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Abstract - The removal of water content present in fuels such as biodiesel and diesel is quite important to
adequate the fuel to standards for commercialization and to avoid corrosion of storage tanks and injection
equipment in diesel engines. In this study, hydrophilic hydrogels were employed to remove the water content
in biodiesel and diesel fuel samples. The results showed that the hydrogels were capable of decreasing the free
water content and also the soluble water content present in the samples. The highest decrease of total water
content in samples of biodiesel was 53.3% wt and for diesel samples the reduction of water content was
32.0%, starting with samples that had 2160 ppm and 240 ppm of water, respectively. The highest decrease of
total water content (free and soluble water) for diesel samples was 80.4% wt, from a diesel sample initially

containing 348 ppm of total water content.
Keywords: Water content; Biodiesel; Diesel.

INTRODUCTION

Fuels can incorporate water during the production
process, transportation and storage (He et al., 2007;
Shah et al., 2010). Water in fuels has always been a
problem, promoting severe damage on fuel-injection
equipment and/or contributing to corrosion in storage
tanks. The water content in fuels can be classified as
free water and soluble water. Water solubility de-
pends on the temperature and also on the composi-
tion of the fuel. However, the hygroscopic nature of
biodiesel can lead to an increase of soluble water
content during production and storage (Fregolente et
al., 2010; Oliveira et al., 2008). During biodiesel pro-
duction, water is used to remove catalyst, soap and
traces of glycerol. The remaining water content must
be removed through an evaporator or a vacuum drier.

*To whom correspondence should be addressed

Finally, biodiesel is stored and distributed to be sold
(Atadashi et al., 2012; Ferella et al., 2010). Once
stored, biodiesel can absorb more humidity than pe-
troleum diesel since fatty acid methyl esters (FAMEs)
are hygroscopic compounds, making biodiesel much
more hydrophilic than regular diesel (He et al., 2007).
Biodiesel clearly offers environmental, commercial
and performance benefits, since biodiesel does not
contain sulfur, aromatic hydrocarbons, metals or crude
oil residues. However, it must be emphasized that
biofuel's performance heavily depends on the purity
of the final product and the complete absence of
particulates or contaminants, e.g., water (Oliveira et
al., 2008).

The free water content in biodiesel and diesel fuel
promotes biological growth in storage tanks, which
could lead to corrosion of metals (copper, iron, steel
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and others) and formation of sludge and slime,
thereby causing blockage of fuel filters and fuel lines,
which could in turn damage vehicle fuel injection
systems (He et al., 2007; ASTM, 2003; Fazal et al.,
2013; Biicker et al., 2011; Serensen et al., 2011).
Free or emulsified water can cause turbidity, mainly
in diesel fuel, making diesel fuel out of specification
for its commercialization. Similarly, condensation and
precipitation of water in the fuels may occur during
storage and transportation.

In fact, the removal of water from fuels is diffi-
cult — or indeed not possible. The water removal
techniques used for diesel fuel are vacuum drying,
treatment with salt and the use of coalescing filters
(Leung et al., 2006). For water removal during bio-
diesel production energy-expensive processes such
as heating or a vacuum flash are used (Atadashi and
Aroua, 2012). Few studies aim to develop techniques
of detection of water content in biodiesel. Bampi et
al. (2013) determined experimentally the water con-
tent and average droplet size of emulsions prepared
from industrial biodiesel using infrared spectroscopy.
The maximum amount of allowed water content in
biodiesel as specified in ASTM standard D6751 is
500 ppm (ASTM, 2003). If during the storage bio-
diesel or diesel absorb water from the ambient, a re-
processing is required, causing losses to the manu-
facturers.

Knowledge of the water content present in bio-
diesel and diesel is quite important and very little
information is available on this aspect. This research
employs dry polymeric hydrogel for removal of the
water content of diesel and biodiesel samples. Based
on the advantages of the hydrophilicity that hy-
drogels present, swelling in the presence of water,
we have investigated the use of these polymeric ma-
terials for water removal from fuels.

