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a b s t r a c t 

This study reports liquid–liquid equilibrium (LLE) and liquid–liquid–liquid equilibrium (LLLE) data for 

binary (phenol + n- dodecane, or n -hexadecane) and ternary (water + phenol + n- dodecane, or n - 

hexadecane) systems measured under atmospheric pressure. The compositions of coexisting phases were 

determined with analytical and cloud point methods at temperatures 298 K – 353 K. The Non–Random 

Two–Liquid (NRTL) excess Gibbs energy model was employed to correlate the measured systems. The 

binary interaction parameters were regressed using analytical LLE and cloud point data. In addition, the 

parameters were also calculated using the binary LLE data combined with the isothermal vapor–liquid 

data from the literature applying the NRTL–RK (Redlich–Kwong) property method. The average absolute 

deviations in liquid mole fraction obtained with the NRTL model (using six adjusted parameters) for the 

LLE and VLE experimental data were 0.006 and 0.014 respectively. The phase equilibria of binary phe- 

nol + hydrocarbon ( n -dodecane or n -hexadecane) systems were modeled at the temperature range of 

313 K – 573 K. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Liquid–liquid equilibrium data has an important role in the 

esign and development of extraction processes. Particularly, the 

hase behavior of pyrolysis oil components requires further study 

o develop predictive models, as experimental data remain inad- 

quate [1] . Further, the phase equilibrium data consisting phenol 

re lacking as the system provides complex phase equilibrium be- 

avior [2] and results in experimental challenges. Liquid–liquid co- 

xistence data for phenol + n- hexadecane have been measured by 

siazczak et al. [3] at 101 kPa. No LL(L)E data were found for bi-

ary (phenol + n- dodecane) and ternary (water + phenol + n- 

odecane or n -hexadecane) systems in the literature. However, a 

imilar type of phase behavior with two liquid and three liquid 

hases has been measured for aliphatic hydrocarbons (heptane or 

ctane) + phenol + water by Martin et al. [2] . LL(L)E phase be-

avior has also been calculated using the NRTL model for phenolic 
∗ Corresponding author. 

E-mail address: roshi.dahal@aalto.fi (R. Dahal). 
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378-3812/© 2022 The Authors. Published by Elsevier B.V. This is an open access article u
ystems: toluene/ethylbenzene + phenol + water by Martin et al. 

4] . 

Within these contexts, this work introduces novel binary 

iquid–liquid equilibria (LLE) of phenol + hydrocarbons ( n - 

odecane or n -hexadecane) systems measured at temperatures 

313–353) K with analytical and cloud point determination meth- 

ds. Further, this phase equilibrium study presents the two liquid 

hases behavior for water + phenol + n- dodecane/ n -hexadecane 

ystems measured at 298 K – 353 K and the three liquid phases 

quilibrium data in the systems water + phenol + n- dodecane 

easured at 298 K and 323 K with analytical method. The LLE 

easurements were performed with a glass cell apparatus and a 

tainless-steel cell apparatus. The measured systems were mod- 

led using the Non–Random Two–Liquid (NRTL) activity coefficient 

odel. Additionally, the isothermal vapor–liquid data [ 5 , 6 ] and the 

easured LLE data for phenol + hydrocarbon ( n -dodecane or n - 

exadecane) systems were modeled using NRTL–RK at the temper- 
ture range of (313–573) K. 

nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

Abbreviations 

abs absolute 

CAS chemical abstracts service registry number 

GC gas chromatography 

LLE liquid–liquid equilibrium 

LLLE liquid–liquid–liquid equilibrium 

T-dependent temperature-dependent 

UV ultraviolet 

VLE vapor–liquid equilibrium 

UCST upper critical solution temperature 

Symbols 

a ij ,a ji ,b ij ,b ji ,c ij ,c ji ,d ij ,d ji ,e ij ,e ji ,f ij ,f ji coefficients of equation for 

binary interaction parameters 

of NRTL model 

A–E parameters of the pure com- 

ponent vapor pressure corre- 

lation 

h hours 

m mass (kg) 

M molar mass (g mol −1 ) 

mL milliliters 

n number of moles (mol) 

N number of data points 

N 2 nitrogen 

P pressure (Pa) 

T temperature (K) 

x liquid mole fraction 

y vapor mole fraction 

Greek letters 

αij , αji non-randomness constant for binary ij interactions 

in NRTL model 

� difference 

γ i activity coefficient of component i 

Ф i fugacity coefficient of component i at the system 

temperature and pressure 

Subscripts 

calc calculated 

exp experimental 

i, j, l component of a mixture 

max maximum 

min minimum 

std standard 

1 water 

2 phenol 

3 n -dodecane/ n -hexadecane 

Superscripts 

sat saturated 
Table 1 

List of the pure components with their specifications. 

component CAS number supplier 

purity supplier, mass 

fraction 

n -dodecane 112–40–3 Sigma-Aldrich ≥ 0.99 

n -hexadecane 544–76–3 Sigma-Aldrich ≥ 0.99 

Phenol 108–95–2 Sigma-Aldrich ≥ 0.99 

2-propanol 67–63–0 Sigma-Aldrich ≥ 0.99 

Water 7732–18–5 Aalto University type I grade 

(conductivity:0.05 

μS/cm at 298 K) 

2 
’ phase 1 

" phase 2 

"’ phase 3 

. Experimental 

.1. Materials 

Table 1 lists the materials applied and their specifications. 

illi–Q ultrapure water (Type I) was obtained from the water pu- 

ification system (Direct–Q 5 UV). 2-propanol was adopted as sol- 

ent. Gas chromatography (GC) runs were conducted for all com- 

onents to verify their purity. 3 Å molecular sieves (Merck) were 

mployed as desiccant. 

.2. Apparatus 

The glass cell apparatus adopted for analytical LLE [7] and cloud 

oint determination [8] have been applied and detailed in earlier 

tudies. In addition, a stainless-steel cell apparatus enabling ana- 

ytical LL(L)E measurements was assembled. 

.2.1. Liquid-liquid equilibrium with analytical method 

The analytical LLE measurements were conducted at atmo- 

pheric pressure using glass cell apparatus detailed by Männistö

t al. [7] . The experimental set up is shown in Fig. 1 , which con-

ists of four identical glass cells. A freely moving Teflon coated 

agnetic bar was employed within the cells. The four cells were 

ttached to a plate which was attached to a pivot point. An elec- 

ric motor was connected to a rotating eccentric wheel plate and 

he magnetic bar moves freely to mix the components [7] . The 

emperature of the cells was controlled with a Lauda E200 circu- 

ation thermostat. The inlet and outlet water temperatures were 

easured using calibrated Pt–100 probes with ASL CTR–20 0 0–24 

hermometer. The expanded uncertainty of the thermometer ob- 

ained from the calibration certificate was ± 0.018 K (with the 

overage factor of k = 2). The average of inlet and outlet temper- 

tures was taken as the experimental temperature. However, the 

emperature is not uniform in each cell; therefore, the tempera- 

ure measurement uncertainty in glass cells was determined. First, 

he standard uncertainty (0.38 K) of the inlet and outlet temper- 

tures was calculated for the highest temperature (333 K) inves- 

igated as the uncertainty is higher due to heat loss. Thereafter, 

he combined temperature uncertainty for LLE measurements per- 

ormed in glass cell was determined using temperature calibration 

ncertainty (0.018 K, coverage factor k = 2) and temperature mea- 

urement uncertainty in glass cell (0.76 K, coverage factor k = 2). 

The analytical LLE measurements were also performed using 

 stainless-steel cell apparatus. The experimental set-up in pre- 

ented in Fig. 2 , which comprises of a stainless-steel cell (Whitey, 

04L-HDF4–150CC), convection oven (Fischer Scientific MMM Ven- 

icell) and flask shaker (Stuart, Flask Shaker SF1). The holder of the 

haker unit was installed inside the oven through a small hole in 
measured purity, mass 

fraction 

water content, 

mass fraction purification method 

0.999 0.001 none 

0.999 0.001 none 

0.996 0.004 drying 

0.998 0.002 drying 

— — Reverse osmosis 

and UV 
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Fig. 1. Experimental set-up with glass cells in settling mode. 

Fig. 2. Experimental set-up with stainless-steel cell in settling mode. 
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Fig. 3. Experimental set-up with glass cell for cloud point measurements. 
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he oven wall and the motor was placed outside. A Teflon coated 

agnetic bar was kept inside the stainless-steel cell for efficient 

ixing. The upper end of the cell was connected to the Nitrogen 

N 2 ) line (300 ± 30 kPa) for pressurization enabling sampling. The 

amples were collected from the lower end of the cell. A calibrated 

t–100 probe with ASL CTR–2000–24 thermometer was in direct 

ontact with the stainless-steel cell for temperature measurement. 

he expanded uncertainty of the thermometer obtained from the 

alibration certificate was ± 0.018 K (with the coverage factor of 

 = 2). Additionally, the temperature uncertainty of the Venticell 

ven ( ± 0.2 K) was considered as well to obtain the combined 

emperature uncertainty using for LLE measurements performed in 

he stainless-steel cell. 
3 
.2.2. Cloud point determination 

The cloud point measurements for the binary mixtures were 

erformed using a jacketed glass cell connected to Lauda E200 

ooling thermostat, as shown in Fig. 3 . The temperature was mea- 

ured using a calibrated Pt–100 probe with the ASL F200 ther- 

ometer. The expanded uncertainty of the temperature measure- 

ent obtained from the calibration certificate was ± 0.040 K (with 

he coverage factor of k = 2). 
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Table 2 

Settings for Agilent 7890B gas chromatograph. 

