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  DESIGN AND OPTIMISATION OF PURIFI-
CATION PROCEDURE FOR BIODIESEL 
WASHING* 

Almost complete methanolysis of triglycerides is usually not enough to fulfil the 
strict standards of biodiesel quality. A key step in this process is neutralization 
of alkali (catalyst) followed by the washing procedure necessary for removing 
different impurities such as traces of catalyst and methanol and removal of 
soaps and glycerol from esters phase. The washing with hot water is still wi-
dely used in many industrial units for the biodiesel production. 
In this study, different procedures of biodiesel washing using hot water were 
investigated. The orto-phosphoric acid was suggested as the best compound 
for alkali catalyst (sodium hydroxide) neutralization. The main goal of the per-
formed analysis was to minimize the water usage in the washing-neutralization 
step during the biodiesel production. Such solution would make the process of 
biodiesel synthesis more economical taking into account the decrease of ener-
gy consumed for evaporation of water during the final product purification, as 
well as more acceptable procedure related to the impact on environment (mi-
nimal waste water release). 
Results of the performed simulation of the washing process supported by ori-
ginal experimental data suggested that neutralization after the optimized wash-
ing process of the methyl ester layer could be the best solution. The proposed 
washing procedure significantly decreases the amount of waste water giving at 
the same time the desired purity of final products (biodiesel and glycerol). The 
simulation of the process was performed using ASPEN plus software supported 
by ELCANTREL and UNIQUAC procedure of required properties calculation. 

Key words: Biodiesel; washing of biodiesel; process intensification; 
catalyst neutralization. 

 
 

Alcoholysis of triglycerides using sodium or po-
tassium hydroxide as a catalyst at 60 °C (if methanol 
is used), under the atmospheric pressure and a 6:1 
molar ratio of methanol to triglycerides (two times 
higher compared to stoichiometry), has been carried 
out in the industry for decades [1–5]. Such working 
conditions were generally applied for the kinetics ana-
lysis of the so called “quasi-homogeneous” alkali ca-
talyzed reaction. It was observed that approximately 
90 min is the necessary reaction time in the batch 
process for achieving 90-98% conversion of triglyceri-
des. After the reaction step, different separation and 
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purification techniques are required in order to sepa-
rate fatty acid methyl esters (FAME) from glycerol and 
other by-products. Typically, the use of hot water 
washing can result in high purity (99%) and high yield 
of the biodiesel product (86%) [6]. However, the 
neutralization of alkali and the purification step perfor-
med using a larger amount of water create additional 
wastewater which are the week points of such pro-
cess. Furthermore, the removal of water from the re-
action mixture leads to higher energy consumption. 
Downstream from the reactor, the recovery of the 
excess of methanol, the purification of methyl esters 
from the catalyst and the separation of glycerol as a 
co-product are usually needed. In the case when a 
raw material (vegetable oil or used vegetable oil) con-
tains an appreciable amount of free fatty acids (FFA; 
several weight percents), the catalyst is also con-
sumed due to the neutralization of acids causing de-
crease of the reaction rate of alcoholysis as a con-
sequence of a decreased catalyst concentration. The 
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presence of water in the feed (vegetable oil) is also 
undesired as it reduces the catalyst efficiency. The 
process flow diagrams for the production of FAME 
using a homogeneous alkali catalyst was proposed 
and analysed in different recently published papers 
[7–11]. 

Nowadays, two alternative commercial process-
ses are being promoted, one using ion exchange re-
sin and the other using magnesium silicate (Mag-
nesol®). Both processes have the advantage of being 
waterless thus eliminating many of the problems out-
lined above but, other than some fairly sketchy adver-
tising material little is really known about their perfor-
mance. Recently published results [12] showed that 
the ion exchange resins do not have any effect on the 
various glycerides but have little effect on methanol 
after the first few hours of operation which can cause 
some of back washing of methanol towards the end of 
the cycle. Also, a slight increase in acid value as the 
products pass through the ion exchange column was 
detected and the fact that soap is absorbed may in-
dicate a limitation for high soap containing feeds. 

The production of biodiesel with full compliance 
with EN 14214:2003 or ASTM 6751-07 is a very 
challenging task. To meet both standards, biodiesel 
needs to be 99.7% FAME [13]. Unconverted triglyce-
rides, diglycerides, monoglycerides, as well as gly-
cerol, water and other undesired components, could 
cause a significant engine damage and loss of power. 
Therefore, high conversion and purification steps are 
most important for biodiesel production [14]. 