Hydrogels are three-dimensional networks of
polymer chains that can adsorb and/or retain a large
amount of water inside. The extent of swelling is a
unique property of hydrogel particles. Their proper-
ties make them useful in a variety of fields, including
biomedical and pharmaceutical applications, oil re-
covery, molecular separation, environment-sensitive
display devices, and other applications (Nur et al.,
2009; Qunwei et al., 2008; Bassil et al., 2008; Delig-
karis et al., 2010). Nur et al. (2008) used different
microgels of PNIPAAm for removal of the water
content in biodiesel samples. From samples contain-
ing initially 1800 ppm of water, the use of microgels
reduced the water content of the samples to less than
500 ppm. In a previous work, Fregolente et al.
(2012) synthesized a hydrogel of polyacrylamide and

the dry particles were used to remove the water con-
tent of saturated biodiesel and diesel fuel samples. A
reduction of 65% in the water content was verified in
biodiesel samples.

MATERIALS AND METHODS
Materials

All the experiments were performed employing
fuel samples of typical commercial Brazilian bio-
diesel and S10 diesel fuel (< 10 mg/kg sulphur),
obtained from Petrobras-BR. Hydranal Solvent Oil
and Hydranal Titrant (Sigma-Aldrich) were used for
Karl Fischer analyses. The synthesis of hydrogels
used acrylamide (AAm) 98% (Sigma-Aldrich), NN -
methylenebisacrylamide (MBAAm) 99% (Sigma-
Aldrich), and potassium persulfate 99% (Sigma-
Aldrich). The chemical compositions of the diesel
and biodiesel samples are presented in Tables 1 and 2,
respectively.

Table 1: Physical and Chemical Properties of Diesel
Fuel’

Hydrocarbon X T, C

C8-Cl10 0.11 196
Cll1 0.11 216
C12 0.16 254
CI15 0.17 271
Cl16 0.08 287
Cl18 0.10 314

C20-C32 0.11 344 - 466

“Density of S10 diesel oil p = 836.1 kg-m>. "Boiling point. x = mass
fraction.

Table 2: Physical and Chemical Properties of Bio-
diesel Fuel®

Element X

total esters 0.98
esters from edible soybean 0.90
esters from beef tallow 0.10
glycerol 0.15
acylglycerols 0.02
free fatty acids 0.004

* Density of biodiesel p = 880.2 kg-m>. x = mass fraction.
Karl Fischer Measurement

To evaluate the water content present in biodiesel
and diesel fuel samples the volumetric Karl Fischer
technique was used. The equipment used was a
Titrando 841 Karl Fischer from Metrohm. All the
analyses were done in triplicate.
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Humidity Absorption

Samples of biodiesel, diesel and blends from con-
trolled humidity environments were measured for
humidity absorption. Saturated chemical solutions of
salts as calcium chloride hexahydrate (CaCl,.6H,0),
ammonium chloride (NH4Cl), sodium nitrite (NaNO,)
and sodium carbonate decahydrate (Na,CO;.10H,0),
with 35, 66, 79 and 87% constant relative humidities,
respectively, were prepared in desiccators (consid-
ered as a closed system) three days before the experi-
ments. Samples were taken for water content meas-
urements after 7 days under controlled atmosphere
(Perry and Green, 1997). The relative humidity was
measured employing a digital thermo-hygrometer
Data Logger HT-4000. All experiments were done in
duplicate.

Saturated Water Content Curves for Biodiesel and
Diesel Fuel

Biodiesel and diesel fuel samples were saturated
with water by mixing 70 mL of fuel sample with 70 mL
of distilled water. The mixture was shaken vigor-
ously for 1800 s using a magnetic agitator, to ensure
proper contact between organic and aqueous phases
and then allowed to settle for 24 h. They were placed
in controlled temperature of 10 °C, 20 °C, 30 °C, 40 °C
and 50 °C. After 24 h in controlled temperature, the fuel
phase was centrifuged at 3000 rad.s™ for 1200 s to
eliminate micro water droplets in suspension and
then the water content of the centrifuged samples
was measured.