GC name Agilent 7890B 

Column 

Type Capillary 

Model number Agilent 125–1035 

Column coating material DB-1 Dimethylpolysiloxane 

Nominal length/m 30 

Nominal diameter/μm 530 

Nominal film thickness/μm 5 

Detector 

Type FID 

Temp/K 573.15 

Type TCD 

Temp/K 563.15 

Inlet 

Mode Split 

Initial temp/K 543.15 

Pressure/kPa 20.8 

Split ratio 40:1 

Gas type He 

Gas flow rate/mL.min −1 21.9 

Average velocity in column/cm. sec −1 29.0 

Oven 

Initial/K 313.15 

Initial temp time/min 6 

-Ramp: 

Ramp rate/K.min −1 120 

Final temp/K 533.15 

Run time/min 27.8 

d

m

X

2

a

r

k

n

r

t

f

s

F

w
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m

t
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l
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Thermometers were periodically calibrated at the Finnish Na- 

ional Standards Laboratory (MIKES). 

.3. Procedure 

The phase equilibrium measurement procedure with analytical 

7] and cloud point methods [8] were conducted with an approach 

imilar to earlier work using glass cell apparatus. 

.3.1. Liquid-liquid equilibrium with analytical method 

Binary systems of phenol + n- dodecane, or n -hexadecane and 

ernary systems of water + phenol + n- dodecane, or n -hexadecane 

ere measured with the analytical method in the glass cell and the 

tainless-steel cell set-up. The mixtures were prepared gravimetri- 

ally using an analytical balance (Precisa, XT 620 M). The uncer- 

ainty of the measured mass was 0.006 g. 

.3.1.1. Glass cell. The gravimetrically prepared mixture was fed 

nto the cells ( Fig. 1 ) using a glass-syringe. Thereafter, the com- 

onents were mixed in the glass-cells at a constant temperature. 

he equilibrium phases were then left to separate. The top, mid- 

le and bottom phase in the cell were taken through the septum 

ampling points using Hamilton sample-lock syringe. The needle of 

he syringe was heated with a hot air gun (Bosch, PHG 500–2) be- 

ore the samples were withdrawn. The samples in the syringe were 

aken directly into the vials where solvent (2-propanol) was placed 

rior to sampling. 

.3.1.2. Stainless-steel cell. The mixture was prepared gravimetri- 

ally prior to feeding it into the cell. The mixture was fed into 

he cell ( Fig. 2 ) using a syringe. Then, the stainless-steel cell was

ttached horizontally to the holder of the shaker and the com- 

onents were mixed by shaking. The oven temperature was set 

o the experimental temperature. After mixing, the upper end of 

he stainless-steel cell was quickly connected to the pressurized 

 2 line. The connections were made rapidly to avoid the temper- 

ture drop in the oven. The N 2 pressure was kept at 300 kPa. Af-

erwards, the equilibrium phases were left to separate. Initially, 2–

 mL of solution was taken into a beaker to remove any dead vol- 

me and non-mixed material within the transfer line for represen- 

ative sampling. Then, the samples were taken in vials. After com- 

letion of sampling from the phenol-rich phase, again 2–3 mL was 

rained into a beaker to obtain the representative samples from 

he hydrocarbon-rich phase. The N 2 pressure aided smooth sam- 

ling. 

The mixing and the settling times for the binary and ternary 

olutions before the analysis were 5 h and 72 h, respectively. Fur- 

her, the ternary mixture for the three liquid phases analysis was 

ixed for 15 h and the equilibrium phases were left to settle for 

ve days. Quadruplicate sampling was performed for improved ac- 

uracy and ability to assess experimental uncertainty. The samples 

ere analysed by Agilent 7890B gas chromatograph. 

.3.2. Cloud point determination 

A mixture with known composition was placed in the appa- 

atus ( Fig. 3 ) and the components were mixed with a magnetic 

ar. Thereafter, the appearance of turbidity was visually observed 

y gradual change of the temperature in the order of 0.1 K. The 

loud point temperature was confirmed by approaching the tur- 

idity limit with five repeats at each composition. Thereafter, the 

omposition of the mixture was changed, and the cloud point de- 

ermination was repeated. For the phenol + n- dodecane system, 

he cloud point was determined by increasing the experimental 

emperature and adding the known mass of n -dodecane succes- 

ively to measure the cloud point for the composition range of 0 

o 1. For the phenol + n- hexadecane system, the cloud point was 
4 
etermined for three different compositions where the gravimetric 

ixtures were prepared separately. 

The masses were measured using an analytical balance (Precisa, 

T 620 M). The uncertainty of the measured mass was 0.006 g. 

.4. GC calibration and sample analysis 

The analysis of the components is based on the method of peak 

rea. 2-propanol was adopted as solvent to determine the relative 

esponse factor of each component. 

Agilent 7890B gas chromatograph was calibrated with the 

nown mass mixtures of 2-propanol + phenol + n- dodecane, or 

 -hexadecane, or water. These calibration samples were gravimet- 

ically prepared with an analytical balance (Precisa, 410AM-FR) and 

he uncertainty of the measured mass was 0.002 g. The response 

actor F i was calculated using Eq. (1) as an average of multiple 

amples n . 

 i = F std ∗
A std 
A i 

∗ m i 

m std 

(1) 

here A i denotes the peak area for component i, A std denotes the 

eak area for 2-propanol which is employed as solvent and for de- 

ermining the relative response factors and, m i and m std are the 

asses weighed in grams for component i and the solvent respec- 

ively. F std , the response factor of 2-propanol, was set to 1. 

During the phase analysis from the samples, the composition 

f each component was determined from the GC peak area and 

he relative response factor of the component and the solvent peak 

rea in Eq. (1) was neglected. 

.4.1. Binary and ternary mixture analysis 

Binary and ternary mixture analysis was conducted with Agi- 

ent 7890B gas chromatograph (GC) consisting of Flame Ionization 

etector (FID) and Thermal Conductivity Detector (TCD). Phenol, 2- 

ropanol, n -dodecane and n -hexadecane were detected with FID, 

nd water was detected with TCD. The injection volume of the 

amples was 0.5μL. The settings for Agilent 7890B GC are provided 

n Table 2 . 
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Table 3 

Relative response factors of water + phenol + n - dodecane, or n-hexadecane for the GC de- 

tectors with respect to 2-propanol. 

Component 

TCD FID 

Water Phenol n -dodecane ( n -C12) n -hexadecane ( n -C16) 

F (response factor) 6.146 0.615 0.476 0.473 

Expanded uncertainties ( u ) are u (water) = 0.055, u (phenol) = 0.014, u (C12) = 0.005 and u ( n - 

C16) = 0.005. 

Table 4 

Temperature uncertainty components (with their standard uncertainties) for the 

liquid-liquid equilibrium (LLE) and cloud point measurements. 

Binary and Ternary LLE measurements in stainless-steel cell 

u temperature (K) 

temperature calibration uncertainty 0.009 

temperature uncertainty of the oven 0.2 

combined uncertainty, u c,temperature 0.20 

Ternary LLE measurements in glass cells 

u temperature (K) 

temperature calibration uncertainty 0.009 

temperature measurement uncertainty in glass cells 0.38 

combined uncertainty, u c,temperature 0.38 

Cloud point measurement 

u temperature (K) 

visual observation measurement uncertainty from 
∗0.005 to ∗0.065 

temperature calibration uncertainty 0.02 

combined uncertainty, u c,temperature from 0.021 to 0.068 

∗minimum and maximum visual observation uncertainty for cloud point measure- 

ments in Tables 7 and 10 . 
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P / Pa = exp (A + B/ ( T / K ) + C ln ( T / K ) + D ( T / K ) (9) 
The response factors for each component were calculated us- 

ng Eq. (1) and their uncertainties using Eq. (3) . The response fac- 

ors for each component and their calculated uncertainties are pre- 

ented in Table 3 . 

.5. Uncertainty estimation 

The expanded experimental uncertainties U are calculated using 

q. (2) , 

 = kU c = k 

√ ∑ 

U 
2 
i 

(2) 

here U i is the standard uncertainty of each influencing compo- 

ent, U c is the combined standard uncertainty of each influencing 

lement, and k is the coverage factor [9] . In this work, the cover-

ge factor k = 2, which corresponds to a 95% degree of confidence, 

s applied to characterize the measurements. Table 4 lists the stan- 

ard uncertainties of the influencing components. 

For the mixture compositions, the effect of the response factors 

nd the uncertainties in GC areas were considered. The response 

actor of each component was determined by GC using the cali- 

ration samples. The calibration samples were gravimetrically pre- 

ared using a balance (Precisa, 410AM-FR) and the uncertainty of 

easured mass ( �m ) was 0.002 g. Response factor F i was obtained 

rom Eq. (1) and the uncertainties in the response factor were cal- 

ulated using Eq. (3) , 

 F i = k u c = k 

√ (
∂ F i 
∂ A i 

. �A i 

)2 

+ 

(
∂ F i 

∂ A std 
. �A std 

)2 

+ 

(
∂ F i 
∂ m i 

. �m balan

Uncertainties for the individual component areas were deter- 

ined by injection of samples in GC with ten repeats and by cal- 

ulating the standard deviation of the peaks. Thereafter, the stan- 
5 
 

+ 

(
∂ F i 

∂ m std 

. �m balance 

)2 

(3) 

ard deviation was employed to estimate the uncertainties for each 

easurement. 

