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Abstract Palm oil biodiesel (POB) is characterized by a
very high cold soak filtration time (CSFT), which places
the acceptability of this biofuel at risk. Therefore, the effect
of four adsorbents, namely diatomaceous earth, natural
silicate (NS), neutral bleaching earth (NBE), and acid acti-
vated bleaching earth (AABE), at two levels of addition (1
and 5 wt%) or two temperatures (25 and 110 °C) on the
precipitate content and CSFT of POB was investigated.
The impact on total glycerin content, moisture content, and
oxidative stability was also examined. All treatments sig-
nificantly decreased the precipitate content, total glycerin
content, and moisture content, but only treatments with NS,
NBE, and AABE at 5 wt% and 25 °C achieved acceptable
filterability. The OSI value was also decreased; however, it
remained above the ASTM limit. Operational conditions
of treatment with AABE were further optimized in a two-
factor, five-level center composite design. The combination
of 0.65 wt% AABE and 10 min at 25 °C decreased CSFT
to below the ASTM limit. Lower adsorbent concentrations
could be effective down to 0.44 wt%, given a correspond-
ing increase in the contact time up to 30 min.
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Introduction

Diesel fuels from petroleum have long played an impor-
tant role in world industry and transportation. However,
alternative fuels have become important worldwide
because they decrease dependence on fossil fuels. One
of these alternatives is biodiesel, which is composed of
mono-alkyl esters of long chain fatty acids derived from
vegetable oils or animal fats [1]. Biodiesel offers the
advantage that it is renewable, biodegradable, and non-
toxic; it also improves lubricity when blended with diesel
fuel and reduces greenhouse gas emissions [1]. However,
precipitate formation is a concern for biodiesel producers.
Precipitate induces a number of undesired consequences:
it may affect process equipment upstream of the tank farm
in biodiesel facilities; it may also settle at the bottom of
tanks where biodiesel is stored. As a consequence, fre-
quent maintenance is necessary in biodiesel facilities [2].
More important, precipitate has also caused clogging of
fuel filters in engine fuel delivery systems and formed
deposits on vehicle injectors [3].

In an effort to address the fuel filter clogging potential of
biodiesel, the American Society for Testing and Materials
(ASTM) developed a cold soak filtration test, which was
included in the ASTM D6751 standard specification as cold
soak filterability [4]. This test, denominated the ASTM
D7501 Standard Test Method, was intended to determine if
biodiesel is sufficiently free of precipitate capable of clog-
ging fuel filters above the cloud point. The ASTM D6751
requires that biodiesel have a cold soak filtration time
(CSFT) below 360 s.
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Palm oil has several outstanding characteristics as
a feedstock for biodiesel production. Palm is a peren-
nial crop, unlike soybean and rapeseed [S]. Moreover,
palm plantations have the highest oil yield in terms of
oil production per hectare per year, i.e., 5950 L in com-
parison with 446 and 1190 L for soybean and rapeseed,
respectively [6]. However, palm oil biodiesel (POB) is
characterized by very poor filterability, resulting in fail-
ing CSFT [7]. Currently, there are seven POB plants in
Colombia with an annual capacity of 550,000 tons, mak-
ing Colombia one of the leaders of biodiesel production
in Latin America [8]. These plants are the centerpiece
of the Colombian Biofuel National Program, which was
designed to develop the agricultural sector, generate per-
manent jobs, improve the air quality, and replace illicit
crops. However, this program will be put at risk if POB
filterability is not improved.

Characterization of biodiesel precipitate has revealed
the predominant presence of steryl glucosides (SG) and
saturated monoglycerides [9]. Researchers have reported
that SG are the main cause of biodiesel precipitate forma-
tion because of their low solubility in biodiesel and their
high melting point [10]. Although SG may be significantly
removed during refining of vegetable oils [11], even SG
contents lower than 50 ppm may result in precipitate for-
mation [10]. In addition, acylated steryl glucosides, another
minor component in vegetable oils, may be converted to
SG during transesterification, resulting in an increased SG
content in biodiesel in comparison with the initial amount
in the feedstock oil [2]. Monoglycerides result from incom-
plete conversion of the oils during transesterification and
remain in the final biodiesel; SG may form complexes with
residual monoglycerides, exacerbating precipitate forma-
tion [3]. Thus, post-processing techniques for precipitate
removal, especially removal of SG, are needed to improve
biodiesel filterability.

