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a  b  s  t  r  a  c  t

An  automatic  method,  based  on flow-batch  (FB),  for determining  glycerol  in biodiesel  was  developed.
The  FB  systems  draw  upon  the  useful  features  of flow,  batch  and  multi-commutation  approaches.  The
standards  and  samples  preparation,  as  well  as,  derivatization  and  analysis  were  fully  automated.  For
that purpose,  a homemade  chamber  was  built.  The  proposed  method  is  based  on  liquid–liquid  extrac-
tion of  glycerol  and  simultaneous  oxidation  with  periodate,  generating  formaldehyde  that  reacts  with
eywords:
low-batch
lycerol
iodiesel
luorescence
n-line extraction

acetylacetone.  A  fluorescent  product  of  3,5-diacetyl-1,4-dihydrolutidine  was obtained.  The  fluorescence
signal  was  recorded  at �ex =  417  nm  and  �em =  514  nm.

A  linear  response  was  observed  from  0.10  to  5.00 mg  L−1 glycerol,  variation  coefficient  1.5%,  sampling
rate  14  h−1 and  detection  limit 0.036  mg  L−1 glycerol.  The  procedure  was  successfully  applied  to the
analysis  of  biodiesel  samples,  and the results  agreed  with  the  reference  method  (ASTM  D6584-07)  at  95%
confidence  level.
. Introduction

Most of the energy consumed in the world comes from fossil
uels (oil, coal and natural gas). In recent years, the energy trend
s to use renewable sources in order to replace, fully or in part,
ossil fuels. Among biofuels, biodiesel is one of the best alternative
uels. Biodiesel is biodegradable and nontoxic, and has low emission
rofiles as compared to petroleum diesel.

In recent years, biodiesel production in Argentina has been
rowing. Currently, Argentina ranks as the world’s third largest
iodiesel producer; the ranking is Malaysia, Indonesia, Argentina,
SA, and Brazil. Argentina and Brazil are among the top palm and

oybean growers, the two most prevalent oilseed crops in the world
1].

Biodiesel is produced by a chemical transesterification reaction,
hich is a sequence of three reversible chemical reactions to turn

riglyceride molecule into diglyceride, monoglyceride and glycerol
2].  Consequently, two  phases are obtained; the upper phase that
as the main biodiesel product, and the lower phase that con-

ists of glycerol and many other chemical compounds [3].  After
he transesterification process, free glycerol can be easily removed
rom the biodiesel by successive washing of the biodiesel with

∗ Corresponding author. Tel.: +54 291 4595100; fax: +54 291 4595100.
E-mail address: usband@criba.edu.ar (B.S. Fernández Band).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

distilled water. On the other hand, a low content of glycerides can
only be achieved by selecting the appropriate reagents and reaction
conditions, or by further distillation of the product [4].

The commercial biodiesel has residual amounts of glycerol that
could cause occlusion of fuel filters, thus impairing the engine,
causing fuel tank damage, and possibly releasing acrolein into the
environment. This takes place when fuel burning occurs at a tem-
perature above 180 ◦C [5–7]. International regulations specify a
limit for free glycerol contents of 0.020% (w/w)  [8].  In fact, biodiesel
European norm EN 14214 limits the presence of some pollutants;
among them are methanol and free glycerol.

In the bibliography there are several analytical methods for
determining free glycerol in biodiesel. Some of them are the
chromatographic methods [9,10].  Darnoko et al. [11] studied
the simultaneous analysis of transesterification reaction prod-
ucts (triglycerides, diglycerides, monoglycerides, methyl esters,
and glycerol) using gel permeation chromatography. Arzamendi
et al. [12] developed the size exclusion chromatography (SEC)
method for monitoring glyceride and FAME (fatty acid methyl ester)
in biodiesel that was  obtained from sunflower oil. Santori et al.
[13] published the determination of mono-, di- and triglycerides,
methyl esters, methanol and glycerol in liquid–liquid phase equi-

librium, biodiesel-rich upper phase and a glycerol-rich lower phase.
Reversed-phase liquid chromatography (RP-LC), in isocratic and
gradient elution with UV detection was used. Another reported
method was  based on the gradient RP-LC (water and acetonitrile)

dx.doi.org/10.1016/j.talanta.2011.10.055
http://www.sciencedirect.com/science/journal/00399140
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Fig. 1. Schematic diagram of the flow-batch system for free glycerol fluorescence determination. V: three-way solenoid valve; PP: peristaltic pump; S: sample; H2O:  water;
R RA: 1
p  W2:  
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P:  15 mmol L−1 potassium periodate in 0.80 mol  L−1 ammonium acetate, pH 4.5; 

hase, E: extractive solution, S: stirrer, MS:  magnetic stirrer, SB: stirrer bar. W1 and

ith refractometric detection. The analysis is easy and the samples
o not need any treatment (only dilution by water). In addition, it
as a low detection limit [14].