The mole fraction of each component in the mixture was calcu- 

ated from the masses based on peak areas 

 i = 

⎛ 

⎜ ⎝ 

m i 

M i 

m i 

M i 

+ 

m j 

M j 

+ 

m l 

M l 

⎞ 

⎟ ⎠ (4) 

The uncertainty for each composition was determined with 

 x i = k u c = k 

√ (
∂ x i 
∂ m i 

. �m i 

)2 

+ 

(
∂ x i 
∂ m j 

. �m j 

)2 

+ 

(
∂ x i 
∂ m l 

. �m l 

)2 

(5) 

m i = 

√ (
∂ m i 

∂ A i 
. �A i 

)2 

+ 

(
∂ m i 

∂ A std 
. �A std 

)2 

+ 

(
∂ m i 

∂ F i 
. �F i 

)2 

+ 

(
∂ m i 

∂ m std 

. �m std 

)2

(6) 

where m is the mass of the component i, j or l, M is the molar

ass of component i, j or l, x i is the mole fraction of component

 . Eqs. (4) and (5) applies to the binary mixtures as well, with two

omponents i and j . 

For the cloud point data, the mole fraction of each component 

n the mixture was calculated from Eq. (7) . The mass (m) was mea- 

ured using an analytical balance (Precisa, XT 620 M) and the un- 

ertainty of the measured mass was 0.006 g. 

 i = 

( 

m i 

M i 

m i 

M i 
+ 

m i 

M j 

) 

(7) 

The uncertainties in mole fractions for cloud point data were 

alculated using Eq. (8) 

 ( x i ) = k 

⎡ 

⎣ 

⎛ 

⎝ 

∣∣∣∣�m i 

m i 

∣∣∣∣ + 

∣∣∣∣∣∣
�m i 

M i (
m i 

M i 
+ 

m j 

M j 

)
∣∣∣∣∣∣ + 

∣∣∣∣∣∣
�m j 

M j (
m i 

M i 
+ 

m j 

M j 

)
∣∣∣∣∣∣
⎞ 

⎠ x i 

⎤ 

⎦ (8) 

. Modeling 

.1. Pure component properties 

Table 5 lists the vapor pressure parameters A through E for the 

IPPR 101 equation [10] presented in Eq. (9) . The vapor pressure 

quation parameters for phenol were obtained from the regression 

s discussed in an earlier work [5] . 

E 

i 
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Table 5 

Parameters for pure components used in calculations [10] . 

Phenol n-hexadecane n-dodecane Water 

MW 
a /g mol −1 94.1112 226.441 170.335 18.0153 

T c 
b /K 694.25 723 658 647.10 

P c 
c /Mpa 6.13 1.4 1.82 22.06 

v l 
d /m 

3 kmol −1 0.0889403 0.294213 0.228605 0.0180691 

ωe 0.44346 0.717404 0.576385 0.344861 

A f 61.9874 ∗ 156.06 137.47 73.649 

B f –8135.75 ∗ –15,015 –11,976 –7258.2 

C f –5.3197 ∗ 18.941 –16.698 –7.3037 

D f 0 6.8172E–06 8.0906E-06 4.1653E–06 

E f 0 2 2 2 

T min 
f /K 393.15 291.30 263.57 273.16 

T max 
f /K 573.15 723 658 647.09 

T m 
g /K 314.06 398.65 263.568 273.15 

∗The regressed vapor pressure parameters of phenol [5] . 
a Molecular weight, MW. 
b Critical pressure, T c . 
c Critical pressure, P c . 
d Liquid molar volume at 298 K, v l . 
e Acentric factor, ω. 
f Vapor pressure correlation parameters for the temperature range from T min to 

T max . 
g Melting point, T m . 
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Table 6 

Phenol (1) + n - dodecane (2) analytical LLE measurements for mole fractions at 

P = 101 kPa. 

T /K 

hydrocarbon-rich phase phenol-rich phase 

x 1 x 2 x 1 x 2 

333.89 0.3367 0.6633 0.9030 0.0970 

333.89 0.3397 0.6603 0.9026 0.0974 

333.89 0.3319 0.6681 0.9044 0.0956 

333.89 0.3298 0.6702 0.9052 0.0948 

333.89 0.3289 0.6711 0.9030 0.0970 

333.89 0.3269 0.6731 0.9026 0.0974 

333.89 0.3287 0.6713 0.9044 0.0956 

333.89 0.3273 0.6727 0.9032 0.0968 

333.89 0.3283 0.6717 0.9025 0.0975 

322.05 0.2338 0.7662 0.9304 0.0696 

322.05 0.2332 0.7668 0.9299 0.0701 

322.05 0.2367 0.7633 0.9296 0.0704 

322.05 0.2295 0.7705 0.9268 0.0732 

322.05 0.2316 0.7684 0.9270 0.0730 

322.05 0.2254 0.7746 0.9299 0.0701 

322.05 0.2312 0.7688 0.9298 0.0702 

322.05 0.2216 0.7784 0.9296 0.0704 

315.00 0.1801 0.8199 0.9386 0.0614 

315.00 0.1834 0.8166 0.9394 0.0606 

315.00 0.1926 0.8074 0.9397 0.0603 

315.00 0.1834 0.8166 0.9396 0.0604 

315.00 0.1951 0.8049 0.9395 0.0605 

315.00 0.1872 0.8128 0.9398 0.0602 

315.00 0.1858 0.8142 0.9396 0.0604 

Expanded uncertainties ( u ) using a coverage factor k = 2 are 

u ( T /K) = 0.40 K, u ( x 1,hydrocarbon-rich phase ) = 0.006, u ( x 2,hydrocarbon-rich phase ) = 0.005, 

u ( x 1,phenol-rich phase ) = 0.002, u ( x 2,phenol-rich phase ) = 0.002, and u ( p /kPa) = 1. 

The mole fractions of components are provided with four decimal digits to elimi- 

nate rounding error. 

LLE measurements performed with stainless-steel cell. 
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.2. The non–random two–liquid activity coefficient model 

The measured liquid–liquid equilibrium (LLE) systems were 

odeled using the Non–Random Two–Liquid (NRTL) [11] activ- 

ty coefficient model. Furthermore, isothermal VLE data [ 5 , 6 ] and 

he LLE data were modeled using the NRTL–RK property method. 

RTL–RK method uses NRTL activity coefficient model for liquid 

hase and Redlich–Kwong (RK) equation of state for vapor phase 

alculation [12] . 

Liquid-liquid equilibrium at low-to-moderate pressures [13] can 

e defined by the isoactivity method in Eq. (10) 

 
′ 
i γ

′ 
i = x i ” γi ” = x ′′′ i γ

′′′ 
i (10) 

here prime, double and triple prime refer to three liquid phases 

n equilibrium, subscript i denotes component i, x is the liquid 

ole fraction and γ is the liquid activity coefficient. The temper- 

ture dependence of NRTL binary interaction parameters is pre- 

ented in Eqs. (11) and (12) . 

i j = a i j + 

b i j 

T 
+ e i j ln T + f i j T (11) 

i j = c i j + d i j ( T − 273 . 15 ) (12) 

The vapor-liquid equilibrium criteria [13] are defined as in 

q. (13) 

 i �i p = x i γi �
sat 
i p sat i P O Y i (13) 

here x and y are liquid and vapor mole fractions, ɸ is the va-
or phase fugacity, p is the pressure of the system, γ is the activ- 

ty coefficient, p i 
sat is the vapor pressure of the component, POY i 

efers to the Poynting correction and index “sat” refers to the sat- 

rated state. Poynting correction is important at high pressures 

13] . In the studied conditions, the highest measured pressure for 

apor–liquid equilibrium was 1.25 MPa; therefore, Poynting correc- 

ion was included. In this work, RK binary interaction parameters 

ere not regressed and k ij was set to zero as the highest non- 

deality is in liquid phase. Even though RK parameters were not 

egressed, the vapor phase non-ideality was included in the model. 

he fugacity coefficients of components in mixture were calculated 

t the measured VLE temperatures using the model: ɸ phenol = 0.998 

393 K) to 0.885 (573 K), ɸ dodecane = 0.993 (393 K) to 0.706 (573 K),

 hexadecane = 0.706 (573 K). The most deviation of fugacity coeffi- 

ient from the unity is observed at 573 K. 
6 
The RK model affects VLE and the activity coefficient through 

q. (13) and has an effect on LLE through Eq. (10) as the NRTL–

K model calculates the equilibrium criteria for LLE and VLE with 

he same set of activity coefficient parameters [14] . Therefore, the 

ctivity coefficients calculated from the modeling of LLE only or, 

rom the modeling of combined VLE + LLE can vary. This change 

n the activity coefficient was compared in order to validate the 

pplicability of the models described in Section 5.3 . 

Aspen Plus version 11 was adopted for the parameter regression 

f the activity coefficient model. The binary interaction parame- 

ers were optimized based on the binary mixtures of the compo- 

ents. The optimized parameters of the activity coefficient mod- 

ls are presented in Tables 15 and 16 . The objective function was 

aximum likelihood [15] . All pure component properties were re- 

rieved with the Aspen Plus from the NIST Thermo Data Engine 

atabase [16] . 