The main goal of this study is the analysis and 
design of the best route of the purification procedure 
for biodiesel washing with the aim to reduce the 
energy consumption and to reduce the amount of mi-
neral acid used for neutralization. Such analysis was 
focused on the problem of the energy consumption as 
well as on the environmental aspect. 

EXPERIMENTAL METHODS 

Experimental synthesis and purification 

Materials 

Refined and edible sunflower oil (Dijamant, Zre-
njanin, Serbia) was used. The acid, saponification 
and iodine values of the oil were 0.202 mg KOH/g, 
195 mg KOH/g and 130 g I2/100 g, respectively, de-
termined according to the AOCS official methods [15]. 
Certified methanol of 99.8% purity was purchased 
from Fluka (Switzerland). NaOH pellets purity of 85% 
was purchased from Merck-Alkaloid (Skopje, FYR of 
Macedonia). The water content in the used vegetable 

oil and NaOH pellets were 0.20 mass% and 1.41 
mass%, respectively, determined by Karl Fisher titration. 

Reaction conditions and a purification procedure 

The 6:1 molar ratio of methanol to sunflower oil 
was mixed in the 1-L glass reactor equipped with a 
two flat-blade paddle agitator. NaOH (1.0 g per 100 g 
of oil) was dissolved into methanol before use. The 
experiments were carried out at about 65 °C and 
atmospheric pressure during 2 h. The mixing of the 
reaction mixture was applied to produce a uniform 
dispersion of methanol and oil. 

After a completed reaction, the reaction mixture 
was cooled down to room temperature. The unreac-
ted methanol was evaporated using vacuum evapo-
rator ((Heidolph Laborata 4001) at 35 °C and the ab-
solute pressure of 250 mbar. The purification steps of 
FAME and a glycerol layer depend on the used pro-
cedure (classical used in industry, and, an optimized 
one performed in this study) and it was shown in 
Figure 1. 

Composition of the reaction mixture 

The chemical composition of the samples of the 
reaction mixture was analyzed using gas chromato-
graphy (Varian 3400) with a FID detector, an on-co-
lumn injector and a fused silica capillary column (5 
m×0.53 mm, film thickness 0.5 μm). The conversion 
degree of TG was calculated from the content of TG 
in the FAME/oil fraction of the reaction mixture, TG (in 
%), by the following equation: 

)100/(1 TGXTG −=  

The water content in the samples, before and 
after the washing procedure, was analysed using vo-
lumetric Karl Fisher titration (Karl Fisher titrator, Met-
tler DL18, Germany). The amount of the catalyst in 
different streams was determined using 0.1 N solution 
of HCl with phenolphthalein as an indicator. 

Process simulation 

The process simulation software ASPEN Plus® 
v2006 (developed by Aspen Technology Inc., Cam-
bridge, MA, USA) was used to carry out the analysis 
of mass and energy balances for different purification 
steps. 

The main process units of homogeneous alkali 
catalyzed alcoholysis (HACA) include: a chemical 
reactor, distillation columns, heat exchangers, pumps, 
a gravity separator and a column for FAME washing. 
The biodiesel production and simulation using the 
HACA was described and analyzed in previously pub-
lished paper [16]. The plant capacity was set at pro-
duction of 10000 tones FAME/year with 330 operating 
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days per year. The feed stream in this work repre-
sents the reaction mixture obtained after the reaction 
step and methanol recovery (the distillation of the un-
reacted methanol from the reaction mixture) signed 
as stream 203 [16]. 

The reaction of methanolysis of triglycerides 
was analyzed in the same way for both of the cases, 
the one-step and multi-step washing of the products 
of methanolysis. Methanolysis of triglycerides was 
realized at 60 °C and 0.4 MPa, using methanol to oil 
molar ratio of 6:1 and 0.8 mass% of catalyst based on 
oil. The reaction time in a reactor for FAME synthesis 
was 1.8 h when 95% conversion of triglycerides was 
obtained. Different amounts of water necessary for 
washing and the amount of H3PO4 for one-step and 
multi-step washing of raw products, used in simu-
lation, are given in Table 1. 