Dorado et al. [15] reported that the use of NIR technol-
gy provides a trustworthy and low-cost method to determine
he presence of undesirable amounts of methanol and glycerol.
onç alves-Filho and Micke [16] have developed a capillary elec-

rophoresis methodology for determining free glycerol in biodiesel
sing oxidative cleavage with periodate.

Pinzi et al. [17] has used an automated on-line ultrasound
ssisted approach based on determining free and bounded glyc-
rol; the reaction product was measured by spectrophotometry,
t 410 nm.  Bondioli and Della Bella [18] proposed a spectrophoto-
etric measurement at 410 nm,  based on periodate oxidation of

lycerol, leading to the preparation of formaldehyde, on reaction
ith acetylacetone (Hantzsch’s reaction). Silva et al. [6,19] used this

nalytical method in a flow multicommutation system with spec-
rophotometric and fluorimetric determinations of free and total
lycerol. An alternative extraction procedure was also proposed to
void the use of organic solvents, by mixing the sample and water
n orbital platform for 30 min. The mixture was then centrifuged for

 min, the biodiesel phase was removed with a Pasteur pipette and
he free glycerol content was determined in the aqueous phase.

The aim of the present work was to develop an automatic
ethod, based on flow-batch (FB), for determining glycerol in

iodiesel. The FB systems draw upon the useful features of flow,
atch and multi-commutation approaches. Such hybridization
etains the reliability of classical batch mode methods with a mod-
rn, fully computer-controlled and miniaturized mixing assembly
ccessory, exchanging the use of large amounts of solutions for
icro-volumes, typically employed in conventional flow systems.

B systems differ from conventional approaches in that the carrier
ow is not used to transport the sample to the detector [20–28].
oreover, the selection of washing time, flow-rates, tube diame-

ers and lengths, is not a critical factor. The method developed by us
roposes to be carried out in three stages, an on-line liquid–liquid
eparation of glycerol from biodiesel in the aqueous phase, a deriva-

ization reaction in order to obtain a fluorescent product and the
uorescence detection inside the FB chamber. In order to use a flu-
rescent detection in the FB system, a lab made PTFE chamber with
uartz windows was built.
.50 mol  L−1 acetylacetone in 0.80 mol L−1 ammonium acetate, pH 4.5; B: biodiesel
quartz windows, G/B: glycerol standard/biodiesel sample.

2.  Experimental

2.1. Apparatus

A fluorescence spectrometer (model FP6500, Jasco) equipped
with a xenon discharge light source (150 W)  was used to carry out
the measurements. The slits can vary from 1 to 20 nm.  The selected
ones were 5 nm for excitation and 10 nm for emission.

A peristaltic pump Gilson Minipulse 3 M312 was used. This
pump has a 8-channel pump head.

Gas chromatography Agilent Technologies 6890 GC with flame
ionization detector (FID), programmed temperature vaporising
(PTV) inlet (CIS 4, GERSTEL) and Dual Rail MPS  2 robotic sam-
pler with 10-�L on-column syringe and an 80-�L sideport syringe
with diluter module (GERSTEL) were used. Also, an Rtx-Biodiesel
TG Restek column (10 m × 0.32 mm i.d.) was  used [29].

2.2. Reagents, solutions and sample

All the reagents were of analytical grade chemicals, and dou-
ble distilled deionized water (18 M� cm−1) was  used. Isooctane
(Anedra) was  used to clean the chamber.

A stock solution of 0.1 mol  L−1 potassium hydrogen phthalate
(Sigma) was  prepared adjusting pH from 2.2 to 3.2 with 0.1 mol L−1

hydrochloric acid (Anedra).
0.2 to 1.0 mol  L−1 ammonium acetate (Sigma) were tested

adjusting pH into the range 3.2–7 with 0.1 mol  L−1 acetic acid (Ane-
dra).

A 1.50 mol  L−1 acetylacetone (2,4-pentanedione, Hopkin &
Williams) and 15 mmol  L−1 potassium periodate (Analar) solutions
were prepared daily in 0.80 mol  L−1 ammonium acetate, pH 4.5.
Stock solution of 10.00 mg  L−1 glycerol was prepared by diluting
glycerol (Mallinckrodt) in water.