. Results and discussions 

.1. Binary measurements 

.1.1. Phenol + n- dodecane 

The analytical LLE and the cloud point measurements for the 

henol + n- dodecane are presented in Tables 6 and 7 respec- 

ively. The uncertainty in the mole fractions of the components for 

nalytical LLE and cloud point were calculated respectively using 

qs. (5) and (8) . 

Cubic polynomial was fitted to the cloud point data to obtain 

0 isothermal tie lines, R-squared value for the polynomial was 

.9994. The average deviation between analytical LLE tie lines and 

ie lines obtained by the polynomial at constant temperature was 

 �x phenol | = 0.005. These calculated tie lines and the analytical LLE 

easurements were included for the binary interaction parame- 
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Table 7 

Experimental cloud point results for Phenol (1) + n - dodecane (2). 

x 1 u ( x 1 ) T /K u ( T /K) 

0.177 0.001 315.77 0.04 

0.188 0.002 318.22 0.07 

0.200 0.005 319.72 0.08 

0.217 0.002 321.97 0.04 

0.229 0.002 324.22 0.05 

0.248 0.002 326.51 0.07 

0.268 0.005 328.77 0.07 

0.273 0.005 330.01 0.05 

0.279 0.002 330.41 0.07 

0.295 0.002 331.90 0.07 

0.309 0.003 333.22 0.06 

0.325 0.003 334.60 0.07 

0.348 0.003 336.21 0.06 

0.371 0.003 337.79 0.07 

0.388 0.006 339.16 0.05 

0.403 0.004 339.91 0.06 

0.433 0.004 341.39 0.07 

0.473 0.004 343.70 0.07 

0.500 0.005 344.80 0.07 

0.519 0.005 345.20 0.06 

0.540 0.005 345.84 0.09 

0.597 0.006 346.59 0.07 

0.625 0.007 346.59 0.07 

0.659 0.007 346.78 0.07 

0.678 0.008 346.81 ∗ 0.07 

0.696 0.008 346.68 0.07 

0.729 0.009 346.51 0.07 

0.732 0.007 346.58 0.14 

0.764 0.009 346.10 0.07 

0.799 0.010 345.11 0.08 

0.849 0.010 342.08 0.06 

0.876 0.010 337.40 0.07 

0.892 0.010 334.70 0.07 

0.900 0.005 332.11 0.04 

0.923 0.011 322.89 0.06 

0.933 0.012 314.30 0.05 

Expanded uncertainties ( u ), using a coverage factor k = 2, are calculated using 

Eqs. (2) and (8) respectively for mole fractions and temperature. 
∗Upper critical solution temperature. 
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Fig. 4. Experimental LLE of Phenol (1) + n - dodecane (2) from this work: ( ×) An- 

alytical, ( �) Cloud point; NRTL model: (—-) four adjusted T-dependent parameters, 

(—) six adjusted T-dependent parameters; Green smoothed and dashed lines are 

spline fit closing the phase boundary at upper critical solution temperature. 

Table 8 

Experimental and calculated upper critical solution temperatures for phenol 

(1) + n - dodecane (2). 

Method x 1 
a T b /K 

Cloud point measured in this work 0.678 346.81 

Spline (Phase boundary by NRTL–4 binary parameters) 0.689 350.91 

Spline (Phase boundary by NRTL–6 binary parameters) 0.689 348.30 

MATLAB code [30] (using NRTL-6 binary parameters) 0.687 347.35 

a mole fraction of phenol. 
b UCST. 
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er regression. The analytical LLE measurements in agreement with 

he cloud point were included in the parameter regression. The 

odeled and the measured LLE of phenol + n- dodecane along are 

resented in Fig. 4 and the regressed parameters in Table 15 . In 

ig. 4 , the phase analysis results are scattered in the hydrocarbon- 

ich phase whereas clustered together in the phenol-rich phase. It 

ight have resulted from the remains of phenol-rich phase stick- 

ng to the walls of the stainless-steel cell. During this study, a small 

olume of sample was drained before taking the sample to avoid 

hase contamination and to ensure more representative sampling. 

n improved the phase analysis results were obtained from the ap- 

lied the sampling procedure. 

It is known that the liquid-liquid equilibrium flash calculations 

ery close to the upper critical solution temperature (UCST) are 

hallenging and most flash algorithms fail in this region leaving a 

ap in the T –x curve at the highest temperature. In order to close 

he solubility curve and furthermore predict UCST, a third order 

pline fit [17] was employed by first selecting three highest con- 

erged temperature points (347 K) from both sides of the gap and 

tting a third order spline for T –x curve to fill the gap. It should

e noted that the spline fit was post-processing of predicted points 

rom the NRTL model whereas the cloud point data fitting was ap- 

lied to produce tie lines for the NRTL parameters estimation. 

The applied UCST spline fit ensures that the entire T –x curve 

s continuous and smooth. For the best possible curve fit, it was 

ecessary to carry out the isothermal LLE flash calculations with 

 relatively small temperature interval of 0.05 K and apply those 

hree points from both sides of the gap which were close to the 
7 
on-converged temperature regime. The default LLE flash conver- 

ence parameters were adjusted as well to be able to reach closer 

o the UCST with the converged solutions. In Fig. 4 , the converged 

LE flash points are shown in black lines, and the spline fits in 

reen lines. The experimental and the calculated UCSTs for phe- 

ol + n- dodecane system are provided in Table 8 . From Table 8 ,

he calculated UCSTs deviate with less than 1.3% from the experi- 

entally determined UCST. 

.1.2. Phenol + n- hexadecane 

The analytical LLE and the cloud point measurements for phe- 

ol + n- hexadecane system are presented in Tables 9 and 10 . The

ncertainty in the mole fractions of components for the analytical 

LE and the cloud point are calculated from Eqs. (5) and (8) , re-

pectively. The measured cloud point in Table 10 agrees well with 

he literature cloud point in Fig. 5 . 

Cubic polynomial was fitted to the cloud point data from lit- 

rature [3] and this work, and 8 isothermal tie lines were cal- 

ulated. The R-squared value for the polynomial was 0.9996 and 

he average deviation between analytical LLE tie lines and tie 

ines obtained by the polynomial at constant temperature was 

 �x phenol | = 0.009. These calculated tie lines and the analytical LLE 

ata in agreement with the cloud point data were included for 

he binary interaction parameter regression. The modeled and the 

easured LLE of phenol + n- hexadecane is presented in Fig. 5 and 

he regressed parameters in Table 15 . The temperature dependence 

s well described when increasing the number of parameters from 

our to six. 

The phase analysis results are slightly more scattered in the 

ydrocarbon-rich phase compared to the phenol-rich phase for 

henol + n- hexadecane in Fig. 5 as it was observed earlier for the 
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Table 9 

Phenol (1) + n - hexadecane (2) analytical LLE measurements for mole fractions at 

P = 101 kPa. 

T /K 

hydrocarbon-rich phase phenol-rich phase 

x 1 x 2 x 1 x 2 

314.04 0.1849 0.8151 0.9770 0.0230 

314.04 0.1651 0.8349 0.9771 0.0229 

314.04 0.1763 0.8237 0.9771 0.0229 

314.04 0.1748 0.8252 0.9771 0.0229 

314.04 0.1607 0.8393 0.9759 0.0241 

323.37 0.2229 0.7771 0.9697 0.0303 

323.37 0.2129 0.7871 0.9698 0.0302 

323.37 0.2085 0.7915 0.9697 0.0303 

323.37 0.2121 0.7879 0.9697 0.0303 

323.37 0.2142 0.7858 0.9638 0.0362 

323.37 0.2159 0.7841 0.9669 0.0331 

323.37 0.2237 0.7763 0.9615 0.0385 

333.16 0.3130 0.6870 0.9595 0.0405 

333.16 0.3183 0.6817 0.9236 0.0764 

333.16 0.2828 0.7172 0.9624 0.0376 

333.16 0.2883 0.7117 0.9590 0.0410 

333.16 0.2850 0.7150 0.9257 0.0743 

333.16 0.2809 0.7191 0.9267 0.0733 

353.17 0.5083 0.4917 0.9185 0.0815 

353.17 0.4822 0.5178 0.9243 0.0757 

353.17 0.4652 0.5348 0.9196 0.0804 

353.17 0.4809 0.5191 0.9199 0.0801 

Expanded uncertainties ( u ) using a coverage factor k = 2 are 

u ( T /K) = 0.40 K, u ( x 1,hydrocarbon-rich phase ) = 0.009, u ( x 2,hydrocarbon-rich phase ) = 0.008, 

u ( x 1,phenol-rich phase ) = 0.002, u ( x 2,phenol-rich phase ) = 0.002, u ( p /kPa) = 1. 

The mole fractions of components are provided with 4 decimal digits to eliminate 

rounding error. 

LLE measurements performed in stainless-steel cell. 

Table 10 

Experimental cloud point for Phenol (1) + n - hexadecane (2). 

x 1 u ( x 1 ) T /K u ( T ) 

0.294 0.003 335.42 0.05 

0.541 0.012 356.15 0.04 

0.918 0.003 353.82 0.05 

Expanded uncertainties ( u ), using a coverage factor k = 2, are calculated using 

Equations(2) and (8) respectively for mole fractions and temperature. 