Table 1. The process parameter for a different procedure of 
washing analyzed in this study 

Process parameter 
Simple (classical) 

washing procedure 
Optimized washing 

procedure 

Water for washing, 
kg/hr (70 °C) 

210 55 

Mass of H3PO4, kg/h 8.3 2.4 

The neutralization of the catalyst was simulated 
using the Electrolyte NRTL model (ELCANTREL, Ap-
pendix I), which is included into the ASPEN Plus® 
v2006 software. The UNIQUAC model (Appendix II) 
was used simulating the liquid-liquid equilibria (LLE) 
to obtain the triangle diagram and as a general ther-
modynamic model for all processes in the simula-
tions. 

RESULTS AND DISCUSSIONS 

The simple washing procedure – usually applied in 
industrial plants 

The removal of the catalyst is necessary in the 
alkali catalyzed process which is realized using a 
washing column. The process flowsheet of a simple 
washing procedure was presented in Figure 2. Ac-
cording to the simulations performed in this study a 
flow of 200 kg/h of water is required in order to re-
move all the catalyst from FAME present in a stream 
302-A. The stream 302-A is composed of glycerol, 
water, small amounts of methanol and NaOH which 
should be neutralized in a further stage of the process 
by adding a necessary amount of mineral acid 
(H3PO4). This stage of the process was carried out in 
the reactor R-401. The resulting stream is a mixture of 
water, glycerol and insoluble Na3PO4. To separate the 

 

Figure 1. The separation and purification procedure for a simple (classical) procedure 
used in industry (a) and an optimized procedure (b). 
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salt from water and glycerol, a unit for precipitating 
the salt and to recover the glycerol and water which 
will be purified in a further stage of the process is 
required. This must be performed to recover glycerol 
as a valuable product of FAME synthesis. 

The catalyst present in the stream 302-A (336.1 
kg/h), is removed by neutralization with 8.304 kg/h of 
H3PO4 (100% purity) (Table 2) and the formed salt is 
precipitated. The excess of water is necessary to eva-

porate and for that reason, after the neutralization 
step, the stream 304 (outlet from reactor R-401) was 
fed into a flash unit (F-501). The stream 304B from 
the flash column unit F-501 contains glycerol, metha-
nol and water which is heated up in a heat exchanger 
E-501 and fed into distillation column for the final gly-
cerol purification. Precipitated salt is present as a bot-
tom product of F-501. 

 

Figure 2. Simple (classical) procedure of biodiesel washing and catalyst neutralization. 

Table 2. Mass balance of a simple procedure of biodiesel washing and catalyst neutralization 

Stream 203 301 301-A 301-B 302 304 304-B H3PO4 Down layer

Mass, % 

Methanol                 0.463 0.0024 0.0024 0.0536 2.0 1.9 1.97 0 0.0042 

Glycerol                 8.82 0 0 0 38.3 36.3 97.3 0 12.4 

Triolein                 4.84 5.33 5.34 0 0 0 0 0 0 

FAME                 85.2 94.0 94.0 ∼0 0.0009 0.0009 0.0009 0 0.0006 

NaOH              0.717 0.274 0.274 0.509 2.03 0 0 0 0 

Water                    0 0.427 0.383 99.4 57.6 58.4 0.80 54.5 0.182 

H3PO4 0 0 0 0 0 0 0 44.6 0 

NA3PO4 0 0 0 0 0 0 0 0 0 

NA+                      0 0 0 0 0 0.0006 0 0 0.0162 

H3O
+                     0 0 0 0 0 0 0 0.147 0 

H2PO4
-  0 0 0 0 0 ∼0 0 0.748 ∼0 

OH-                      0 0 0 0 0 0 0 0 0 

HPO4
--  0 0 0 0 0 ∼0 0 ∼0 ∼0 

PO4
- 0 0 0 0 0 0 0 0 0 

Monosodium phosphate 0 0 0 0 0 0 0 0 0 

Disodium phosphate 0 0 0 0 0 3.42 0 0 87.4 

Total Flow, kg/h          1458.4 1321.9 1321.3 0.5828 335.6 354.4 340.06 18.304 13.856 

Temperature, °C             60 50 40 40 60 26.9 102.4 25 277.4 
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The optimized washing procedure 

The process flowsheet of the optimized washing 
procedure is presented in Figure 3. The feed stream 
(the same composition as stream 203; Fig. 3) was 
separated in a separator B1 into two layers, i.e., a 
glycerol layer (stream 205) and a methyl ester layer 
(stream 204). The glycerol layer contains 18.9 mass% 
of total NaOH from the feed stream. The methyl ester 
layer was then mixed with 50 kg/h of hot water in a 
column T-301 and after that the water layer was se-
parated (stream 302). Using such washing procedure 

the 45.8% of the initial mass of NaOH in the stream 
could be removed (Streams 204 and 302; Table 3). 
After the washing and separation of the water and 
methyl ester layer, the stream 301 is sent to purifi-
cation in a distillation column where the final FAME 
product is obtained according to the EN 14214 bio-
diesel standard. 