Tang et al. [12] examined room temperature and cold
soak filtration, treatment with diatomaceous earth, cen-
trifugation, and vacuum distillation, and found that vacuum
distillation was the most effective technique to decrease
the SG content in soybean biodiesel. However, drawbacks
of vacuum distillation include increased energy consump-
tion, increased capital and operational costs, and reduced
yield [13]. Several authors claimed the use of adsorbents
on biodiesel refining [14, 15]; however, little or no charac-
terization of the treated biodiesel was presented. Thus, the
primary objective of this study was to improve POB filtera-
bility through selection of an adsorbent capable of substan-
tially decreasing the precipitate content. Related objectives
were to examine the effect of adsorbent treatment on sev-
eral ASTM D6751 biodiesel properties and to optimize the
operational conditions of the adsorbent treatment.
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Materials and Methods
Materials

POB was supplied by Ecodiesel Colombia S.A. (Barran-
cabermeja, Colombia). The POB was prepared from deg-
ummed, bleached, and deodorized palm oil. The POB was
obtained dynamically from a sampling loop in a distribu-
tion line in the processing facility and supplied in a 20 L
plastic container. Diatomaceous earth (CELATOM FW-14)
was supplied by EP Minerals, LLC (Reno, NV, USA). Nat-
ural silicate (SELECT-FF), neutral bleaching earth (B-80),
and acid activated bleaching earth (PERFORM-4000) were
supplied by Oil-Dri Corporation of America (Chicago, IL,
USA).

HPLC grade methanol and dichloromethane were
acquired from Alfa Aesar (Ward Hill, MA, USA). A SG
standard mixture was obtained through Matryea, Inc.
(Pleasant Gap, PA, USA) and was reported to be >98 %
pure.

Sample Conditioning

Untreated POB was manually agitated for 5 min accord-
ing to the European Standard EN 12662 to resuspend sedi-
ments before withdrawing 400 ml samples. Each sample
was placed in a 500 ml bottle and heated for 3 h in a water
bath at 80° C under a dry nitrogen atmosphere to erase
the thermal history of the sample. This temperature was
selected for this step because 40 °C was found unsuitable
to redissolve the sediments (unpublished data). Each sam-
ple was then allowed to stand for 24 h at 25 °C before treat-
ment with an absorbent.

Adsorbent Treatment

POB samples were treated with one of four adsorbents:
diatomaceous earth (DE), natural silicate (NS), neutral
bleaching earth (NBE), and acid activated bleaching earth
(AABE). Each adsorbent was added to a 400 ml sample of
POB and mixed at 250 rpm with a 5 cm stir bar for 2 h,
then filtered through Whatman No. 2 filter paper under
vacuum using the filtration apparatus described in the
ASTM D7501. A bed of adsorbent of approximately 3 cm
was formed above the filter paper during the filtration. The
time to filter was recorded. The filter and bed of adsorbent
was washed with 50 ml n-heptane, the n-heptane collected
after washing was evaporated at 110 °C, and the POB resi-
due was weighed. After filtration, one portion (300 ml) of
treated POB was tested for CSFT, as described below. The
other portion of treated POB was stored in a 250 ml dark
bottle with fluoropolymer resin-lined cap at 25 °C under



J Am Oil Chem Soc (2015) 92:893-903

895

a dry nitrogen atmosphere. Each treatment was replicated
three times.

DE and NS were each tested at two concentrations (1
and 5 wt%) and one temperature (25 °C) in accordance
with Tang et al. [12]. NBE and AABE were each tested at
three temperatures (25, 40, and 110 °C) and one concentra-
tion (5 wt%). 110 °C was chosen in accordance with the
AOCS Official Method Cc 8b-52 [16] whereas 40 °C was
chosen to improve the understanding of the temperature
interaction with precipitate absorbance in potential bio-
diesel refining applications. In the case of bleaching earths,
reduced pressure (60 kPa below atmospheric pressure) was
maintained during all treatments. Samples treated at 40 and
110 °C were heated on a hot plate with manual tempera-
ture control, and samples treated at 110 °C were allowed to
come to 80 °C before filtration.

Cold Soak Filtration Test

The cold soak filtration test was performed in accord-
ance to the ASTM D7501 with minor modifications.
After soaking at 4 °C for 16 h, 300 ml treated samples
were allowed to warm to 25 °C in a water bath and held
at this temperature for 4 h. The samples were then fil-
tered through a 0.7 um glass microfiber filter (What-
man GF/F, 47 mm diameter, Piscataway, NJ, USA)
under 70-80 kPa below atmospheric pressure. ASTM
D7501 filtration apparatus comprises a funnel, a funnel
base with a filter support, the glass microfiber filter, and
a receiving flask assembled as a unit by a clamp. The
filtration proceeded to completion, in contrast to the
ASTM D7501 where filtration is stopped after 720 s. The
time required for the biodiesel to pass through the glass
microfiber filter was recorded as the cold soak filtration
time. The amount of precipitate retained on the glass
microfiber filter was determined in accordance with the
ASTM D7321 standard test method with minor modifi-
cations. After filtration, the sample container was rinsed
with n-heptane previously filtered through a 0.45 pum
glass microfiber filter (Millipore AP40, 47 mm diameter,
Billerica, MA, USA), and the rinses were poured into
the funnel and filtered through the glass microfiber fil-
ter. Similarly, the funnel was rinsed, and the rinses were
filtered. With the vacuum applied, the funnel was care-
fully separated from the funnel base, and the periphery
of the glass microfiber filter was washed with n-heptane
by directing a gentle stream from the edge to the center.
The vacuum was maintained for 10-15 s after washing
to remove excess n-heptane from the glass microfiber fil-
ter. Using clean forceps, the glass microfiber filter was
carefully removed from the filter support, and then dried
in an oven at 110 °C for 30 min, in contrast to the ASTM
D7321 where the drying temperature is 90 °C. When