Fig. 5. Experimental LLE of phenol (1) + n - hexadecane (2): ( ×) Analytical (from 

this work), ( �) Cloud point [3] , ( �) Cloud point data from this work; NRTL model: 

(—-) four adjusted T-dependent parameters, (—) six adjusted T-dependent parame- 

ters; Green smoothed and dashed lines are spline fit closing the phase boundary at 

upper critical solution temperature. 

Table 11 

Experimental and calculated upper critical solution temperatures for phenol 

(1) + n - hexadecane (2). 

Method x 1 
a T b /K 

From literature [3] 0.786 360.80 

Spline (Phase boundary by NRTL–4 binary parameters) 0.770 365.39 

Spline (Phase boundary by NRTL–6 binary parameters) 0.780 362.29 

MATLAB code [30] (using NRTL-6 binary parameters) 0.778 362.35 

a mole fraction of phenol. 
b UCST. 
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8 
henol + n- dodecane system in Fig. 4 . It shows that the remains of

he phenol-rich phase on the walls of stainless-steel cell might af- 

ect the hydrocarbon-rich phase analysis results. However, obtain- 

ng representative samples of equilibrated liquid phases was not 

ifficult as caution was taken during the sampling procedure, as 

escribed in Section 4.1.1 . 

The highest converged temperature from the NRTL model us- 

ng the flash calculation for n -hexadecane + phenol was 361 K. 

hereafter, the spline was fitted ( Fig. 5 ) at UCST with the procedure

s discussed in Section 4.1.1 . The experimental and the calculated 

CSTs for phenol + n- hexadecane system is provided in Table 11 . 

rom Table 11 , the calculated UCSTs deviate with less than 1.4% 

rom the literature [3] UCST. 

.2. Ternary measurements 

.2.1. Water + phenol + n- dodecane 

.2.1.3. Two liquid phases. The occurrence of two liquid phases 

or the binary systems was observed from different sources: phe- 

ol + n- dodecane (from this work), water + phenol [ 4 , 22 ] and wa-

er + n- dodecane [18] . This shows that the ternary system (wa- 

er + phenol + n- dodecane) allows three liquid phase splits. There- 

ore, the ternary two liquid phases analysis was initiated with 

he determination of feed composition to achieve only two liquid 

hases. The composition of each component in the feed was cal- 

ulated such that the feed exists within two-liquid-phase regions 

f phenol + n- dodecane and water + n- dodecane, but outside the 

wo-liquid-phase region of water + phenol. Thereafter, the two liq- 

id phases measurements were performed in the stainless-steel 

ell. 

The two liquid phases measurements for water + phenol + n- 

odecane system are presented in Table 12 . Plot for water + phe- 

ol + n- dodecane at 298 K is shown in Fig. 6 as a representant to

llustrate the measured equilibrium data points and model predic- 

ion for this ternary system. The ternary phase boundary as well 

s the tie-lines were calculated using the NRTL binary parameters 

resented in Table 15 . The binary phase diagram for phenol + n- 

odecane ( Fig. 4 ) improved with six parameters regression; there- 

ore, these six parameters were employed for the ternary phase 

oundary calculation. In Fig. 6 , the ternary two liquid and three 

iquid phases experimental points seem consistent and agree well 

ith the model predictions. However, the phase analysis results 

re scattered for two liquid phases especially in hydrocarbon-rich 

hase in Fig. 6 . It might have resulted due to phase contamination 

uring sampling as discussed in the Section 4.1.1 . In this work, the 

ernary LLE data were not employed for the NRTL parameter re- 

ression. 

.2.1.4. Three liquid phases. The occurrence of three liquid phases 

as initially studied employing a flowsheet containing several de- 

anter models (provided in Appendix Fig. A1 ), as Aspen Plus does 

ot support a single decanter model producing more than two co- 

xisting liquid phases. In the applied flowsheet model, the feed 

as first split into two liquid phases, and separate decanter mod- 

ls were then applied to both streams. This results in a flowsheet 
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Fig. 6. Water (1) + phenol (2) + n - dodecane (3) experimental data at 298 K: ( ×) binary phenol + n - dodecane calculated from cloud point data; ternary: (o) two liquid 

phases, ( �) two liquid phases feed, ( �) three liquid phases; ( �) water-dodecane solubility [ 18 , 19 ]; ( ♦ ) water-phenol solubility [4] ; NRTL model: (…….) tie lines, (—-) three- 

liquid-phase boundary, (—) LLE phase boundary. Enlarged each corner shown in top-left and bottom-right figures. 

Table 12 

Water (1) + phenol (2) + n - dodecane (3) analytical measurements for two liquid 

phases mole fractions at pressure P = 101 kPa. 

T /K 

hydrocarbon-rich phase phenol-rich phase 

x 1 x 2 x 3 x 1 x 2 x 3 

298.09 0.0078 0.0282 0.9640 0.4936 0.5019 0.0045 

298.09 0.0081 0.0342 0.9577 0.4943 0.5013 0.0044 

298.09 0.0251 0.0548 0.9201 0.4957 0.4998 0.0045 

313.82 0.0039 0.0367 0.9594 0.4902 0.5044 0.0053 

313.82 0.0023 0.0381 0.9596 0.4890 0.5056 0.0054 

313.82 0.0102 0.0467 0.9431 0.4861 0.5086 0.0054 

313.82 0.0134 0.0532 0.9334 0.4889 0.5058 0.0053 

323.49 0.0076 0.0663 0.9262 0.4338 0.5577 0.0085 

323.49 0.0051 0.0590 0.9359 0.4373 0.5542 0.0085 

323.49 0.0034 0.0562 0.9404 0.4336 0.5575 0.0088 

323.49 0.0107 0.0705 0.9188 0.4340 0.5578 0.0082 

323.49 0.0079 0.0596 0.9325 0.4327 0.5583 0.0090 

332.73 0.0053 0.0587 0.9360 0.4925 0.5003 0.0072 

332.73 0.0053 0.0591 0.9356 0.4944 0.4983 0.0073 

332.73 0.0033 0.0599 0.9367 0.4923 0.5006 0.0071 

332.73 0.0035 0.0577 0.9388 0.4909 0.5016 0.0075 

Expanded uncertainties ( u ) are u ( T /K) = 0.40 K, u ( x 1 ,hydrocarbon-rich phase ) = 0.0 0 04, 

u ( x 2 , hydrocarbon-rich phase ) = 0.002, u ( x 3 , hydrocarbon-rich -phase ) = 0.008, 

u ( x 1 ,phenol-rich phase ) = 0.006, u ( x 2 , phenol-rich phase ) = 0.006, 

u ( x 3 , phenol-rich phase ) = 0.0 0 02 and u ( p /KPa) = 1. 

LLE measurements performed with stainless-steel cell. 
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9 
f three connected decanter models and four outlet streams. Since 

ll the outlet streams should be in equilibrium with each other 

nd one of the four streams is non-physical (negligible flow), each 

roduct stream in the simulation was split into a relatively high 

ecycle stream which was fed back to the first decanter, and the 

rue outlet. This procedure built into the flowsheet simulator al- 

ows to control potential non-physical split into four significant liq- 

id product streams by increasing the recycle ratio for the smallest 

f the products until its flow rate is negligible (if that is not already 

he case). 

The NRTL model and the optimized binary parameters provided 

n Table 15 were used in the decanter model. From the decanter 

odel, the three liquid phases were observed at 298 K – 333 K for 

ater + phenol + n- dodecane. However, the model did not exhibit 

hree liquid phases at 353 K. At the beginning of the experiment, 

he three liquid phases compositions were obtained by employing 

he three liquid phase decanter model at the experimental tem- 

erature. Thereafter, the masses of each component in each phase 

ere calculated to obtain similar volumes of all three phases (ap- 

rox. 5 mL of each phase). The mixture was prepared by employing 

he calculated masses, and the measurements were performed in 

tainless-steel cell. This procedure avoids the sampling challenges 

or small volume phases. The two liquid and three liquid phases 

repared in the glass cells for visualization are shown in Fig. 9 , 
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Table 13 

Water (1) + phenol (2) + n - dodecane (3) analytical measurements for three liquid phases mole fractions at 

pressure P = 101 kPa. 

hydrocarbon-rich phase water-rich phase phenol-rich phase 

T/ K x 1 x 2 x 3 x 1 x 2 x 3 x 1 x 2 x 3 

298.49 0.0082 0.0215 0.9703 0.9822 0.0177 3.00E-05 0.6521 0.3461 0.0018 

298.49 0.0060 0.0218 0.9722 0.9820 0.0179 4.00E-05 0.6542 0.3440 0.0018 

323.80 0.0280 0.0446 0.9274 0.9659 0.0340 0.0001 0.7377 0.2609 0.0014 

323.80 0.0279 0.0402 0.9319 0.9716 0.0283 0.0001 0.7384 0.2602 0.0014 

323.80 0.0252 0.0391 0.9357 0.9706 0.0293 0.0001 0.7381 0.2605 0.0014 

Expanded uncertainties ( u ) are u( x 1 , hydrocarbon-rich phase ) = 0.0 0 06, u( x 2 , hydrocarbon-rich phase ) = 0.0 01, 

u( x 3 , hydrocarbon-rich phase ) = 0.009, u( x 1 ,water-rich phase ) = 0.006, u( x 2 , water-rich phase ) = 0.0006, 

u( x 1 ,phenol-rich phase ) = 0.005, u( x 2 ,phenol-rich phase ) = 0.005, u( x 3 , phenol-rich phase ) = 0.0004. 

