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A b s t r a c t. This work presents a study on the surface ten-
sion, density and wetting behaviour of distilled glycerol, technical 
grade glycerol and the matter organic non-glycerin fraction. The 
research was conducted to expand the knowledge about the physi-
cal properties of wastes from the rapeseed oil biofuel production. 
The results show that the densities of technical grade glycerol 
(1.300 g cm-3) and distilled glycerol (1.267 g cm-3) did not differ 
and were significantly lower than the density of the matter organic 
non-glycerin fraction (1.579 g cm-3). Furthermore, the surface ten-
sion of distilled glycerol (49.6 mN m-1) was significantly higher 
than the matter organic non-glycerin fraction (32.7 mN m-1) and 
technical grade glycerol (29.5 mN m-1). As a result, both technical 
grade glycerol and the matter organic non-glycerin fraction had 
lower contact angles than distilled glycerol. The examined physi-
cal properties of distilled glycerol were found to be very close to 
that of the commercially available pure glycerol. The results sug-
gest that technical grade glycerol may have potential application 
in the production of glycerol/fuel blends or biosurfactants. The 
presented results indicate that surface tension measurements are 
more useful when examining the quality of biofuel wastes than is 
density determination, as they allow for a more accurate analysis 
of the effects of impurities on the physical properties of the bio-
fuel by-products.
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INTRODUCTION 

One of the problems of the biofuels industry is the for-
mation of a number of by-products. Crude glycerol is the 
primary by-product, accounting for about 10 wt% of the 
biodiesel product (Johnson and Taconi, 2007; Zhang and 

Wu, 2015). It is classified as a waste in some countries 
and should be stored in barrels and disposed of in land- 
fills (Saifuddin et al., 2014). It consists mostly of a frac-
tion called “matter organic non-glycerin” (MONG, up to 
50%), glycerol (over 30%), water (over 10%) and other 
impurities (Saifuddin et al., 2014). These impurities and 
their content vary according to the type of oil and cata- 
lysis process used in the biofuel production. The MONG 
is generated by the contamination of soap, methanol and 
methyl esters in the glycerol residue from the biodiesel pro-
duction process (Kongjao et al., 2010). The crude glycerol 
obtained from the recovery process undergoes refining pro-
cesses where impurities are removed (Ardi et al., 2015). 
The refining processes separate glycerol into the following 
generally accepted grades: partially purified and distilled 
pure. Partially purified glycerol (purity of ca. 92%) is a tech- 
nical grade glycerol. It can be used as the main carbon 
source for biosurfactant production (de Suosa et al. 2014) 
or as an ingredient for animal feed (Yang et al., 2012). The 
other use of technical grade glycerol is as an additive for 
gasoline and diesel fuels (Johnson et al., 2016) or as a heat-
ing agent (Mize et al., 2013). Furthermore, some attempts 
have been made to use technical grade glycerol as a plas-
ticiser for the production of biodegradable films (Nobrega 
et al., 2012; Bilck et al., 2015). Distilled glycerol (over 
99% pure) is mainly used for technical applications or in 
household chemicals. It is used as a substrate for chemical 
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synthesis in food, pharmaceuticals, or cosmetics industries 
(Johnson and Taconi, 2007). To date, there is no literature 
on the use of the MONG fraction after its removal form 
crude glycerol. 

Technological processes require the delivery of semi-
finished products with strictly defined properties and 
parameters. Therefore, in order to find the use of all organic 
waste fractions from the production of biofuels, it is neces-
sary to determine their physicochemical properties. In the 
previous work, three independent optical methods (UV-Vis 
spectroscopy, infrared spectroscopy and chromametric 
measurements) were applied to establish a possible quality 
control test for the wastes from the conversion of rapeseed 
oil to biofuel (Sujak et al., 2014). UV-Vis and infrared 
spectroscopy can give rapid information about the purity of 
by-products, while the measurements of chroma can give 
the quickest information to compare the colour of sam-
ples obtained by different producers. The subsequent work 
determined the rheological properties, including the visco- 
sity and activation energies of biofuel wastes from rapeseed 
oil (Muszyński et al., 2016a). The influence of the waste 
type on its dynamic viscosity was demonstrated and the 
MONG fraction was characterised by the highest dynamic 
viscosity. What is more, the lowest content of impurities 
was found in distilled glycerol, and its rheological pro-
perties were similar to those determined for commercial 
glycerol and the observed differences in the activation 
energies were thought to result from the different molecular 
organisation of their molecules and different water content 
(Muszyński et al., 2016a).