The soybean biodiesel samples were purchased from Petro-
bras refinery (Dr. Ricardo Eliç abe) located in Bahía Blanca City,
Argentina.
2.3. Flow-batch system

A flow-batch system was developed for extracting and deter-
mining free glycerol in biodiesel samples. A schematic diagram of
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Table 1
Operation of the flow-batch system for extraction and determination of free glycerol in biodiesel.

Step Event Time (s) Volume (�L) Pump rotation speed (rpm) Pump tube (mm i.d.)

1 Biodiesel (VG/B) 1.0 14.8 10.0 1.29
Potassium periodate (VP) 0.5 7.3 10.0 1.29
Acetylacetone (VA) 0.5 7.3 10.0 1.29
Water  (VH2O) 3.8 970.6 48.0 2.06

2  Stirrer timea 240 – 0.0 –
3  Detection 1.0 – 0.0 –
4  Waste (VW) 4.2 – 48.0 2.06
5b Isooctane (VI) 1.0 238.1 48.0 2.06
6b Water (VH2O) 2.9 690.5 48.0 2.06
7b Waste (VW) 4.2 – 48.0 2.06
8b Water (VH2O) 3.9 1000.0 48.0 2.06
9b Waste (V ) 4.2 – 48.0 2.06
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a Extraction time of the free glycerol in biodiesel.
b Chamber cleaning.

he proposed FB is shown in Fig. 1. The homemade FB chamber was
uilt in PTFE with a fixed stirrer on the top, which is turned by a
tepper motor (motor MDN3, 200 rpm, 9 V DC) controlled by the
omputer. The chamber also has a magnetic stirrer on the bottom.
dditionally, two quartz windows were mounted at 90◦ from each
ther (1 cm optical path). These windows were placed in a posi-
ion such that the fluorescent signal comes only from the aqueous
hase containing the extracted glycerol. For all studies, a volume of
.0 mL  was used. The FB chamber was placed instead of the cuvette
f the fluorescence spectrometer.

The flow system consists of six three-way solenoid valves (VG/B,
P, VA, VH2O, VW, VI) model 161T031, NResearch, polyethylene tub-

ng connectors with 0.8 mm id, a peristaltic pump (model M312,
ilson). The activation times of the solenoid valves ensure the

eproducibility of added volumes with a standard deviation no
reater than 0.03%.

A PC microcomputer connected with an interface (USB6009,
ational Instruments) was used to control the flow-batch sys-

em. The FB controlling software was developed in LabVIEW 7.1
National Instruments). The same microcomputer was  used to com-

and the spectrofluorometer software.
In the flow batch system, the volume released to operate the

alves was collected and weighed on an analytical scale.

Fig. 2 shows the masses of water and biodiesel at different valve

ctivating times.

ig. 2. Study for the action time of valves, related to the weight of the solution
ntered into the system. n = 10 replicates.
2.4. Flow-batch procedure

The procedure carried out by the FB system is shown in Table 1.
To obtain the calibration curve, the standard solutions were pre-
pared inside the FB chamber. For that purpose glycerol stock
solution, potassium periodate, acetylacetone were pumped simul-
taneously at 10 rpm and water at 48 rpm. The final volume for each
standard was  maintained constant in the chamber controlling the
valves activation time.

The extraction of glycerol from the biodiesel samples, previ-
ously homogenized, was  carried out with 0.0154 g in 0.985 mL
water inside the flow-batch chamber. The reagents consumption
was 1.10 mg  of acetylacetone and 25.20 �g of potassium periodate
generating 1.00 mL  of waste per determination.

While the solutions were pumped into the chamber both stir-
rers, the upper and the lower, were spinning and causing a vortex
inside the chamber. This allowed the removal of glycerol from
biodiesel. Therefore, it is important to highlight that the velocity
of 200 rpm, and not greater, during the 4 min of extraction, was
needed to prevent the development of emulsion of the biodiesel.
Then the stirrers were stopped and the fluorescence signal was
recorded at �ex = 417 nm and �em = 514 nm. A wash cycle, with
isooctane, should be performed after each measurement.

2.5. Chromatographic procedure

The chromatographic procedure was  carried out according to
reference method (D6584-07 “Standard Test Method for the Deter-
mination of Free and Total Glycerin in B-100 Biodiesel Methyl Esters
by Gas Chromatography”) [29]. The peak of free glycerin was  well
resolved and tailless, with a retention time of 4.1 min. Each sam-
ple solution was  injected by triplicate and the concentrations were
calculated from a calibration curve.