LLLE measurements performed in glass cells for T = 298 K, u( T /K) = 0.76 K and in stainless-steel cell for 

T = 323 K, u( T /K) = 0.40 K. 

Fig. 7. LLE phase behavior of water (1) + phenol (2) + n - dodecane (3) using the 

NRTL model (with six adjusted parameters to LLE data in Table 15 ) as a function of 

temperature. 
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Fig. 8. Three-liquid-phase regions for water (1) + phenol (2) + n - dodecane (3): 

measured at ( �) 298 K and ( �) 323 K and (—–) using decanter model (with six 

adjusted NRTL parameters to LLE data in Table 15 ). 

Fig. 9. Equilibrated phases in the glass-cells for water + phenol + n - dodecane: a) 

three liquid phases: top (hydrocarbon-rich phase), middle (water-rich phase) and 

bottom (phenol-rich phase); b) two liquid phases: top (hydrocarbon-rich phase) and 

bottom (phenol-rich phase). 
hich also illustrates that similar volumes of all three phases were 

ormed. 

In this work, three liquid phases were measured for wa- 

er + phenol + n- dodecane system at 298 K and 323 K, as 

resented in Table 13 . The three liquid phases equilibrium data 

ere evaluated using the NRTL binary parameters presented in 

able 15 and the decanter model was applied to produce the phase 

iagram. The investigated ternary systems show a temperature de- 

endency: the miscibility gap and the three liquid phases region 

ecreases with the increasing temperature in Figs. 7 and 8 . 

The uncertainty in the mole fractions of components presented 

n Tables 12 and 13 were calculated from Eq. (5) . In Tables 12 and

3 , the uncertainties in mole fractions are presented with four dec- 

mal digits for the components with lower concertation in differ- 

nt phases. In Table 13 , the mole fraction of n -dodecane in the

ater-rich phase was very small and the resulting uncertainty in 

he mole fraction was 1E-06. 

.2.2. Water + phenol + n- hexadecane 

.2.2.5. Two liquid phases. The occurrence of two liquid phases 

or the binary systems was observed from different sources: phe- 

ol + n- hexadecane (from this work), water + phenol [ 4 , 22 ] and

ater + n- hexadecane [20] . This shows that the ternary system 
10 
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Fig. 10. Water (1) + phenol (2) + n - hexadecane (3) experimental data at 323 K: ( ×) binary phenol + n - hexadecane, (o) two liquid phases; ( �) water-hexadecane solubility 

[20] ; ( ♦ ) water-phenol solubility [ 4 , 22 ]; NRTL model: (……) tie lines, (—-) three-liquid-phase boundary, (—) LLE phase boundary. The figure to the right shows enlarged 

hydrocarbon-rich phase. 

Fig. 11. Water (1) + phenol (2) + n - hexadecane (3) experimental data at 353 K: ( ×) 

binary phenol + n - hexadecane, (o) two liquid phases, ( �) two liquid phases feed; 

NRTL model: (……) tie lines, (—–) LLE phase boundary. 
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Fig. 12. LLE phase behavior of Water (1) + phenol (2) + n - hexadecane (3) using 

the NRTL model (with six adjusted parameters in Table 15 ) as a function of temper- 

ature. 
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f water + phenol + n- hexadecane allows three liquid phase 

plits. As described in Section 4.2.1.1, the ternary phase measure- 

ents were initiated with the determination of feed composi- 

ion to achieve only two liquid phases. Therefore, the composi- 

ion of each component was calculated such that the feed exists 

ithin two-liquid-phase regions of phenol + n- hexadecane and 

ater + n- hexadecane, but outside two-liquid-phase region of wa- 

er + phenol. Thereafter, the ternary two liquid phases measure- 

ents were carried out in glass-cell apparatus with different feed 

ompositions. 

The ternary two liquid phases behavior measured for the wa- 

er + phenol + n- hexadecane system is presented in Table 14 . Plots

or water + phenol + n- hexadecane at 323 K and 353 K are avail-

ble in Figs. 10 and 11 as representant for this ternary system. 
11 
he ternary phase boundary as well as the tie-lines were calcu- 

ated using the NRTL model and the binary parameters presented 

n Table 15 . The binary phase diagram for phenol + n- hexadecane 

 Fig. 4 ) improved with six parameters regression; therefore, these 

ix parameters were employed for the ternary phase boundary cal- 

ulation. 

As shown in Figs. 10 and 11 , a curve in the LLE phase envelope

ppears for temperatures 323–353 K. The curved structure overlaps 

ith the diagonal at lower temperatures (298–313) K; however, the 

tructure becomes more distinct at higher temperatures (323–353) 

 in Figs. 10 and 11 . Similar behavior was observed in the phase

nvelope for the phenolic systems in the literature [2] . 

.2.2.6. Three liquid phases. The three liquid phase decanter model, 

s discussed in Section 4.2.1 , indicated the occurrence of the three 

iquid phases for water + phenol + n- hexadecane system, as well. 
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Table 14 

Water (1) + phenol (2) + n - hexadecane (3) analytical measurements for 

two liquid phases mole fractions at pressure P = 101 kPa. 

T /K 

hydrocarbon-rich phase phenol-rich phase 

x 1 x 2 x 3 x 1 x 2 x 3 

297.93 0.0042 0.0265 0.9693 0.4733 0.5250 0.0017 

297.92 0.0030 0.0269 0.9701 0.4728 0.5254 0.0018 

297.93 0.0044 0.0266 0.9690 0.4732 0.5251 0.0017 

297.93 0.0037 0.0288 0.9675 0.4723 0.5260 0.0017 

297.93 0.0035 0.0245 0.9720 0.5481 0.4508 0.0011 

297.93 0.0026 0.0258 0.9716 0.5485 0.4504 0.0011 

297.93 0.0036 0.0268 0.9696 0.5513 0.4476 0.0011 

297.93 0.0020 0.0337 0.9643 0.3995 0.5979 0.0026 

297.93 0.0042 0.0339 0.9619 0.3890 0.6083 0.0027 

312.92 0.0040 0.0387 0.9573 0.4594 0.5382 0.0025 

312.93 0.0038 0.0376 0.9586 0.4616 0.5360 0.0024 

312.93 0.0038 0.0371 0.9591 0.4624 0.5351 0.0025 

312.92 0.0039 0.0447 0.9514 0.3978 0.5988 0.0034 

312.93 0.0040 0.0458 0.9502 0.3984 0.5982 0.0034 

312.93 0.0030 0.0494 0.9476 0.4804 0.5167 0.0030 

312.92 0.0062 0.0471 0.9467 0.3703 0.6258 0.0039 

312.93 0.0063 0.0480 0.9458 0.3699 0.6262 0.0039 

322.91 0.0180 0.0513 0.9307 0.4103 0.5858 0.0040 

322.90 0.0195 0.0494 0.9311 0.4154 0.5807 0.0040 

322.90 0.0177 0.0488 0.9335 0.4141 0.5819 0.0040 

322.91 0.0205 0.0488 0.9307 0.4183 0.5779 0.0039 

322.90 0.0192 0.0634 0.9174 0.3373 0.6570 0.0058 

322.90 0.0230 0.0650 0.9120 0.3403 0.6539 0.0058 

322.91 0.0169 0.0663 0.9168 0.3435 0.6507 0.0058 

322.90 0.0193 0.0718 0.9089 0.3359 0.6583 0.0058 

322.90 0.0253 0.0661 0.9086 0.3358 0.6584 0.0058 

353.68 0.0122 0.0823 0.9055 0.6267 0.3717 0.0016 

353.68 0.0140 0.0852 0.9008 0.6254 0.3730 0.0016 

353.68 0.0145 0.0875 0.8981 0.6257 0.3728 0.0016 

353.68 0.0184 0.0893 0.8923 0.6278 0.3707 0.0016 

Expanded uncertainty ( u ) using a coverage factor k = 2 are u ( T /K) = 0.76 K, 

u ( x 1,hydrocarbon-rich phase ) = 0.0 0 03, u ( x 2, hydrocarbon-rich phase ) = 0.0 02, 

u ( x 3, hydrocarbon-rich -phase ) = 0.002, u ( x 1,phenol-rich phase ) = 0.009, 

u ( x 2,phenol-rich phase ) = 0.009, u ( x 3,phenol-rich phase ) = 0.0 0 01. 

Experiments performed with glass cell for T = (298–323) K. 

Experiments performed with stainless-steel cell for T = 353 K and 

u( T /K) = 0.40 K. 