This paper provides an approach aimed at examining 
other properties of wastes from the conversion of rapeseed 
oil to biofuel with regard to their applicability in industry. 
We conducted a systematic study of the wetting behaviour 
and determination of the surface tension of distilled glyc-
erol, technical grade glycerol and the MONG fraction to 
expand the existing knowledge about their physicochemical 
properties. We believe such measurements will be helpful 
in finding the possible applications of biofuel wastes or the 
preferred methods of their purification.

MATERIALS AND METHODS

The analysed wastes from rapeseed oil biofuel pro-
duction (distilled glycerol, technical grade glycerol and 
the MONG fraction) were part of a batch of biofuel pro-
duced in the Rafineria Trzebinia S.A. refinery (presently 
Orlen Południe S.A., Poland). The samples were stored 
in opaque, 5-litre air-tight barrels. Analytical grade com-
mercial glycerol with a purity of 99.5% (Avantor-POCH 
Gliwice, Poland) was used as an external reference.

Measurements of the density of the samples were 
performed with the AccuPyc 1330 helium gas pycnometer 
(Micromeritics, Inc., Norcross, GA, USA) equipped 
with a 10 cm3 stainless steel measuring cylinder. Before 

analysis, 2/3 of the cylinder was filled with the sample, the 
weight was recorded and specified in analysis mode. All 
measurements were performed at a temperature of 20°C, 
with five repetitions. The parameters of the measurement 
cycle were as described previously (Sołowiej et al., 2015).

The study of the surface tension of the samples was 
carried out at 20°C, using the pendant drop method with 
a Theta Lite tensiometer (Attension/Bioline Scientific, 
Espoo, Finland) (Tomczyńska-Mleko et al., 2014). Each 
liquid sample was subjected to eight measurements. The 
images were recorded and analysed using OneAttension 
Software (Attension/Bioline Scientific, Espoo, Finland).

The same apparatus and software were employed for 
contact angle measurements using the sessile drop technique 
(Muszyński et al., 2016a; 2016b). A drop of the examined 
liquid was placed on the surface of the selected material 
via a 1 ml syringe equipped with Type 3 (90°) stainless-
steel chromatographic needle with an internal diameter of 
0.51 mm (Hamilton Co., Reno, USA). The readings of 
contact angles for each drop were taken 20 s after the 
formation of the drop. The mean value of the contact 
angle measured on both sides of the droplet was taken as 
a result of the measurement (Muszyński et al., 2017b). 
The presented data are the mean of eight independent 
determinations at different sites of each surface type. 
The selected test surfaces were stainless steel, Teflon 
(polytetrafluoroethylene, PTFE), glass and acrylic glass 
(polymethylmethacrylate, PMMA). For samples tested on 
the glass surface, the recordings were taken at the intervals 
of 2 s for the period of first 24 s after drop formation.

All results are expressed as means. The differences 
between the means were tested with one-way ANOVA and 
the post hoc Tukey’s HSD test. Normal distribution of data 
was examined using the Shapiro-Wilk W-test, and equal-
ity of variance was tested by the Brown-Forsythe test. 
A P value of less than 0.05 was considered statistically sig-
nificant. All statistical analyses were carried out by means 
of Statistica 12 PL software (StatSoft Polska Sp. z o. o., 
Kraków, Poland). 

RESULTS AND DISCUSSION

The densities of technical grade glycerol (1.300 g cm-3) 
and distilled glycerol (1.267 g cm-3) did not differ statis-
tically from the density of commercial glycerol (1.265 g 
cm-3), as highlighted in Fig. 1a. The determined values of 
density are in good agreement with the values from the 
other source, where the density of commercial glycerol and 
technical grade glycerol (containing 1.5% of water and over 
93% of glycerol) were determined as 1.267 and 1.250 g 
cm-3, respectively (Kongjao et al., 2010). The density of the 
MONG fraction was 1.579 g cm-3 (Fig. 1a). 

The comparison of the surface tension of the tested 
biofuel wastes is presented in Fig. 1b, while Fig. 2 shows 
example images of the measurement of the surface ten-
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sion with the pendant drop method. The highest surface 
tension was observed for commercial glycerol (55.5 mN 
m-1), followed by distilled glycerol (49.6 mN m-1), the 
MONG fraction (32.7 mN m-1) and technical grade glycerol 
(29.5 mN m-1). Statistical analysis revealed differences 
between all groups.