3. Results and discussion
3.1. Optimization

The determination method is based on the oxidation of glycerol
[30] with potassium periodate. The formaldehyde produced reacts

Table 2
Selected parameters of the FB procedure for free glycerol determination in biodiesel.

Variables Conc. range studied Optimum value

Periodate 0.05–0.5 mmol L−1 0.11 mmol L−1

Acetylacetone 1.5–15.0 mol L−1 11.0 mol  L−1

Ammonium acetate 0.2–1.0 mol L−1 0.8 mol L−1

pH 2.2–7.0 4.5
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Table 3
Comparative extraction procedure from different methods.

Step Extraction of free glycerol Time extraction Recovery (%) Ref.

1 1 g of biodiesel (4 mL  hexane and 4 mL  50% v/v ethanol, vortex) 5 min 91–100 [18]
2 Centrifuge (2000 rpm) 15 min
3 Remove the main part of the upper layer using a Pasteur pipette –
4  Take 0.5 mL of aqueous phase and 1.5 mL  working solution and 1.2 mL  of a

0.2  M acetylacetone solution (water bath thermostated at 70 C)
1 min

1  200 mg  of biodiesel (800 mg  water and 200 �L chloroform, vigorously shaken) 10 min 95–102 [17]
2  Centrifuge (2000 rpm) 15 min
3  Take 300 �L of aqueous phase and 300 �L solution with sodium periodate

900  mg  L−1 spiked with internal standard
–

1 Simultaneous oxidation-reaction with meta periodate in acceptor phase. The
aqueous phase solution of sodium meta periodate and ethanol extractant
mixture was used.

– 78–112 [13]

1  1 g of biodiesel (4 mL  deionized water) (vortex) or (orbital platform) 5–30 min 97–115 [6]
98–117 [19]

[6,19]
2  Centrifuge (3000 rpm) 5 min
3 Remove with using a Pasteur pipette –
1 15.4 mg  of biodiesel (0.97 mL  deionized water (stirrer)) 240 s 100–103 This method

Table 4
Comparative parameters from different methods.

BATCH [18] FIA [13] MC [6] MC  [19] FB

Detection limit (mg  L−1) – 7 1 0.5 0.036
Sampling rate (h−1) – 9 34 35 14
Effluent volume (ml)a 8.0 6.0 3.5 – 1.0
Extraction Offline Offline Offline Offline Online
Extraction volume (ml) 4.00 4.00 4.00 4.00 0.9850
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most significant improvement of this study is the on-line extraction
and the reduced extraction time.
Sample (mg) 1000 470

a Amounts per determination.

ith acetylacetone, at a suitable pH, to obtain a fluorescent product
hat is detected at 514 nm.

Thus, the optimization of the FB system was carried out by the
nivariate method. The variables optimized are shown in Table 2.
hese optimum values were selected as a compromise between
ensitivity and reproducibility of the analytical signal. In order
o corroborate that glycerol extraction was effective, a sample of
iodiesel was used. This sample has been analyzed by the reference
ethod and its concentration of free glycerol was  10.32 mg  kg−1.

his sample was used in the FB system at different stirring times.
ig. 3 shows the obtained results. The stirrer time of 240 s was
elected because at higher times no better results were obtained.
In order to check that the extraction of glycerol from the
iodiesel was complete, the FB system was tested by prepar-

ng a glycerol solution on line (10.32 mg  kg−1), with the same

ig. 3. Study for glycerol extraction time in a real sample (representative sam-
le  compared with a same concentration standard’s signal, standard solution
0.32 mg  kg−1 glycerol equal to 280 fluorescence intensity).
1000 1000 15.4

concentration as the biodiesel sample. A similar fluorescence signal
was obtained.

Table 3 shows some results obtained from literature on extrac-
tion methods for the analysis of free glycerol in biodiesel samples.
The methods in water extraction were studied by Silva and
co-authors using spectrophotometric [6] and fluorimetric [19]
determination. If we  compare these results with the ones obtained
in the present work, it can be observed that the results did not dif-
fer significantly from those obtained with organic solvents. But the
Table 5
Recovery study.

Added (mg  L−1) Found (mg L−1) Recovery (%)

0a 0.98
1.01
0.99

0.25 1.25 100 ± 3
1.24
1.24

0.75 1.75 102 ± 1
1.75
1.77

1.25 2.26 101 ± 1
2.25
2.27

2.5 3.54 103 ± 0.4
3.56
3.57

3.75 4.78 101 ± 1
4.76
4.80

a Sample 1.
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Table 6
Commercial samples to validate the method.