cooled, the glass microfiber filter was weighed using
an analytical balance, and the mass was recorded to the
nearest 0.1 mg. The precipitate content was calculated
from the increase in the mass of the glass microfiber fil-
ter and reported in ppm.

Biodiesel Analysis

As-received POB and samples collected after filtra-
tion through the bed of adsorbent and the Whatman No.
2 filter paper were analyzed to examine the effect of
adsorbent treatment on several ASTM D6751 biodiesel
properties. Moisture content was determined with a
Karl Fischer coulometric titrator DL.32 (Mettler Toledo,
Columbus, OH, USA) following the ASTM D6304
Standard Test Method. Total glycerin was quantified by
the SafTest (MP Biomedicals, LLC., Solon, OH, USA)
according to the manufacturer’s recommendations. Rea-
gents in the SafTest cleave molecules of mono-, di-, and
triglycerides. The resulting glycerin is digested enzy-
matically, and the break down product is measured spec-
trophotometrically at 570 nm [17]. Oxidative stability
index (OSI) was determined with a six-channel oxidative
stability instrument (Omnion Inc., Rockland, MA, USA)
following the AOCS official method Cd 12b-92 at 110 °C
[18]. Analyses were all performed twice for each repli-
cate of treated biodiesel.

Steryl Glucosides Analysis

Centrifugation near the POB cloud point temperature
was used to concentrate SG for quantification. Thirty
milliliters of biodiesel was centrifuged at 4300x g for
60 min at 15 °C. The supernatant was decanted, and
the tubes were inverted on paper towels for 30 min to
remove any excess biodiesel from the tubes. Tubes con-
taining untreated POB yielded a visible pellet after cen-
trifugation, but a visible pellet was often not observed
among adsorbent treatments. Vacuum distillation (150—
175 °C, 98 kPa below atmospheric pressure, 190 min)
confirmed that the amount of SG remaining in the super-
natant was below our limits of detection (0.025 mg/
ml), and therefore, centrifugation isolated the SG in the
pellet. Working in a cold room to minimize evaporation
of dichloromethane, 0.5 ml of dichloromethane/metha-
nol (2:1, v/v) was added to the sample tube. The tubes
were capped and stored at 25 °C for 15 min and were
resuspended with occasional vortexing. After 15 min,
samples were centrifuged for 30 s at 4300xg and 15 °C
to concentrate the SG on the tube bottom. The samples
were filtered through 0.45 wm nylon filters directly into
vials for HPLC SG analysis as reported by Haagenson
et al. [19]. Before filtration, the sample arising from the
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centrifuged untreated POB was diluted 1:10 with dichlo-
romethane/methanol (2:1, v/v) to bring the SG content
within the range of the calibration equation. The sam-
ple arising from the centrifuged treated biodiesel, in
contrast, was not diluted because of the suspicion that
it had very low SG content. ELSD detectors are well
known to have a limited range of non-linear concentra-
tion response. Thus, concentrations ranging from 100 to
300 pg/ml were chosen to achieve a standard curve with
good linearity. The parameters of the standard curve
were obtained by fitting the experimental data points to
a linear equation, resulting in the calibration equation:

y =2E10% — 1E’ (1)

where y is the peak area (mV min) and x represents the ana-
lyte (SG) concentration (mg/ml).

Statistical Analysis

Data were analyzed by ANOVA followed by the Tukey
test for multiple comparisons using Statgraphics Centurion
software (free trial version, StatPoint Technologies, Inc.,
Warrenton, VA, USA). A p value of <0.05 was considered
statistically significant.

A two-factor, five-level central composite design (CCD)
was conducted to examine the combined effect of adsor-
bent concentration and contact time on CSFT. CCD has
the advantage of predicting a response based on a few sets
of experimental data, in which independent factors vary
within a fixed range. CCD consists of the standard 2 fac-
torial points, a replicated center point, and 2k points fixed
axially at a distance from the center given by the general
formula o = 2¥*, where k is the number of factors. For two
factors, « is equal to 1.414, which made the design rotat-
able. Five replicates of the center point were used to deter-
mine the experimental error and the reproducibility of the
data. Thus, a set of 13 experiments points including four
factorial points, four axial points, and one center point rep-
licated five times was carried out in randomized order to
minimize the effects of uncontrolled factors.