The lower values of the surface tension of glycerols 
obtained from biofuels wastes are most probably associated 
with the presence of impurities. Surface tension arises from 
the unbalance of the force between the molecules of the liq-
uid. This includes intermolecular forces due to permanent 
and induced dipoles and hydrogen bonding, and instantane-

ous dipole moments, like the Coulomb interaction between 
two molecules. Waste glycerols from biodiesel production 
usually contain methanol, soap, catalysts, salts, MONG and 
water (Hansen, et al., 2009; Posada and Cardona, 2010). 
For example, the MONG content in commercial glycerol 
is <0.001%; in technical grade glycerol <6% and in dis-
tilled glycerol <1.5% (Kongjao et al., 2010; Saifuddin et 
al., 2014).

One potential use of glycerol could be as a liquid fuel in 
industrial furnaces. It was recently reported that blending 
glycerol with bio-oil or diesel fuel seems to be a promis-
ing approach for producing a liquid fuel mixture with fuel 
physical properties suitable for stationary combustion 
application without major furnace or burner modifications 
(Mize et al., 2013; Zhang and Wu, 2015). Blending gly- 
cerol into bio-oil or diesel fuel by emulsification of glycerol 
and glycerol/diesel emulsions was successfully achieved 
employing commonly available surfactants (Eaton et al., 
2014). However, it is important to understand how glyc-
erol impurities influence the stability of the glycerol/fuel 
system, as the surfactant requirements for emulsifying 
glycerol into oil or diesel depend on the levels of impuri-
ties, especially water, ash and MONG (Mize et al., 2013). 
The key physical properties of this fuel blend include vis-
cosity, surface tension and density (Zhang and Wu, 2015). 
As it was shown, distilled glycerol had relatively high 
surface tension (ca. 50.0 mN m-1), which was two times 
greater than that of diesel (23.5 mN m-1). This higher sur-
face tension requires increased fuel rail pressure (Eaton et 
al., 2014). The surface tension of glycerol/diesel blend is 
about 32 mN m-1 at a glycerol content of 5% (Arruda et al., 
2015). If the impurities present in technical grade glycerol 
can be tolerated in the production of fuel blends, techni-
cal grade glycerol could be directly used for fuel blending 
(Zhang and Wu, 2015). In that case, the purification process 
for technical grade glycerol may be simplified. Moreover, 
technical grade glycerol is characterised by a lower surface 
tension, which is beneficial as reduced glycerol/fuel inter-
facial tension is desirable and limits the required surfactant 
concentrations (Eaton et al., 2014). 

Glycerol as a by-product of varying purity is also high-
ly applicable as an alternative substrate for the production 
of biosurfactants (de Sousa et al., 2014; Salazar-Bryam et 

Fig. 1. Densities (a) and surface tensions (b) of the tested biofuel 
by-products (distilled glycerol, technical grade glycerol and the 
MONG fraction) and commercial glycerol. The measurements 
were performed at a temperature of 20°C. Data are presented as 
mean and corresponding standard deviation. The different letters 
denote statistically significant differences between the tested sam-
ples (p < 0.05).

a

b

Fig. 2. The recorded images of the surface tension measurements, using the pendant drop method, of the tested biofuel by-products 
(distilled glycerol, technical grade glycerol, the MONG fraction) and commercial glycerol.



S. MUSZYŃSKI et al.250

al., 2017). Again, the examined technical glycerol had low 
surface tension – which is desirable in the production of 
biosurfactants using bio-wastes (Bharali et al., 2014).

Finally, surface tension plays an essential role in the effi-
ciency with which by-products are separated from biodiesel. 
One of the methods of biodiesel purification is liquid/liquid 
separation (Anez-Lingerfelt, 2014). The most important 
factors in this type of purification are interfacial tension, 
viscosity, density and temperature. Two liquid phases can 
be separated easily if the interfacial tension between them 
and the difference in density are high (Anez-Lingerfelt, 
2014). The density and surface tension of rapeseed biofuel 
are 882 g cm-3 and 32.2 mN m-1, respectively (Freitas et al., 
2011). The determined values of density and the surface 
tension of the MONG fraction are 1.579 g cm-3 and 32.7 
mN m-1, respectively. This indicates that efficient separa-
tion of the MONG fraction will be possible mainly due to 
the differences in densities.