The ambient relative humidity (RH) in all experi-
ments was between 35 and 40%, at 20 °C. Measure-
ments on samples of all blends were carried out in
duplicate.

Saturated Biodiesel-Diesel Fuel Samples

Biodiesel and diesel fuels were saturated with wa-
ter by mixing 70 mL of fuel samples with 70 mL of
distilled water. The mixture was shaken vigorously
for 30 min using a magnetic mixer to ensure proper
contact between phases and then allowed to settle for
5 hours and not centrifuged. After this procedure,
two separate phases were formed and the aqueous
phase was removed. The organic phase (fuel phase)
presenting a high content of water was used in ex-
periments of removal of free water content. All re-
sults in the figures show the saturation line (dashed
line). Above the dashed line, the samples (biodiesel
or diesel) present both free water and soluble water

content and below the dashed line the samples pre-
sent only soluble water content.

Unsaturated Biodiesel-Diesel Fuel Samples

Samples of fuels taken for water content measure-
ments after 10 days at 79 and 87% humidity content,
described previously, were stored to be used in ex-
periments of removal of soluble water content. Ac-
cording to previous work, the water content naturally
absorbed by samples during this period of 10 days,
inside the closed system at 79 and 87% RH, is con-
sidered to be part of the soluble water content (Fre-
golente et al., 2010).

PAAm Hydrogel Synthesis

The hydrogels of PAAm were synthesized by free
radical polymerization, at room temperature. The
acrylamide monomer (AAm) was mixed with N, N'-
methylenebisacrylamide (MBAAm), in aqueous
media. 5.0 wt% of AAm (in relation to the total wa-
ter content), 2.5 wt% of MBAAm (in relation to the
AAm wt %) and 3.38 mmol.L" of potassium persul-
fate (PP) were dissolved in water and the solution
was deoxygenated by bubbling with N, during 10
min. Soon after, 3.21x10° mol.L"! of N,N,N’ N -
tetramethylethylenediamine (TEMED) was added to
this solution and the deoxygenation was maintained
until the formation of gel. The system was kept at
room temperature. The hydrogel formed was re-
moved from the recipient, cut into smaller pieces and
dehydrated in a heater at 70 °C. The dehydrated hy-
drogels were used directly to remove water from
biodiesel and diesel fuel samples.

Swelling Measurements

Each sample of hydrogel was placed in distilled
water for swelling at room temperature. The swelling
process was controlled by weighing. The ability to
swell was expressed as the swelling ratio, W, via Eq.
(1), in which M, and M, are the weights of the swol-
len and dry samples, respectively:

M

W=
M,

(1
Application and Recovery of Dry Hydrogel to
Remove the Free and Soluble Water Contents

Dry PAAm hydrogels were added to the bio-
diesel/diesel fuels samples and the proper contact
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between hydrogel particles and liquid phase was
made by mild agitation. The swelling features of
PAAm hydrogels were studied in a previous work
(Fregolente et al., 2012). The quantity of PAAm (g)
added in all experiments was fixed at 5.0 g in a fixed
volume of oil sample of 100 mL. After the process of
removal of the water content, the hydrogel particles
were recovered: the particles were filtered, re-dis-
persed in water and washed. Ethanol was used to
dehydrate the hydrogel after the washing with water.
The hydrogels particles were then dried in an oven at
70 °C.

RESULTS AND DISCUSSIONS
Humidity Absorption

To evaluate the humidity absorption from the at-
mosphere, biodiesel and diesel samples were main-
tained in desiccators at constant relative humidities
(RH) of 35, 66, 79 and 87%, at 20 °C. The humidity
changes were monitored after 7 days under con-
trolled conditions. After 7 days, the absorption of
water from the humidity of the samples reached the
corresponding equilibrium.

Changes in the absorbed water content (or re-
leased water content) of fuel samples were moni-
tored in each case. Figure 1 shows the results of hu-
midity content measurements (water content, in ppm)
in four different conditions of RH for diesel fuel
sample. Figure 2 shows the same experiment per-
formed with biodiesel samples.