The low and high actual levels of the factors were ini-
tially fixed at 1 and 5 wt% for adsorbent concentration, and
30 and 120 min for contact time, respectively. The actual
levels of the axial points were calculated using Eq. (2):

Xi — X
o = X

@

where «; represents the coded value, X, represents the
actual value, X, represents the average value of the factor
in low (—1) and high levels (+1) and X may be calculated
as follows:

factor in high level — factor in low level
Xo = 3 3
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Multiple regression analysis was used to fit the response
values by the second-order polynomial model:

n n—1 n n
Y =B+ Z Bixi + E Z Bijxixj + Z Biix; 4)
i=1 i=1

i=1 j=i+1

where Y represents the predicted response, S, represents
the constant coefficient, B; represents the linear effect, B;
represents the interaction effect, B;; represents the squared
effect, and x; and x; represent the independent factors. The
model was satisfactory when ANOVA showed a high sta-
tistical significance (p value <0.05). Regression coefficients
were also tested for statistical significance. Confirmatory
experiments were carried out using four combinations
of factors that were not part of the original CCD experi-
ments, but within the design space, where favorable CSFT
(<360 s) was expected. The confirmatory experiments
involved adsorbent treatment of untreated POB followed
by cold soak filtration test of the resulting treated POB as
described above.

Results and Discussion

Improving POB filterability, through selection of an adsor-
bent capable of removing the precipitate, was the primary
objective of this study. CSFT was markedly higher than
the 360 s limit specified in the ASTM D6751, confirming
that POB as received had very poor filterability (Fig. 1a).
The precipitate content was also markedly higher in com-
parison with other biodiesel feedstocks [20]. This indicated
that it was necessary to make a great effort to improve POB
filterability.

Adsorbent Treatment
Influence on CSFT

Of the eight adsorbent treatments tested, only three (5 wt%
NS, NBE, or AABE at 25 °C) resulted in POB that had a
passing CSFT (<360 s) (Fig. 1a). DE was first tested due to
its widespread use as a filter aid and its potential use in bio-
diesel facilities [14, 15]. Although precipitate content was
decreased to almost one third that of the untreated biodiesel
(Fig. 1b), the use of either 1 or 5 wt% DE had no signifi-
cant effect on CSFT. Therefore, additional optimization of
DE was not considered.

Using 1 wt% NS, the precipitate content was markedly
lower (80.6 %) than that for the untreated biodiesel. However,
this was insufficient to decrease CSFT to below the ASTM
limit. In contrast, using 5 wt%, CSFT decreased to 71 s with
a concomitant reduction (97.9 %) in precipitate content. This
confirmed that NS can achieve the needed POB filterability.
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Fig. 1 Cold soak filtration time (CSFT) (a) and precipitate con-
tent (b) for treated palm oil biodiesel (POB). Control denotes the
untreated POB. Treatments having different letters are significantly
different by Tukey multiple range test (p value <0.05). DE diatoma-
ceous earth, NS natural silicate, NBE neutral bleaching earth, AABE
acid activated bleaching earth. The dotted line in a indicates the 360 s
ASTM maximum limit for CSFT. Error bars show standard deviation

Effectiveness of bleaching earths on improving POB
filterability was then assessed. Since the CSFT was not
achieved with DE and NS at 1 wt%, a concentration of 5
wt% was used with bleaching earths. CSFT for POB treated
with either NBE or AABE at 25 °C was 58 s, similar to the
superior CSFT provided by NS at 5 wt%. The improved
CSFT was consistent with a marked reduction (95.3 and
97.3 %, respectively) in the precipitate content of both
treatments. This suggested the potential of bleaching earths
for improving POB filterability. However, the efficacy of
bleaching earths on POB precipitate removal and CSFT at
110 °C was decreased. When compared to untreated POB,
NBE and AABE tested at 110 °C markedly decreased pre-
cipitate content (77.2 and 82.1 %, respectively), but were
still higher than that from the bleaching earths tested at
25 °C. These results showed that removal of components
responsible for precipitate formation in POB is favored at
lower temperature. An explanation for the reduced effi-
cacy at higher temperature may be the alteration in van der

Waals physical forces at elevated temperature. These forces
have been demonstrated to be disrupted when temperatures
rise, especially above 100 °C, making the adsorption reac-
tion shift to the desorption side [21]. In addition, since the
results were not the same at the two temperatures, removal
of components responsible for precipitate formation in
POB by adsorption rather than filtration was supported.