Fig. 13. Three-liquid-phase regions for Water (1) + phenol (2) + n - hexadecane (3) 

using (—–) decanter model (with six adjusted NRTL parameters in Table 15 ). 
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Table 15 

NRTL model parameters using only binary LLE data and deviations of the bin

component i phenol phenol phenol 

component j n -dodecane n -dodecane n -hexadecane 

Parameter source This work This work This work 

Data LLE c LLE c LLE c , [3] 

Number of parameters 4 6 4 

Parameter/unit 

a ij 2.6154 0.5046 3.5586 

a ji –7.6189 49.416 –8.9504 

b ij / K –21.951 322.68 –33.229 

b ji / K 2643.6 –6743.1 2966.7 

c ij 0.2 0.2 0.2 

e ij – – –

e ji – – –

f ij / K 
-1 – 0.0032 –

f ij / K 
-1 – –0.0866 –

T min /K 313 313 313 

T max /K 350 350 360 

�x a 0.005 c 0.006 c 0.004 c , 0.007 d 

�T b /K 0.57 c 0.33 c 0.49 c , 0.58 d 

NRTL binary interaction parameters available in Aspen Plus: τ ij = a ij + b ij /T 

a Average absolute deviation of liquid phase composition, �x = 
( 
∑ N 

i =1 | x i,exp −
N 

b Average absolute deviation of temperature, �T = 
( 
∑ N 

i =1 | T i,exp −T i,calc | ) 
N 

. 
c This work, literature data:. 
d [3]. 
e [22]. 
f [ 25 ]. 

12 
herefore, three liquid phases boundaries were calculated using 

he decanter model at 298 K – 333 K, as shown in Fig. 13 . The

odel did not exhibit three liquid phases for the water + phe- 

ol + n- hexadecane system at 353 K as the UCST of water + phe-

ol has been given at temperatures from 338.5 K to 343.8 [21] . 

he miscibility gap decreases with the increasing temperature for 

L(L)E phases in Figs. 12 and 13 . In addition, the three liquid 

hases regions for water + phenol + heptane/octane [2] and wa- 

er + phenol + n -dodecane/ n -hexadecane (from this work) were 

ompared at the isothermal conditions. It was seen that the three 

iquid phases area increases with the increasing carbon number in 

he hydrocarbon from 7 to 16. 
ary systems. 

phenol water water water 

n -hexadecane phenol n -dodecane n -hexadecane 

This work [24] This work AVP110 LLE-ASPEN 

LLE c , [3] LLE [22] LLE [25] LLE 

6 4 4 4 

–10.813 1.228 0.3765 28.218 

45.237 –5.239 0.3935 –5.4455 

2364.5 764.7 1314.5 –3921.0 

–6115.0 1662 1579.0 3588.2 

0.2 0.47 0.2 0.2 

– – – –

– – – –

0.0215 – – –

–0.0804 – – –

313 273 298.15 293.15 

360 340 313.15 323.15 

0.005 c , 0.005 d 0.083 e 1E-09 f –

0.40 c , 0.58 d 0 0 –

+ e ij ln T + f ij T, αij = c ij + d ( T – 273.15). 
x i,calc | ) . 
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Fig. 14. Phenol mole fraction in aqueous and hydrocarbon phase (left) and Othmer–Tobias plot (right): measured at ( ×) 298 K, ( ♦) 313 K, ( + ) 323 K and ( �)353 K for water 

(1) + phenol (2) + n - hexadecane (3). 

Table 16 

NRTL model parameters using VLE and LLE data and deviations of the binary systems. 

component i phenol phenol phenol phenol 

component j n -dodecane n -dodecane n -hexadecane n -hexadecane 

Parameter source This work This work This work This work 

Data VLE [5] , LLE e VLE [5] , LLE e VLE [5] , LLE e [3] VLE [5] , LLE e [3] , 

Number of parameters 4 6 4 6 

Parameter/unit 

a ij 0.1722 19.319 1.2705 19.596 

a ji −3.6147 −30.320 −6.1479 −31.535 

b ij /K 765.68 −2785.5 712.84 −2644.1 

b ji /K 1345.6 6313.3 2076.0 6666.9 

c ij 0.2 0.2 0.2 0.2 

e ij — – – –

e ji – – – –

f ij /K 
− 1 – −0.0252 – −0.0246 

f ji /K 
− 1 – 0.0351 – 0.0347 

T min /K 313 313 313 313 

T max /K 573 573 573 573 

�x a 0.013 e , 0.071 g , 0.001 h 0.007 e , 0.018 g , 0.001 h 0.008 e , 0.015 f , 0.152 g 0.003 e , 0.008 f , 0.014 g 

�y b 0.032 h 0.038 h – –

�P c /MPa 0.013 g , 0.0003 h 0.004 g , 0.0003 h 0.007 g 0.001 g 

�T d /K 0.74 e , 2.7 g , 3.15 h 0.33 e , 0.95 g , 2.8 h 0.38 e , 0.55 f , 2.94 g 0.36 e , 0.24 f , 0.51 g 

NRTL binary interaction parameters available in Aspen Plus: τ ij = a ij + b ij /T + e ij ln T + f ij T, αij = c ij + d ( T – 273.15). 

a Average absolute deviation of liquid phase composition, �x = 
( 
∑ N 

i =1 | x i,exp −x i,calc | ) 
N 

. 

b Average absolute deviation of temperature, �y = 
( 
∑ N 

i =1 | y i,exp −y i,calc | ) 
N 

. 

c Average absolute deviation of liquid phase composition, �P = 
( 
∑ N 

i =1 | P i,exp −P i,calc | ) 
N 

. 

d Average absolute deviation of temperature, �T = 
( 
∑ N 

i =1 | T i,exp −T i,calc | ) 
N 

. 
e This work, literature data:. 
f [3]. 
g [5]. 
h [6]. 

4

t

i

t

s

s

s

t

w

s

e

w

s

s

4

n

b  

t

[

d

L

T

f

.3. Othmer–Tobias correlation 

Othmer–Tobias plots [23] and plots of phenol mole fraction in 

he hydrocarbon-rich phase as a function of phenol mole fraction 

n aqueous phase were compared for the ternary systems to de- 

ermine the reliability of the experimental data and the success of 

ampling. From Fig. 14 , the plot indicates the consistency of mea- 

ured data to be linear for the water + phenol + n- hexadecane 

ystem. Further, the phenol content increases in both phases as the 

emperature increases in Fig. 14 . At 353 K, the LLE measurement 

as performed with just one initial composition in the stainless- 

teel apparatus, therefore the data were not compared for the lin- 

arity trend. The LLE for the water + phenol + n- dodecane system 

as also measured with one initial composition in the stainless- 
13 
teel cell, therefore; the Othmer-Tobias linearity cannot be as- 

essed. 

.4. Regressed parameters 

The optimized NRTL binary interaction parameters for phe- 

ol + n- dodecane, or n -hexadecane employing LLE data and com- 

ined LLE + VLE data are presented in Tables 15 and 16 , respec-

ively. The NRTL binary parameters regressed by Stephan et al. 

24] for LLE water + phenol were applied in this work. The ad- 

ition of parameters from four to six for LLE data as well as 

LE + VLE data modeling resulted in improved model predictions. 

he number of parameters were chosen based on the predictions 

rom the NRTL model. The VLE parameters and their deviations for 
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Table 17 

Average absolute deviations between experimental and calculated liquid composition from the NRTL model using parameters presented in Table 15 . 

system �x hydrocarbon-rich phase �x phenol-rich phase �x water-rich phase Number of data points T/K range 

two liquid phases 

water (1) + phenol (2) + n- dodecane (3) 0.0139 0.0134 – 16 298–333 

water (1) + phenol (2) + n- hexadecane (3) 0.0279 0.0151 – 30 298–353 

three liquid phases 

water (1) + phenol (2) + n- dodecane (3) 0.0115 0.0179 0.0013 5 298–323 

Average absolute deviation of liquid phase composition, �x = 
( 
∑ N 

i =1 | x i,exp −x i,calc | ) 
N 

. 

Fig. 15. Experimental LLE of phenol (1) + n - dodecane (2) this work: ( ×) Analytical, 

( �) Cloud point; Combined LLE + VLE modeling using the NRTL model: (—–) four 

adjusted T-dependent parameters, (—) six adjusted T-dependent parameters. 
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henol + n- dodecane/ n -hexadecane are reported in earlier work 

5] . 

The ternary two liquid and three liquid phases data were run in 

valuation mode employing NRTL parameters ( Table 15 ) in Aspen 

lus. Thereafter, the estimated results from the NRTL model and 

he experimental points were applied to calculate average absolute 
ig. 16. Experimental VLE of phenol (1) + n - dodecane (2) [6] : (o) 393 K, ( ♦) 433 K; Com

arameters, (—) six adjusted T-dependent parameters. 

14 
eviations in liquid composition for the ternary systems presented 

n Table 17 . From Table 17 , the NRTL predictions in the system wa-

er + phenol + n- hexadecane characterize experimental two liquid 

hases data with larger deviations in comparison to water + phe- 

ol + n- dodecane system. Further, the three liquid phases system 

f water + phenol + n- dodecane indicates minor deviations be- 

ween experimental and predicted data; however, larger deviation 

s observed for phenol-rich phase. 