The amount of 50 kg/h of hot water in the co-
lumn T-301 necessary for FAME washing was ob-
tained by a sensitivity analysis. The effect of the water 
consumption on NaOH content in the FAME layer 

 

Figure 3. Optimized procedure of biodiesel washing and catalyst neutralization. 

Table 3. Mass balance of the optimized procedure of biodiesel washing and catalyst neutralization 

Stream 
203 204 205 301 302 304 304B H3PO4 NA3PO4 

Mass, % 

Methanol                 0.463 0.30 0.977 0.086 5.096 3.489 3.800 0 0.021 
Glycerol                 8.82 0.048 94.659 0 1.144 89.816 91.885 0 66.736 
Triolein                 4.84 5.08 0 5.09 0 0 0 0 0 
FAME                 85.2 93.86 0.056 94.00 0 0.053 0.057 0 0.001 
NaOH              0.717 0.703 2.59 0.334 1.615 0 0 0 0 
Water                    0 0 0 0.473 92.145 3.910 4.257 62.814 0.034 
H3PO4 0 0 0 0 0 0.018 0 36.037 0.220 
NA3PO4 0 0 0 0 0 0 0 0 0 
NA+                      0 0 0 0 0 0.002 0 0 0.029 
H3O

+                     0 0 0 0 0 0 0 0.188 0.000 
H2PO4

-  0 0 0 0 0 0.010 0 0.961 0.124 
OH-                      0 0 0 0 0 0 0 0 0 
HPO4

- 0 0 0 0 0 0 0 0 0 
PO4

- 0 0 0 0 0 0 0 0 0 
Monosodium phosphate 0 0 0 0 0 0 0 0 0 
Disodium phosphate 0 0 0 0 0 2.701 0 0 32.835 
Total Flow, kg/h 1270.77 1150.99 119.78 1154.65 48.33 124.13 113.92 6.35 10.21 
Temperature, °C 60 70 70 50 60 135 272 25 272 
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was calculated and presented in Figure 4. The rate of 
washing defined as: 

RW = 
( )
( )water

NaOH100
massd
massd

Δ
Δ×  

was analyzed and it was found that the largest 
change of RW exists if 20 to 100 kg/h of water is used 
for FAME layer washing. 

The glycerol layer (stream 205) was neutralized 
in the reactor R-401. The neutralization process re-
quires the addition of the exact amount of orto-phos-
phoric acid necessary for precipitation of sodium di-
hydrogen phosphate from the solution (stream 304; 
Table 3). The separation of salt is achieved in the 
evaporator F-501; the glycerol layer is purified from 
the sodium hydroxide but also from the water and 
sodium dihydrogen phosphate (stream 304B). 

The FAME layer (stream 301; Table 3) has al-
most the same purity as the methyl esters obtained in 
a previously described simple procedure of purifi-
cation (stream 301-A, Table 2). However, the NaOH 
residue in FAME stream does not present a specific 
problem and could be easily separated in the final 
stage of FAME purification.   

The comparison of the results obtained by simulation 
and experimentally determined 

The results of different washing procedure were 
experimentally proved and the data measured are 
presented in Tables 4 and 5. The comparison of these 
results indicates a good agreement to the values cal-
culated using specific thermodynamic models and 
Aspen plus software (Tables 2 and 3). 

 

Figure 4. Relation between RW and the amount of water used for FAME washing . 

Table 4. The experimental verification of data for a simple procedure of biodiesel washing 

Stream 

Reaction mixture After methanol 
separation 

FAME layer after 
washing 

Glycerol layer after 
washing 

Glycerol after 
neutralization 

Mass, % 

Methanol                 12.29 1.56 0.50 3.49 5.79 

Glycerol                 7.47 7.67 0 23.22 38.59 

Triolein                 2.42 2.92 4.02 1.10 1.83 

FAME                 76.49 86.53 95.34 26.44 43.93 

NaOH              1.33 1.32 0.14 3.93 0 

Water                    0 0 0.6 41.82 9.86 

H3PO4 0 0 0 0 0 

Mass, g 533.4 503.0 415.9 168.3 101.3 

Temperature, °C          20 45 50 50 45 
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The amount of experimentally detected me-
thanol in the reaction mixture after the separation of 
an excess of methanol and calculated by simulation is 
different (stream 203, Tables 2 and 3; and stream 
“after methanol separation” in Tables 4 and 5). The 
main reason is that only one theoretical plate is the 
real situation for distillation of the excess of methanol 
under an experimental condition thus resulting in a 
higher amount of methanol in a mixture containing 
mainly FAME and glycerol. However, the experimen-
tally verified content for methanol (1.51 mass%), as 
well as the value calculated by simulation (0.47 mass%), 
do not have an influence on further purification steps 
of that mixture. 