The reduced effectiveness of bleaching earths at
increased temperatures was concerning since POB process-
ing often occurs in tropical locations where the average
ambient temperature is >40 °C. Because of this, two addi-
tional experiments were conducted at 40 °C to improve the
understanding of the temperature interaction with precipi-
tate absorbance in potential biodiesel refining applications.
In agreement with our early finding, the precipitate content
was higher for the treatments at 40 °C relative to 25 °C,
and consequently, CSFT was also higher. However, the
precipitate content at 40 °C were higher for POB treated
with NBE than that for POB treated with AABE. Moreo-
ver, CSFT for POB treated with NBE was well above the
ASTM limit whereas CSFT for POB treated with AABE
at 40 °C met the ASTM limit. This suggested the use of
AABE instead of NBE for further optimization studies.

As depicted in Fig. 2, CSFT increased as the precipi-
tate content rose from 3.68 to 14.44 ppm, but still met the
ASTM limit. POB failed to meet this limit once the pre-
cipitate content exceeded 20 ppm. With a further increase
in precipitate content, CSFT underwent a sharp rise to
very high values beyond the useful range of the ASTM
D7501. A curve fitted through these data suggests that there
is a precipitate content threshold around 20 ppm above
which POB filterability becomes unacceptable. A similar
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Fig. 2 Relationship between CSFT and precipitate content of
POB subjected to different adsorbent treatments. The dotted line
indicates the 360 s ASTM maximum limit for CSFT. Only treat-
ments for which precipitate content was lower than 40 ppm (1
and 5 wt% NE, NBE at 25 °C, AABE at 25 and 110 °C) are repre-
sented in this plot, including treatments with NBE (precipitate con-
tent = 26.2 ppm) and AABE (precipitate content = 14.8 ppm) at
40 °C. Error bars show standard deviation. For details on abbrevia-
tions, refer to Fig. 1
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relationship was found by Lin et al. [17], who examined
the impact of minor components on the precipitate for-
mation in canola oil biodiesel and its filterability. These
authors spiked refined canola oil biodiesel with different
levels of saturated monoglycerides and tested the biodiesel
for CSFT, quantifying the precipitate content. Their results
showed that below 0.26 wt% saturated monoglycerides,
CSFT increased only slightly with increasing precipitate
content. However, above this critical point, a small rise in
the precipitate content corresponded to a sharp increase in
CSFT, at which point the canola oil biodiesel failed to meet
the ASTM limit. These authors also mentioned that CSFT
was less repeatable once the critical point was exceeded, in
accordance with the results reported in this study.

Because of the interest in selecting one adsorbent for
investigating the effect of adsorbent concentration and
contact time on POB filterability in the second part of
this study, a criterion was sought to choose between NS
and AABE. The amount of POB retained by each spent
adsorbent was considered first. However, no significant
difference was observed (p value = 0.5013): NS retained
0.68 £ 0.01 g POB per g adsorbent whereas AABE
retained 0.65 £ 0.08 g POB per g adsorbent. The adsorbent
price was then considered, and NS cost per ton was almost
four times that of AABE. Thus, NS was not evaluated for
additional optimization experiments.

Influence on Minor Components Content and Biodiesel
Properties

Total Glycerin

Total glycerin is the sum of free glycerol and glyceride spe-
cies (mono-, di-, and tri-) remaining in the final biodiesel,
of these minor components, monoglycerides are expected
to be the most abundant [3]. Since palm oil has a high
percentage of saturated fatty acids, the monoglycerides
remaining in POB are expected to have a similar, high per-
centage of saturates. When compared to unsaturated mono-
glycerides, saturated monoglycerides have been demon-
strated to increase CSFT negatively [17], and therefore, it
was expected that reduction in total glycerin content would
decrease CSFT of POB.

Adsorbent treatments all markedly decreased the total
glycerin content (Fig. 3). However, reduction in total glyc-
erin content did not correspond to a systematic reduction
in CSFT (Figs. la, 3). Samples treated with either NBE or
AABE at 110 °C did not meet the ASTM CSFT limit, even
though total glycerin content for both treatments was the
lowest (0.036 and 0.040 wt%, respectively). Although these
treatments had the lowest total glycerin content, the pre-
cipitate content exceeded the 20 ppm threshold associated
with failing CSFT (Fig. 2). The best CSFT was obtained
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Fig. 3 Total glycerin content for treated POB. Treatments having dif-
ferent letters are significantly different by Tukey multiple range test
(p value <0.05). The dotted line indicates the 0.24 wt% ASTM maxi-
mum limit for total glycerin content. For details on abbreviations,
refer to Fig. 1

from treatments possessing total glycerin content between
0.078 and 0.091 wt% (5 wt% NS, NBE, or AABE at 25 °C,
Figs. 1b, 3), and these treatments had the lowest precipitate
content. This suggested that factors other than saturated
monoglycerides, such as SG, played an important role in
POB filterability.