Sample Reference method Proposed methods % error (ppm)

mg kg−1 glycerol ppm SDVa mg kg−1 glycerol ppm SDVa

1 3.9 0.98 0.04 4.0 1.00 0.02 2
2  15.4 3.84 0.02 15.2 3.80 0.04 4
3  8.0 2.00 0.02 7.9 1.98 0.01 2
4 10.2  2.54 0.03 10.3 2.58 0.02 4

4.9

a

3

w
U
w
0
w
a
s
T
b
A
a
r
t

b
f
a
o
i
a
s
m
b
s
fi
p

3

3

a
d
m
a

3

t
t
c
p
v
I
t

o
r
(
t
−

[
[

[

5 5.0  1.25 0.01 

The samples were analyzed by triplicate.

.2. Analytical performance

By using the proposed flow-batch system, the calibration curve
as I = 105.410 (±0.822) + 67.687 (±1.522)C (mg  L−1), r = 0.998.
nder the selected conditions, a linear response was observed
ithin the range 0.10–5.00 mg  L−1 glycerol, which is equivalent to

.40–20.00 mg  kg−1 free glycerol in biodiesel. The detection limit
as estimated at 0.036 mg  L−1 with 95.0% of confidence level,

nd quantification limit was estimated at 0.121 mg  L−1 for the
ame confidence level, calculated from the calibration curve [31].
he detection limit is 1389 times (equivalent to 0.144 mg  kg−1 in
iodiesel) lower than the threshold value established by European,
merican and Brazilian regulations [8].  The relative standard devi-
tion (RSD%) was 1.5% and it was obtained from 5 replicates of
eal samples of 3 mg  L−1 free glycerol concentration. The sample
hroughput was estimated at 14 samples per hour.

Table 4 compares the analytical features of the proposed and
ibliography procedures. The proposed flow-batch system has the
ollowing advantages: it includes online liquid–liquid extraction
nd it has a lower detection limit (LOD, 0.036 mg  L−1). It was
bserved that the LOD was 28 and 14 times lower than that reported
n previous multicommutation systems [6,19].  Further advantages
re the sample amount (15.4 mg), which is 30.5 and 65 times
maller in the consumption of biodiesel than in the FIA [13] and
ulticommutation [6,19] methodologies, respectively. The possi-

ilities of flow-batch provide the option to take less amount of
ample. Two other advantages include waste disposal (1.0 mL), and,
nally, the sampling rate (14 h−1) which is close to that in the FIA
rocedure.

.3. Validation

.3.1. Recovery study
A recovery study was also performed. For that purpose, an

ppropriate amount of the samples was weighed, spiked with
ifferent amounts of glycerol, and analyzed with the flow-batch
ethod. Table 5 shows the results obtained. Satisfactory percent-

ge recoveries were obtained for this kind of fuel.

.3.2. Real samples
The accuracy of the method was validated by comparison with

he reference method (Gas Chromatography) [29]. Table 6 shows
he results of the validation. Notably, for all analyzed samples, the
oncentrations of free glycerol in the biodiesel obtained by our pro-
osed method agreed with those obtained by GC. The recovery
alues ranged between 100 and 103% for our proposed method.
n all cases, SDV (standard deviation of mean) values were lower
han 0.04%.

In order to obtain further understanding of the accuracy ability
f both methods, the reference method and the proposed method, a

egression line was obtained. The estimated intercept (a) and slope
b) were compared with their ideal values of 0 and 1 using the ellip-
ical joint confidence region (EJCR) test [25,32,33].  The intercept
(0.09 ± 0.008) and the slope (0.99 ± 0.010) values demonstrated

[

[
[

 1.23 0.01 2

that the joint confidence region certainly contains the theoretical
(0, 1) point (  ̨ = 0.05, 2, n-2 = 8). The proposed procedure agrees
with those obtained in the reference one.

4. Conclusion

The proposed flow-batch method is fully automated, because
it is possible to do the extraction of free glycerol, derivatization
of chemical reaction to obtain the product and record the fluores-
cence spectrum in the chamber. The addition of reagents and the
different samples, the stirring and recorded signals are handled by
the computer through LabView software.

The results obtained by the proposed flow-batch system have
been better than those from bibliography. The proposed method’s
advantages of automation are many; such as the decrease in reagent
consumption, waste volume (environmentally friendly), as well as
LOD improvement.

The automation makes it possible to facilitate the analytical
determination, being able to obtain a fast and simple method, which
is very important in implementing routine jobs.
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