The distribution of NaOH between the glycerol 
and methyl ester layers is very important and de-
pends on the amount of water and methanol present 
in both layers. The sodium hydroxide is soluble in 
water (111 g/100 cm3 at 20 °C) and less soluble in the 
methanol (23.8 g/100 cm3 at 20 °C). The triangular 
diagrams for the system FAME-water-NaOH (Fig. 5a) 

and FAME-methanol-NaOH (Fig. 5b) show that al-
most complete miscibility of FAME, methanol and 
NaOH exist and that in the system FAME and NaOH 
the water will solve NaOH and it will be removed from 
the FAME layer. 

Accordingly, the distribution of NaOH in the wa-
ter and FAME layer after separation will be defined by 
water solubility in fatty acid methyl esters. Such con-
clusion is derived from the data given in Figs. 5 and 6. 
Namely, from both triangular diagrams it is clearly vi-
sible that the distribution of NaOH in such complex 
system and between two layers is defined by the 
amount of water used for washing. 

The main conclusion which can be derived from 
the above analysis is that for complete removal of 
NaOH from the FAME layer the multi step repeated 
water washing must be applied. Namely, some equi-
librium amount of water is always present in FAME 
layer in which even traces of NaOH could be easily 
dissolved. 

Table 5. The experimental data for the optimized procedure of biodiesel washing 

Stream 
Reaction mixture  

After methanol 
separation 

FAME layer Glycerol layer  
FAME after 

washing 
Glycerol after 
neutralization 

Mass, % 

Methanol                 12.29 1.46 0.50 4.91 0.50 4.69 

Glycerol                 7.57 7.56 0 42.30 0 40.39 

Triolein                 2.32 2.81 4.01 1.21 4.02 1.16 

FAME                 76.50 86.63 95.13 45.34 95.34 43.3 

NaOH              1.33 1.32 0.36 6.24 0.14 0 

Water                    0 0 0 0 0.6 10.46 

H3PO4 0 0 0 0 0 0 

Mass, g 533.4 503.0 416.5 85.6 415.2 101.3 

Temperature, °C              20 45 50 50 45 45 

       

    

Figure 5. The triangular diagram for the system (a) FAME–water–NaOH and (b) FAME–methanol–NaOH. 
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As it can be seen from the data shown in Table 
6, the optimized washing procedure requires almost 
the same process units (less for 1) which requires the 
same capital investment. Regarding the water con-
sumption in both suggested processes, the classic 
one required 210 kg/h of water and the optimized one 
only 55 kg/h (50 kg/h for FAME washing and 5 kg/h 
for mineral acid dissolving and glycerol layer neu-
tralisation). Accordingly, only 5 kg/h should be evapo-
rated instead of 210 kg/h in the classic process. 
However, the total energy consumption (calculated for 
the classical industrial process, 2326 kW [16]) could 
be drastically reduced; about 50% reduction of the 
energy consumption could be realized compared to 
the energy consumption for the biodiesel production 
based on a simple procedure of washing today widely 
applied in industry. 

CONCLUSION 

The main goal of this analysis was to minimize 
the water usage in the washing-neutralization step 

during the biodiesel production. Such solution would 
make the process of biodiesel synthesis more econo-
mical taking into account a decrease of energy con-
sumed for evaporation of water during the final pro-
duct purification as well as a more acceptable proce-
dure related to the impact on the environment (mini-
mal waste water release). The simulation of the pro-
cess was performed using ASPEN plus software sup-
ported by ELCANTREL and UNIQUAC procedure of 
required properties calculation. 

The results of the performed analysis and its op-
timization suggested that such neutralization and ap-
plied optimized washing procedure of methyl ester 
layer gives the best solution. 

The main conclusion from this study arise from 
the fact that the first step after removal of the excess 
of methanol must be the separation of glycerol and 
methyl esters layers and then a washing procedure 
with a small amount of added water could be applied 
using only glycerol layer. 