Steryl Glucosides

SG content of the untreated POB was 65 ppm. Samples
treated with adsorbent showed a marked reduction in SG
peaks, including no visible SG peak in some instances.
This indicated that all adsorbent treatments decreased the
SG content, even to below our levels of detection (Fig. 4).
This was in agreement with Na-Ranong et al. [22], who
treated POB containing 97.6 ppm SG at temperatures in the
range of 65-80 °C for 10 min and reduced the SG content
to as low as 20 ppm using 3 wt% bleaching earths. As sug-
gested above, the superior CSFT of samples treated with 5
wt% NS, NBE, or AABE at 25 °C may have been due to
a higher reduction in SG content compared with the other
treatments; this is consistent with Pfalzgraf et al. [23] in
their finding that the impact of SG on soybean oil biodiesel
CSFT was the most dramatic, much more dramatic than
that of saturated monoglycerides.

Moisture

Increased biodiesel moisture may negatively impact filtra-
tion, and the impact of adsorbent on moisture was deter-
mined (Fig. 5). Moisture content for the untreated POB
(542.3 ppm) was slightly higher than the 500 ppm limit
specified in the European Standard EN 14214 [24], but all
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Fig. 4 Reverse phase HPLC-ELSD chromatogram of (a) centrifuged
untreated and (b) centrifuged treated (25 °C and 5 wt% of AABE)
POB. Peaks detected in the range of 5.8-8.2 min corresponded
to steryl glucosides (SG) while in the range of 2.2-3.1 min corre-
sponded to monoglycerides (MG) and in the range of 4.0-5.5 min
corresponded to fatty acid methyl esters (FAME) of residual POB.
Before analysis, sample A was diluted 1:10 with dichloromethane/
methanol (2:1, v/v); sample B, in contrast, was not diluted
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Fig. 5 Moisture content for treated POB. Treatments having different
letters are significantly different by Tukey multiple range test (p value
<0.05). The dotted line indicates the 500 ppm EN 14214 maximum
limit for moisture content. For details on abbreviations, refer to Fig. 1

samples treated with adsorbent met the EN 14214 limit. The
samples possessing superior CSFT (5 wt% NS, NBE, or
AABE at 25 °C, Figs. la, 5) had similar moisture contents

to the sample treated with 5 wt% DE or the untreated POB,
indicating that moisture has no significant effect on CSFT
of POB. Samples treated with bleaching earths at 110 °C
had markedly decreased moisture content. The elevated
temperature (110 °C) may have contributed to evaporative
loss rather than contact with adsorbent.

Oxidative Stability Index

As expected, untreated POB had a very high OSI value,
well above the 3 h limit specified in the ASTM D6751
(Fig. 6). The high oxidative stability of the untreated POB
may be attributed to its high percentage of saturated fatty
acids. Biodiesel is more susceptible to oxidation if it con-
tains a high level of unsaturated fatty acids, especially
methyl linolenate [25], not found in POB. In addition, POB
has natural antioxidants that impart high oxidative stability
to biodiesel [26].

All the adsorbent treatments markedly decreased the OSI
value compared to the untreated POB, but all samples met
the ASTM limit. Biodiesel treated with DE (5 wt%) or with
either NBE or AABE at 110 °C had the largest reduction in
oxidative stability. Although antioxidant contents were not
quantified in this current study, the reduction in OSI may
be partly attributed to the removal of antioxidants. Tang
et al. [12] reported that adsorbent treatment decreased the
soybean oil biodiesel tocopherol content from 36 to 17 ppm
on average. These authors suspected that this reduction in
the tocopherol content was enough to compromise the soy-
bean oil biodiesel oxidative stability. However, OSI values
remained well above the ASTM limit for treatments for
which CSFT was the best (5 wt% NS, NBE, or AABE at
25 °C, Figs. 1a, 6), and therefore, POB thus treated had not

HSwt %, 25°C
=5wt %, 110°C

= Control

#1wt %, 25°C

40

0sl (h)

Fig. 6 OSI value for treated POB. Treatments having different let-
ters are significantly different by Tukey multiple range test (p value
<0.05).The dotted line indicate the 3 h ASTM minimum limit for OSI
value. For details on abbreviation, refer to Fig. 1
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only very good filterability but also very good oxidative
stability.

Because of the marked decline in the OSI value after
treatment with all the adsorbents, an extra experiment
was conducted to examine if this decline was exclusively
due to the adsorption of POB antioxidants. The experi-
ment consisted of conditioning an untreated POB sample
according to the procedure described in the materials and
method section and filtering it directly through Whatman
No. 2 filter paper under vacuum. No adsorbent was used
to treat the sample. After filtration, the treated sample was
tested for OSI value. The OSI value for this negative con-
trol (14.6 £ 1.7 h) was significantly lower than that for the
untreated POB (p value = 0.0008). This showed that even
filtration through Whatman No. 2 filter paper reduced oxi-
dative stability.