Figure 1 shows that the humidity content in the
diesel samples increased progressively until stabi-
lization after 96 h of exposition to RH of 66, 79 and
87%. The sample maintained at 87% RH obtained
the maximum absorption of water, of 130 ppm, start-
ing with a sample initially contained 86 ppm of solu-
ble water. The soluble water content increase for this
last case was 55%. For RH of 79 and 66% the high-
est levels of soluble water content absorbed by sam-
ples, after 72 hours of constant humidity exposition,
were 111 ppm and 100 ppm, respectively.

When the diesel fuel samples were exposed to
RH of 35%, the low relative humidity caused a grad-
ual decrease in soluble water content in the samples
until reaching the minimum of 65 ppm, after 144 h in
a controlled atmosphere of 35% humidity. The de-
crease of soluble water content in diesel samples was
41%.

Figure 2 shows the same experiment of humidity
absorption realized for biodiesel samples. Following
the same standard behaviour of absorption of soluble

water content by diesel samples, Figure 2 shows that,
for constant relative humidities of 66, 79 and 87%,
the soluble water content in biodiesel samples in-
creased after 24 hours of exposition.
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Figure 1: Absorption of water by diesel fuel at dif-
ferent constant relative humidities: 35% - ®; 66% - o
79% - A; 87% - 1. Temperature of 20 °C.

2000

v
1800 R — Y%
B
1600 -
g oz 1%
= —* 23
Q
2 1400 - 66%
o —9 3
Q
2 1200+
=
1000 35%
[ SR S
800 T T T T T T T T T
0 24 48 72 9 120 144
Time (h)

Figure 2: Absorption of water by biodiesel at differ-
ent constant relative humidities: 35% - (1; 66% - o;
79% - A; 87% - V. Temperature of 20 °C.

However, the absorption of soluble water was
faster for biodiesel samples, reaching equilibrium in
a reduced time, compared to the previous experi-
ments. The increase of soluble water content in sam-
ples of biodiesel exposed at 87, 79 and 66% RH
were 70, 50 and 32%, respectively.

At 35% RH the soluble water content in biodiesel
decreased until the minimum of 833 ppm, starting
from a biodiesel sample with 1145 ppm, presenting a
27% loss of soluble water of the biodiesel sample.
These experiments simulate the behaviour of bio-
diesel and diesel fuel when they are stored or ex-
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posed to different weather situations of different
relative humidities, such as rainy or dry days. In an
environment with low RH (35%) there is loss of
soluble water from the sample to the environment.
The opposite was observed for samples stored in an
environment with higher RH.

Experiments of Removal of Free and Soluble Wa-
ter Content Using PAAm Hydrogels

Biodiesel Oil Samples

Biodiesel has a polar chemical structure of car-
boxylate ester groups and presents the characteristics
of absorbing more water than diesel. Thus, the addi-
tion of biodiesel to diesel increases the water reten-
tion capacity of the blend, as evidenced by previous
data (Fregolente et al., 2010) of saturation curves of
maximum water content of biodiesel and diesel
blends at different temperatures. For instance, at 30 °C,
the maximum saturated water content, or soluble
water content, in B100 is 1840 ppm, whereas for
B20 blend it is 270 ppm and for BS5 it is 150 ppm.
For B100 at 20 °C, the maximum saturated water
content is 1720 ppm (soluble water content). Above
this value of 1720 ppm, for B100 samples at 20 °C,
the water present in B100 samples is considered to
be free water. The saturation point is specified as the
dashed line in Figures 3, 4, 5 and 6.