The significant amount of water for washing and 
orto-phosphoric acid will be decreased if a simple 

 

Figure 6. The  triangular diagram for the system FAME–methanol–water. 

Table 6. Number of units required for different washing procedures and calculated energy consumption 

Equipment 
Simple (classical) washing procedure 

(energy consumption) 

Optimized washing procedure 

(energy consumption) 

Reactor 1 (0 kW)
a 1 (0 kW)1 

Heat Exchangers 1 (0 kW) 0 

Gravity separator 2 (0 kW) 1 (0 kW) 

Evaporator 1 (1039 kW) 1 (45 kW) 

Washing column 0 1 (0 kW) 

Total 5 (1039 kW) 4 (45 kW) 
a
Without energy necessary for mixing in reactor 
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washing procedure is replaced by the optimized one; 
the 72 mass% of water and 71 mass% of mineral acid 
compared to the values calculated on the basis of the 
simple washing procedure giving at the same time 
desired purity of the final products (FAME or biodiesel 
and glycerol). 
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APPENDIX I 
ELECTROLYTE NRTL MODEL – ELCANTREL 

The Electrolyte Non-Random Two Liquid (NRTL) 
model is a versatile model for the calculation of acti-
vity coefficients. Using binary and pair parameters, 
the model can represent aqueous electrolyte systems 
as well as mixed solvent electrolyte systems over the 
entire range of electrolyte concentrations. This model 
can calculate activity coefficients for ionic species and 
molecular species in aqueous electrolyte systems as 
well as in mixed solvent electrolyte systems [17]. 

The electrolyte NTRL model uses the infinite di-
lution aqueous solution as the reference state for 
ions. It adopts the Born equation to account for the 
transformation of the reference state of ions from the 
infinite dilution mixed solvent solution to the infinite 
dilution aqueous solution. Water must be present in 
the electrolyte system in order to compute the trans-
formation of the reference state of ions. Thus, it is ne-
cessary to introduce a trace amount of water to use 
the model for nonaqueous electrolyte systems [17-19]. 

The model is based on two fundamental as-
sumptions [17]: 

– The like-ion repulsion assumption: states that 
the local composition of cations around cations is ze-
ro (and likewise for anions around anions). This is 
based on the assumption that the repulsive forces 
between ions of similar charge are extremely large. 
This assumption may be justified on the basis that 
repulsive forces between ions of the same sign are 
very strong for neighbouring species. 

– The local electro-neutrality assumption states 
that the distribution of cations and anions around a 
central molecular species is such that the net local 
ionic charge is zero. Local electro neutrality has been 
observed for interstitial molecules in salt crystals. 

The model adjustable parameters include [17-19]: 
– pure component dielectric constant coefficient 

of nonaqueous solvents, 
– Born radius of ionic species and 
– NRTL interaction parameters for molecule-mo-

lecule, molecule-electrolyte, and electrolyte-electro-
lyte pairs: 
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Dielectric constant coefficient of pure solvent B 
could be calculated from the following equation: 
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where Tref is referent temperature (298.15 K was used 
in this study). 

APPENDIX II 
THE UNIQUAC MODEL 

UNIQUAC (short for UNiversal QUAsi Chemical) 
is an activity coefficient model in which the activity 
coefficients,  γ, of the components in a chemical mix-
ture can be related through their molar fraction, xi 
[20]. The UNIQUAC model calculates liquid activity 
coefficients and it is recommended for highly non- 
-ideal chemical systems, and can be used for VLE 
and LLE applications [21,22]. 

UNIQUAC requires two basic underlying para-
meters [20]: 

– relative surface θi and volume Φi fractions are 
chemical constants, which must be known for all 
chemicals; 

–An empirical parameter between components 
that describes the intermolecular behaviour. This pa-
rameter must be known for all binary pairs in the mix-
ture. The empirical parameters are derived from ex-
perimental activity coefficients, or from phase dia-
grams, from which the activity coefficients themselves 
can be calculated. 

For the multi-component liquid system at defi-
ned temperature and pressure, the total Gibbs energy 
(per one mol of mixture) could be defined as Gibbs 
energy of mixing, gM: 
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where is xi the mol fraction of component i, n is 
number of components in the mixture and gE is the 
excess Gibbs energy expressed as [20-22]: 
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The binary interaction parameters, −Δui,j, could 
be calculated from the experimental data. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