Model Fitting

After choosing AABE over NBE and NS for optimiza-
tion studies, an initial CCD experiment was conducted to
examine the combined effect of adsorbent concentration
and contact time on CSFT (Table 1). Disappointingly, little
variation in CSFT was observed, and all but one treatment
decreased CSFT to well below the ASTM limit. The excep-
tion was the treatment at 0.18 wt% and 75 min, for which
CSFT remained exceptionally high (>1800 s). No statisti-
cally significant variation was observed within the design
space, indicating that AABE was capable of effectively
improving POB filterability even at 1 wt% and 30 min.
These results suggested that acceptable POB filterabil-
ity could be achieved using less than 1 wt% and less than
30 min. Thus, a second CCD experiment was conducted
with lower levels of adsorbent concentration and contact

time in order to provide a more sound statistical basis for
adsorbent loading and retention time (Table 1).

The adsorbent concentration values in the second CCD
experiment were chosen so that the highest and lowest
axial values equaled the lowest factorial value (1 wt%) and
lowest axial value (0.18 wt%) of the first CCD experiment,
respectively. Additional adsorbent concentrations values
were calculated using Eq. (2) and (3). The new contact time
values were chosen in accordance with Barrios and Skel-
ton [27], who examined the efficiency of magnesium sili-
cate for removal of methanol, glycerin, and fatty acid soaps
from used cooking oil-based biodiesel.

The response values from the second CCD experi-
ment supported that acceptable POB filterability could be
achieved using less than 1 wt% and less than 30 min. All
center point treatments, with the exception of treatment 10,
produced biodiesel that met the ASTM limit using just 0.6
wt% and 20 min.

The response values reported in Table 1 were fitted
to the second-order polynomial model described in Eq.
(4) using multiple regression analysis. According to the
ANOVA results, most coefficients were statistically signifi-
cant, except for x, and x3 (p value > 0.05). The latter was
removed from the model, but the former was kept due to
the significance of the interaction term x,x,. The resulting
model, after excluding the insignificant terms, is given in
Eq. (5):

CSFT =3847.34 — 7043.03x; — 72.83x2

5
+ 94.25x1xy + 2833.94x7 )
where x; and x, denote adsorbent concentration (wt%) and
contact time (min), respectively. The model was statisti-
cally significant (p value = 0.0003). The goodness of fit

Table 1 Two central composite
designs examining the effect of

Treatment First CCD

Second CCD

acid activated bleaching earth

Concentration (Wt%) Time (min) CSFT (s)

Concentration (wt%) Time (min) CSFT (s)

concentration and contact time

on cold soak filtration time 1 1
(CSFT) of palm oil biodiesel 2 5

3 1

4 5

5 0.18

6 5.83

7 3

8 3

9 3

10 3

11 3

12 3

13 3

30 67 0.3 10 1878
30 57 0.9 10 106
120 68 0.3 30 729
120 59 0.9 30 88
75 1882 0.18 20 1335
75 56 1.02 20 59
11 61 0.6 6 236
139 54 0.6 34 140
75 58 0.6 20 322
75 59 0.6 20 398
75 59 0.6 20 273
75 58 0.6 20 263
75 58 0.6 20 322
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Table 2 Confirmatory experiments to validate the regression model 30 CSFT (s)
prediction for cold soak filtration time (CSFT) of treated palm oil M <40
biodiesel, given acid activated bleaching earth concentration and con- B 40-200
tact time g 25 7 200-360
. . . g I 360-680
Concentration ~ Time (min) CSFT (s) = I 680-1000
(Wi%) ; — 2 I 1000-1320
Predicted Actual Deviation (%) g 20 > 1320
0.63 25 199 197 0.86 3
0.6 20 316 281 1112 S 15
(6]
0.66 10 327 297 9.22
0.47 30 307 319 3.86

Adsorption temperature: 25 °C

was evidenced by the high coefficient of determination of
the model (R* = 0.9886), indicating that the model may
be used for prediction within the design space with high
precision.

Good agreement was shown to exist between the pre-
dicted CSFT values and the measured values from confirm-
atory experiments (Table 2). No marked differences were
observed, and the average deviation was 6.3 %. This vali-
dated the model given in Eq. (5) within the design space.

