkaline gases e.g. ammonia, pyridines or amines.

In Fig. 2, values of to ratio for examined asphaltene adsor-
bents are presented. Exact values of the and can be found in Table
S3. Presented values are consistent with former discussion about
values. Asf exhibit a predominance of basic (electron-donor) properties
over acidic, due to the presence of free electron pairs. Acid-base prop-
erties of the Asf surface are virtually stable over the range of experi-
mental temperatures. The lower the to ratio, the greater basicity
of the solid’s surface. It is evident that nitration shifted the character of
the asphaltene’s surface from basic to acidic. Electron-acceptor proper-
ties of Asf-Nitro are over 3 times stronger than electron-donor at 423K
and decrease with temperature increase. At 460K acidity and basicity of
Asf-Nitro surface is similar. Above that temperature, an increase of acid-
ity is observed.

Values of the total surface energy (γS), divided into dispersive (
) and specific ( ) components, are shown in Fig. 3. It visualizes

the aforementioned substantial increase in dispersive component of the
free surface energy. According to values of γS, Asf-Nitro adsorbent ex-
hibits significantly higher surface activity than unmodified adsorbent,
being 3–4 times higher. For both examined asphaltene adsorbents, dis-
persive interactions dominate over specific interactions. Closer exami

Fig. 2. Values of acidic to basic parameter ratios of examined asphaltene adsorbents.
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Fig. 3. Total surface energy of asphaltene adsorbents divided into dispersive and specific
components.

nation of results revealed the increased contribution of specific compo-
nents to the total surface energy. Taking into account that the surface
energy has an immense impact on the adsorbent-adsorbate interactions,
nitration appears as a favorable and uncomplicated modification that
improve adsorption properties of asphaltenes and will increase the per-
formance of asphaltene based sorbents.

To evaluate the impact of modification on asphaltene adsorbents ca-
pacity, measurements at finite concentration were carried out. Adsorp-
tion isotherms for TCM, n-BuOH and benzene were determined and fit-
ted to the BET isotherm model. The results are presented in the Table
3. The monolayer adsorption capacity of the Asf-Nitro as a consequence
of nitration was more than doubled. Increased qmono values for benzene
and nBuOH can be easily explained by increased dispersive interactions
and in the case of BuOH by enhanced specific interactions as well.

What is intriguing is the Asf-Nitro’s outstanding adsorption capacity
for TCM (chloroform). TCM acts as an acid and it is expected to estab
Table 3
BET constant C, monolayer capacity qmono and surface area of asphaltene adsorbent occu-
pied by the adsorbate at 423–473K. NA – retention was insufficient at experimental con-
ditions to collect at least 5 data points.

Adsorbate T (K) qmono (mgg−1) C R2 SA (m2 g−1)

Asf
Benzene 423 2.301±0.522 110±39 0.996 0.82±0.19

448 1.137±0.185 165±41 0.998 0.40±0.07
473 NA NA NA NA

nBuOH 423 3.404±0.738 51±17 0.997 1.08±0.23
448 2.555±0.709 66±27 0.998 0.81±0.23
473 NA NA NA NA

TCM 423 2.333±0.312 215±53 0.996 0.81±0.09
448 1.531±0.483 355±160 0.998 0.58±0.22
473 NA NA NA NA

Asf-Nitro
Benzene 423 6.275±0.795 804±210 0.994 2.23±0.28

448 5.717±0.664 569±141 0.997 2.03±0.24
473 4.637±0.655 479±115 0.999 1.64±0.23

nBuOH 423 7.647±1.002 796±357 0.993 2.43±0.32
448 6.574±0.850 628±225 0.994 2.09±0.27
473 4.636±0.409 678±147 0.998 1.47±0.13

TCM 423 9.155±1.198 891±215 0.998 3.11±0.41
448 8.406±0.683 656±100 0.999 2.85±0.23
473 4.091±1.778 1223±352 0.985 1.39±0.60

lish repulsive forces with the acidic surface of the Asf-Nitro. It may be
explained by the predominance of the dispersive interactions and pres-
ence of basic adsorption centers. Although in the minority, they can di-
minish the repulsive effect of acidic moieties. Third factor can be the
geometry of the molecules. TCM is not linear as n-BuOH or flat as ben-
zene molecules and can be more “tightly” packed in the monolayer,
even if cross-sectional areas of molecules are fairly similar.

To give a more detailed description about the augmented adsorption
properties of asphaltene sorbents, the surface area occupied by the ad-
sorbate was calculated. The first thing that stands out is the similarity
of the calculated SA for Asf adsorbent, to those provided by the manu-
facturer for N2 adsorption (0.5–1.5m2 g−1). The change in the SA values
between asphaltene adsorbents is just the derivative of the aforemen-
tioned increased monolayer capacity and can be an indication of an in-
troduction of a new adsorption sites to the surface.

4. Conclusion

The research revealed that a facile chemical modification can greatly
increase the adsorption properties of asphaltene fraction. The nitrated
adsorbent exhibits high surface activity that arise from enhanced disper-
sive and specific interactions. Compared to unmodified asphaltenes, a
shift in Lewis acid-base properties after nitration was observed – from
basic to acidic character of the surface. Moreover, in terms of disper-
sive interactions, nitrated sorbent is comparable with activated carbons,
zeolites or alumina. Improved strength of the dispersive and specific in-
teractions of nitrated asphaltenes lead to higher adsorption capacity for
volatile organic compounds, as compared to unmodified sorbent.

Furthermore, wasted adsorbent can be regenerated at lower temper-
atures comparing to activated carbon. An alternative solution can be its
incorporation into road bitumen – the asphaltene content in the bitumen
is desired due to its valuable properties regarding improvement of basic
bitumen applicational parameters such as penetration value or softening
point.

Considering the above-mentioned assets of nitrated asphaltenes and
the nature of the raw material (undesired by-product, facile isolation
and modification method), nitrated asphaltenes appears to be an highly
effective and low-cost adsorbent for gas phase removal of volatile or-
ganic compounds. Utilization of asphaltenes in separation processes
would solve, at least partially, petroleum industry’s problem with un-
desired and problematic by-product by its valorization. Moreover, as-
phaltene fraction’s applications could be probably extended to liquid
phase adsorption and other separation techniques e.g. membranes. Fu-
ture studies should target the exploration of inexpensive porous sup-
ports for the asphaltene fraction that would facilitate the adsorption
through the capillary condensation process as in case of activated car-
bons.
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