Dry hydrogels of PAAm were employed to re-
move the free and soluble water content of biodiesel
samples. Figure 3 shows the reduction of soluble wa-
ter content of biodiesel when dry PAAm hydrogels
were added to the system. The biodiesel sample ini-
tially presented 1590 ppm of soluble water (the bio-
diesel sample was not saturated with water). Note
that the initial water content is situated above the
dashed line. To consider the saturation of water con-
tent for biodiesel, a minimum of 1700 ppm of water
content is necessary. The high level of 1590 ppm of
water content was due to the exposition to the high
79% RH for 10 days. Two samples were initially
taken and the hydrogel was inserted into only one
sample. The biodiesel sample without dry hydrogel
was used to stipulate the control curve for the experi-
ment. It was observed that, upon adding dry hy-
drogels, the reduction of water content was 49%.

Figure 4 shows the removal of free and soluble
water content of a saturated biodiesel sample. The
addition of dry hydrogel to biodiesel samples (initial
water content of 2100 ppm) resulted in the removal
of free water and then the sequential removal of solu-
ble water content. Figure 4 shows a control curve

monitoring the water content of the sample without
dry hydrogel. The control exhibited a mild reduction
of water content due to the evaporation of the excess
of free water content in the sample to the ambient at
65% RH. Adding dry hydrogel, the reduction of total
water content in the biodiesel sample was 53.3%.
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Figure 3: Removal of water content of a biodiesel

sample (0) using dry PAAm hydrogel. Temperature
20 °C and RH of 65%. Reference sample (7).
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Figure 4: Removal of free and soluble water content
of a biodiesel sample (®) using dry PAAm hydrogel.
Temperature 20 °C and RH of 65%. Reference sam-

ple (7).
Diesel OQil Samples

Figure 5 shows the removal of the free and solu-
ble water content of diesel oil samples using dry
PAAm hydrogels as adsorbent materials. The control
curve for this case also presented a mild decrease,
due to the initial saturation of the diesel sample of
free water content.

From a diesel oil sample initially containing 240
ppm, there was a reduction of 65.0% of total water
content (free and soluble water content).
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Figure 6 shows two different curves for the de-
crease of water content using dry PAAm hydrogel:
D1 is a non-saturated sample (only soluble water
content) and D2 is a saturated diesel oil sample (with-
out centrifugation, high free water content). There
was a reduction of 80.4% in the water content of the
D2 sample, due to the excess initial water content
(350 ppm) in the sample. There was a reduction of
32.0% in the water content of the D1 sample, ini-
tially with 98 ppm of water content.
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Figure 5: Removal of the free and soluble water

content of a diesel oil sample (®) using dry PAAm

hydrogel. Temperature 20 °C and RH of 60%. Refer-

ence sample (7).
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Figure 6: Removal of the free and soluble water of
non-saturated D1 (o) and saturated D2 () diesel oil
samples using dry PAAm hydrogel. Temperature 30 °C
and RH of 60%.

Recovery of PAAm Hydrogels

Even after several cycles of removal of water from
fuels, cleaning and dehydration, the water retention

capacity (swelling degree) of PAAm hydrogels was
not affected. Throughout the duration of the research,
the same hydrogels were reused and analyses of
swelling degree were made periodically. After 10
months of use, swelling degree analyses were per-
formed with results similar to those found after the
synthesis of the hydrogel. After synthesis, the swelling
degree was 15.40 + 1.36 and after 10 months, it was
maintained at 15.23 + 1.82.

CONCLUSIONS

Hydrogel particles have been used successfully as
an alternative method for the removal/reduction of
water content of diesel and biodiesel fuels. Karl
Fischer experiments showed that the treatment of
saturated biodiesel with dry hydrogels reduced the
water content by 53.3% from 2100 ppm. Treatment
of non-saturated biodiesel with dry hydrogels re-
duced the soluble water content by 49.0%. For satu-
rated diesel fuel, the reduction of water content was
80.4% and for non-saturated diesel fuel the reduction
was about 32.0%. Based on the results obtained in
this work, new hydrogels composed of different hy-
drophilic monomers will be synthesized and tested
for their ability to remove water from fuel. The tests
may yalso be extended to other liquid fuels such as
gasoline and jet fuel. The goog performance of these
hydrophilic hydrogel particles could be applicable
for adsorbing water from other liquid fuel types and
has the potential for development of new technolo-
gies for removing water from fuels.
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