The contact angle was measured to compare the wetting 
behaviour of the tested biofuel wastes on different surfa- 
ces. The example images of the layout of the experiment 
as drops formed by tested liquids on selected surfaces are 

shown in Fig. 3. A low contact angle indicates greater wet-
tability of the liquid and vice versa. The value of the contact 
angle results from both the surface tension of the liquid and 
the surface free energy of solid material. The latter controls 
adhesion, adsorption, wettability and similar surface-relat-
ed properties (Muszyński et al., 2016b; 2017a). To our 
knowledge, measurements of contacts angles have not been 
ever performed for any bio-fuel wastes, including glycerols 
of different purity and the MONG fraction.

Distilled glycerol obtained from biofuel production 
wastes and commercial analytical grade glycerol showed 
no significant differences in the values of contact angle on 
the examined surfaces, indicating that these liquids have 
similar wetting properties (Fig. 3). The only statistically 
significant difference was observed on the Teflon (PTFE) 
surface (108.2 and 97.6°, for distilled glycerol and com-
mercial glycerol, respectively, Fig. 4). Both technical grade 
glycerol and the MONG fraction had lower contact angles 
than distilled glycerol and commercial glycerol, indicating 
a difference in the wetting properties. More surprisingly, 
no statistical differences were observed between technical 
grade glycerol and the MONG fraction (Fig. 4).

Fig. 3. Measurements of the wetting behaviour of the tested biofuel by-products (distilled glycerol, technical grade glycerol, the 
MONG fraction) and commercial glycerol on: stainless steel, Teflon (polytetrafluoroethylene, PTFE), glass, acrylic glass (polyme- 
thylmethacrylate, PMMA).
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The observed differences in the wetting behaviour bet- 
ween the analysed samples are attributable most probably 
to the different values of surface tension. This behaviour 
could also be associated with glycerol composition, as tech-
nical grade glycerol had approximately 10% less glycerol 
than distilled glycerol (ca. 91 and over 99%, respectively) 
and contains a number of impurities. For both technical 
glycerol and the MONG fraction, increased wetting char-
acteristic can also be associated with the hydrogen bonds 
between glycerol’s hydroxyl groups and the water mole-
cules present in the liquids (Müller et al., 2008). Figure 5 
shows the kinetics of the water drop contact angle of tested 

biofuel wastes and commercial glycerol on the surface 
of glass. The figure reveals similarity in the spreading of 
distilled glycerol and commercial glycerol. It can be also 
concluded that technical grade glycerol is characterised by 
the least stable wetting behaviour, exhibiting the greatest 
changes in the contact angle. 

As mentioned above, no data was found in the general 
literature search concerning the usage of the MONG frac-
tion. However, there have been attempts to employ crude 
glycerol in the spray application of herbicide (Arruda et al., 
2015). As technical grade glycerol also contains a MONG 
fraction, the surface tension and wettability of both the 
MONG fractions and technical grade glycerol can be essen-
tial for attempts at similar applications. For example, low 
surface tension might increase the tendency of the solution 
to leak out and might increase the risk of foaming in the 
system, and of cavitation in the pump.

CONCLUSIONS

1. Technical grade glycerol was characterised by a low 
surface tension. This is desirable in the production of gly- 
cerol/fuel blends or for the production of biosurfactants.

2. We obtained distilled glycerol from biofuel waste 
that was acceptably compliant with commercially available 
analytical grade glycerol. 

3. The surface tension analyses are more accurate and 
useful at examining the quality of biofuel wastes than are 
density measurements, as they allow for a better determi-
nation of the effects of impurities on the physicochemical 
properties of the examined samples.

Fig. 4. Contact angles (°) of tested biofuel by-products (distilled glycerol, technical grade glycerol and the MONG fraction) and 
commercial glycerol on different surfaces. From left: stainless steel, Teflon (polytetrafluoroethylene, PTFE), glass, acrylic glass (poly-
methylmethacrylate, PMMA). The point denotes the mean value, the box indicates the standard error and the whiskers indicate the 
standard deviation. The different letters denote statistically significant differences between the tested samples (p < 0.05).

Fig. 5. The kinetics of water drop contact angle (°) changes for 
tested biofuel wastes (distilled glycerol, technical grade glycerol 
and the MONG fraction) and commercial glycerol – on a glass 
surface.
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4. Contact-angle measurement is the most informative 
and reliable technique to physically describe the wetting 
behaviour of liquids.
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