Effect of Adsorbent Concentration and Contact Time

Adsorbent concentration had a much larger effect on
CSFT than contact time within the ranges used in the
second CCD experiment. CSFT varied from values well
below the ASTM limit (106 s for treatment 2 and 88 s
for treatment 4) to values unacceptably high (1878 s for
treatment 1 and 729 s for treatment 3) when adsorbent
concentration decreased from 0.9 to 0.3 wt%. The effect
of adsorbent concentration was less pronounced at high
contact times: CSFT increased by 641 s when adsorbent
concentration decreased from 0.9 to 0.3 wt% and contact
time was held at 30 min in comparison with 1772 s when
adsorbent concentration decreased by the same amount
and contact time was held at 10 min, confirming the
strong interaction between the adsorbent concentration
and contact time. Thus, when decreasing adsorbent con-
centration, contact time should increase to ensure CSFT
limits are met.

To illustrate the relationship between adsorbent con-
centration and contact time, a contour plot was created
(Fig. 7). The region where CSFT was predicted to be
lower than 360 s extends from 0.65 up to 0.9 wt% for
adsorbent concentration at the lowest level contact time.
This indicates that any combination of absorbent at >0.65
wt% and 10 min should decrease CSFT to below 360 s.
Lower concentrations (up to 0.44 wt%) could be effec-
tive, but increasing the contact time up to 30 min would be
necessary.

10

03 04 05 06 07 08 09
Adsorbent concentration (wt %)

Fig. 7 Contour plot for the combined effect of adsorbent concen-
tration and contact time on cold soak filtration time for treated palm
oil biodiesel. The adsorbent was acid activated bleaching earth. The
ASTM D6751 standard specification stipulates that cold soak filtra-
tion time (CSFT) should not exceed 360 s. In some instances, a more
stringent limit of 200 s is used

The ASTM D6751 standard specification also prescribes
that biodiesel intended for blending into diesel in cold climates
(at or below —12 °C) should have a CSFT of <200 s. Thus,
the region where CSFT was predicted to be lower than 200 s
was also identified in the contour plot. Any combination of
>0.72 wt% of adsorbent and 10 min was sufficient enough to
decrease CSFT to below 200 s. Again, lower adsorbent con-
centrations could be effectively used (up to 0.55 wt%), but it
would be necessary to increase the contact time up to 30 min.

It is important to note that the improved filtration values
were obtained from an untreated biodiesel feedstock contain-
ing 65 ppm SG. SG content of biodiesel may vary markedly
depending on the oil refining processes and the biodiesel pro-
duction processes [12]. It may range from not detectable to
158 ppm for soybean oil biodiesel, and from 55 to 275 ppm
for POB [2]. Thus, the biodiesel precipitate content may
be quite different, and it may be necessary to adjust adsor-
bent concentrations and contact times for different process
batches. In addition, costs associated with the AABE, loss
of POB during filtration, and related costs must be taken into
account to determine the economic feasibility of the process.

The cost of this treatment was estimated on the assump-
tion that it would be comparable to the cost of bleaching.
Morad et al. [28] reported that 20 % of refining cost was
due to combined degumming and bleaching; the consump-
tion of expensive bleaching agents along with oil losses in
the spent bleaching agents makes bleaching cost-intensive.
The refining cost for palm oil during the last year was esti-
mated at US$44.02 per ton [29], thus our AABE treatment
of biodiesel was estimated at US$8.80 per ton.

An estimate of POB losses using 3 wt% AABE may be
made from the amount of POB retained by the spent AABE,
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which was 2.07 £ 0.27 wt%. This value is similar to that
reported by Na-Ranong et al. [22] (1.93 wt%). The optimum
adsorbent concentration may actually be much lower than 3
wt%, which would reduce both adsorbent cost and POB loss;
the optimum for our POB was 0.65 wt%, as noted above.

Conclusion

POB as received from a local supplier was characterized by
an exceptionally high CSFT (>5 h), confirming the poor fil-
terability typical of POB. This was consistent with a high pre-
cipitate content (>175 ppm), much higher than for biodiesel
from other feedstocks. Reduction of the precipitate content
to below 20 ppm resulted in POB that had a passing CSFT
(<360 s). DE was not successful in improving POB filtera-
bility. In contrast, NS, NBE, and AABE achieved the needed
filterability at 5 wt% and 25 °C. AABE was selected optimi-
zation because of its cost and its better performance at room
temperatures. The improvement in filterability was dimin-
ished at higher temperatures, perhaps because of the altera-
tion in van der Waals physical forces at elevated temperature.

All adsorbent treatments significantly decreased the total
glycerin content and moisture content. Reduction in total
glycerin content did not correspond to a systematic reduc-
tion in CSFT, suggesting that factors other than saturated
monoglycerides played an important role in POB filter-
ability. The OSI value was also decreased, but it remained
above the ASTM limit.

A model for the prediction of CSFT of POB, given
AABE concentration and contact time, had high statistical
significance (p value = 0.0003). The combination of 0.65
wt% AABE and 10 min at 25 °C decreased CSFT to below
the ASTM limit. Lower adsorbent concentrations could be
effective down to 0.44 wt%, given a corresponding increase
in the contact time up to 30 min.
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