.5. Binary parameters check 

The coherence of the NRTL parameters to fulfill the LLE phase 

plit was checked according to Marcilla et al. [26] using the Graph- 

cal User Interface (GUI) given in MATLAB software code [30] . The 

CST and composition obtained for phenol + n- dodecane using 

oftware code was ( x phenol , T /K) = (0.687, 347.35 K). The calcu- 

ated UCST deviates with 0.54 K from the measured UCST for 

henol + n- dodecane system in Table 8 . Similarly, the UCST and 

omposition calculated using softwares for phenol + n- hexadecane 

as ( x phenol , T /K) = (0.778, 362.35 K) and for water + phenol

as ( x water , T /K) = (0.909, 348.85 K). The G 
M (L)/RT graphs for the

ernary LLE water + phenol + n- dodecane at 298 K are presented 

n the Supporting Information. Both Figures S1 and S2 provided in 

he Supporting Information show the coherence of the NRTL pa- 

ameters in the formation of two liquid phases from the variation 

f Gibbs energy of mixing calculated from the gamma model. The 

ptimized NRTL parameters satisfy the isoactivity LLE conditions 

nd predict a similar type of system as experimental ones, even 

hough experimental ternary LLE data were not employed for the 

RTL parameter regression. 
bined LLE + VLE modeling using the NRTL model: (—–) four adjusted T-dependent 
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Fig. 17. Experimental VLE of phenol (1) + n - dodecane (2) [5] : ( �) 523 K, ( �) 

573 K; Combined LLE + VLE modeling using the NRTL model: (—–) four adjusted 

T-dependent parameters, (—) six adjusted T-dependent parameters. 
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Fig. 18. Experimental LLE of phenol (1) + n - hexadecane (2): ( ×) Analytical this 

work, ( �) Cloud point [3] , ( �) Cloud point from this work; Combined LLE + VLE 

modeling using NRTL model: (—-) four adjusted T-dependent parameters, (—) six 

adjusted T-dependent parameters. 

Fig. 19. Experimental VLE of phenol + n - hexadecane [5] : ( �) 523 K, ( �) 573 K; 

Combined LLE + VLE modeling using NRTL model: (—-) four adjusted T-dependent 

parameters, (—) six adjusted T-dependent parameters. 
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. Combined LLE and VLE modeling 

.1. Phenol + n- dodecane 

The liquid–liquid equilibrium data from this work and the liter- 

ture VLE [ 5 , 6 ] data were modeled using NRTL–RK for phenol + n-

odecane system. It was observed that the LLE phase envelope 

mproved when applying the parameters calculated using liquid–

iquid equilibrium data from this work and the VLE data from ref- 

rence [5] only. Therefore, the literature VLE data from reference 

6] were excluded in the activity coefficient parameters regression. 

qual weighting factors were applied for pressure and liquid mole 

raction in the objective function to balance different sets of ex- 

erimental data. With the increasing number of adjusted param- 

ters ( Table 16 ), the phase equilibrium correlation with the NRTL 

odel improved as shown in Figs. 15 and 17 . However, the highest 

emperature (i.e. 573 K) in the parameter regression are far above 

he LLE temperature (measured UCST: 346 K), which might have 

esulted in the overprediction of UCST and wide LLE phase enve- 

ope in Fig. 15 . Moreover, it is observed that the phase equilibrium 

rediction from the NRTL model does not improve at 393 K and 

33 K in Fig. 16 . It shows that the simultaneous correlation of LLE

nd VLE data was not satisfactory. 

The phase equilibria of phenol + n- dodecane system has been 

odeled in a wide temperature range from 313 K to 573 K. 

.2. Phenol + n- hexadecane 

Similarly, the measured liquid-liquid equilibrium data as well 

s literature LLE [3] and VLE [5] data were modeled using NRTL- 

K for the phenol + n- hexadecane system. Figs. 18 and 19 evi- 

ence that the increasing number of adjusted temperature depen- 

ent parameters ( Table 16 ) improved the phase equilibrium cor- 

elation with the NRTL model. The phase equilibria of the phe- 

ol + n- hexadecane system have been modeled in a wide temper- 

ture range from 313 K to 573 K. 

.3. Activity coefficients 

As discussed in Section 3.2 , the phase equilibrium of hydro- 

arbon + phenol systems have been modeled employing LLE data, 
15 
ombined VLE + LLE data, or only VLE data from previous work [5] .

herefore, the activity coefficients were calculated and compared 

y employing all these three models to analyze the suitability in 

pplication of the combined VLE + LLE model. The activity coeffi- 

ients have been calculated using six regressed parameters pre- 

ented in Table 15 , Table 16 and from the previous work [5] for

he NRTL model. 

It can be observed in Figs. 20 and 21 that there is a change

n activity coefficients calculated from the different sets of opti- 

ized NRTL parameters; however, the change is minor. Thus, the 

niversal model (combined LLE and VLE) shows relevance in de- 

cribing the phase equilibrium (both LLE and VLE) of phenol + n- 

odecane/ n -hexadecane for the temperature ranging from 313 K to 

73 K. 
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Fig. 20. Activity coefficients calculated using different sets of NRTL parameters: (—) LLE parameters ( Table 15 ), (—–) LLE + VLE parameters ( Table 16 ) and (……) VLE 

parameters (ref [5] ) for phenol + n - dodecane system. Activity coefficents are calculated for: a) LLE region, b) VLE at 393 K, c) VLE at 433 K, d) VLE at 523 K and e) VLE at 

573 K and, ( ο) calculated from exp data: a) this work exp data, (b, c) ref [6] . 
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. Cloud point measurements in phenol + aliphatic 

ydrocarbons ( n -C7 — n -C16) 

The measured cloud point data for n -dodecane + phenol in 

his work is compared with the literature cloud point measured 
16 
or other n -alkanes (heptane/octane/decane/hexadecane) + phe- 

ol systems in Fig. 22 . Fig. 22 illustrates that the phenol solubil- 

ty decreases with the increasing number of carbon atoms in n - 

lkanes. Further, the solubility of phenol in the hydrocarbon-rich 

hase tends to overlap at lower temperatures for the presented 
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Fig. 21. Activity coefficients calculated using different sets of NRTL parameters: (—) LLE parameters ( Table 15 ), (—–) LLE + VLE parameters ( Table 16 ) and (……) VLE param- 

eters (ref [5] ) for phenol (1) + n - hexadecane (2). Activity coefficents are calculated for: a) LLE region b) VLE at 523 K and c) VLE at 573 K and, ( ο) calculated from this work 

exp data. 

Fig. 22. Experimental LLE using cloud point method in the systems: ( �) phenol 

(1) + n - heptane (2) [2] , ( �) phenol (1) + n - heptane (2) [27] , (o) phenol (1) + n - 

octane (2) [2] , ( ●) phenol (1) + n - octane (2) [27] , ( ×) phenol (1) + n - decane (2) 

[28] , ( ♦) phenol (1) + n - dodecane (2) from this work and ( �) phenol (1) + n - 

hexadecane (2) [3] . 

Fig. 23. Measured upper critical solution temperatures for phenol + n - alkanes: ( �) 

phenol + heptane [2] , ( �) phenol + heptane [27] , (o) phenol + octane [2] , ( ●) phe- 
nol + octane [27] , ( ×) phenol (1) + decane (2) [28] , ( ♦) phenol + dodecane from 

this work and ( �) phenol + hexadecane [3] , n denotes the number of carbon atoms 

in alkane. 

n

t

b

17 
 -alkanes + phenol system. The measured upper critical solution 

emperatures increase linearly with the increasing number of car- 

on atoms in the n -alkanes as observed in Fig. 23 . 
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. Discussion on the performance of the LLE apparatus 

The glass cell apparatus has been applied with good results in 

ur previous studies [ 7 , 8 ], and equally good results were observed

n the present work. The samples from the glass cells were with- 

rawn through the septum connections located in different heights 

n the cell. However, challenges with sampling occurred due to the 

emperature differences between the equilibrated phase and the 

ampling device. Hefter et al. [29] stated that the problem can be 

vercome by ensuring the sampling device is above the equilibra- 

ion temperature or by adding solvent that can maintain homo- 

eneity at ambient temperature. Therefore, in this work the syringe 

as heated with a hot air gun before sample withdrawal. 

On the other hand, the sample from the stainless-steel cell was 

aken easily using pressurized N 2 and does not require additional 

ampling device. However, phase contamination could arise as the 

amples from all phases are taken from the same sampling line. 

ven so, phase contamination could be avoided by applying sensi- 

le precautions, as discussed in Section 4.1.1 . 

The phase equilibrium measurements of mixtures containing 

henol are challenging irrespective of the apparatus used. Never- 

heless, the stainless-steel cell apparatus has shown convenience 

uring sampling. In addition, both the apparatus can be employed 

or LL(L)E measurements to produce reliable results by means of 

he appropriate sampling procedures presented in this work. 

. Conclusions 

LLE for binary phenol + n- dodecane, or n -hexadecane sys- 

ems were measured applying analytical and cloud point meth- 

ds at 313 K – 353 K. Further, the ternary liquid–liquid phase 

nd liquid–liquid–liquid phase behaviors were studied for water- 

henol-hydrocarbon mixtures at 298 K – 353 K. The measured 

L(L)E systems have been modeled with the NRTL activity co- 

fficient model. Overall, with the applied NRTL model, accept- 

ble deviations were achieved between experimental and pre- 

icted results in Tables 15 and 17 . The temperature dependency of 
Fig. A-1. A block flow diagra

18 
he LL(L)E region was observed in the ternary systems investigated 

here the miscibility gap decreases with the increasing tempera- 

ure. Similarly, the phenol content increased in both phases as the 

emperature increased in ternary water-phenol-hydrocarbon sys- 

ems. In addition to these, literature VLE data along with the mea- 

ured LLE were employed for the model development of binary 

henol-hydrocarbon systems. The NRTL model described the be- 

avior of the systems well over the wide temperature range of 

13 K – 573 K. Moreover, the applied apparatus and the sampling 

rocedure has shown repeatable results in this phase equilibrium 

tudy. 
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