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ARTICLE INFO ABSTRACT

Keywords: Flavor-active esters, produced during fermentation, are vital components and important contributors to the
Flavor-active esters aroma of beer. In order to separate trace amounts of esters, their adsorption behavior in the presence of high
Adsorption concentrations of ethanol and their thermodynamic behavior under the influence of temperature needs to be
f‘te]:r?;::ature understood. This study reports the influence of temperature on single component adsorption isotherms of four

esters (i.e. ethyl acetate, isopentyl acetate, ethyl 4-methylpentanoate, and ethyl hexanoate) on two hydrophobic
resins (i.e. Amberlite XAD16N, and Sepabeads SP20SS) and the estimation of heat, entropy, and Gibbs energy of
adsorption. Higher heat and entropy of adsorption are obtained for ethyl hexanoate and ethyl 4-methylpen-
tanoate in comparison, due to their higher hydrophobicity, stronger binding, and the exothermic nature of their
adsorption. A higher concentration of ethanol (tested from 1 to 30% (v/v)), lowers the activity coefficient of
esters in the aqueous phase, and subsequently lowers adsorption and Langmuir affinity parameters. Increase of
temperature from 284.15 to 325.15 K shows a reverse influence on maximum adsorption capacity and Langmuir
affinity parameters. Langmuir affinity parameters are obtained at various ethanol concentrations and tem-
peratures. The reported parameters and thermodynamic properties in this paper, are essential for designing an

Isosteric enthalpy

industrial scale adsorption step for separation of flavor-active esters under non-isothermal conditions.

1. Introduction

Esters are volatile trace compounds which are present in fermented
beverages like beer and are extremely important for the flavor profile of
the final product [1-4]. Although esters are produced in trace amounts
in comparison to other yeast metabolites, like higher alcohols, they are
important aroma elements due to their low odour threshold in bev-
erages [5-7]. They are responsible for the sweet and fruity flavors of
beer [8,9] and if they are overproduced, they will negatively affect the
final beer. Therefore, it is of importance to maintain optimum condi-
tions to obtain a balanced ester profile in the final beer product [5,10].
These compounds are primarily formed during fermentation by enzy-
matic chemical condensation of organic acids and alcohols and are
divided into two major groups of acetate esters and medium chain fatty
acid ethyl esters [5,9-11]. While several esters are present in beer, the
major ester components are considered to be ethyl acetate (solvent-
aroma) [5,9,10], isopentyl acetate (banana aroma) [9,10,12], isobutyl
acetate (fruity aroma) [5], phenyl ethyl acetate (rose and honey aroma)
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[9,10,13], ethyl hexanoate (sweet apple aroma) [9], ethyl 4-methyl-
pentanoate (apple or pear aroma), and ethyl octanoate (sour apple
aroma) [9]. During processing, however the level of esters and their
relative concentrations might alter due to chemical and physical
changes. In order to prevent the unwanted changes, esters can be se-
lectively recovered and fractionated by means of adsorption and by
tuning the level of esters present in different process streams various
beer products with fruity flavors can be produced. Fractionation of
esters in beer beverages can be challenging since they are present in the
matrix at trace levels in comparison to ethanol, which is present at
significant concentration. In order to design the adsorption process for
selective recovery of esters, several process parameters, like the effect
of ethanol on adsorption of esters and heat of adsorption for each
specific compound in the mixture need to be understood. Therefore,
this work aims to provide knowledge on the adsorption mechanism of
flavor-active esters under the influence of temperature and various
ethanol concentrations. Four major esters which contribute to beer
flavor, i.e. ethyl acetate, isopentyl acetate, ethyl hexanoate and ethyl 4-
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Nomenclature

C equilibrium concentration (mmol/L)

AHg isosteric heat of adsorption (kJ/mol)

T temperature (K)

R gas constant (J/(mol K))

q adsorption capacity (mmol/L)

Qmax maximum load (mmol/L)

Kads,1. Langmuir parameter (L/mmol)

Kads.s sips parameter (mmol/L)¢~ /™

K Langmuir equilibrium constant (-)

k.. Langmuir temperature independent factor (L/mmol)
AH° heat of adsorption (kJ/mol)

n sips parameter (-)

ko adsorption affinity at reference temperature (L/mmol)
ny sips parameter at reference temperature (-)

To reference temperature (K)

Qmax,0 saturation capacity at reference temperature (mmol/L)

Q isosteric heat at @ = 1/2 (kJ/mol)

AG° Gibbs energy of adsorption (kJ/mol)

AS° entropy of adsorption (kJ/mol)

Minit moles of analyte in initial sample (mmol)
Co initial molar concentration (mmol/L)

Vo initial volume of analyte (L)

Mpuik moles of analyte in bulk solution (mmol)
Chlank concentration blank (mmol/L)

Vblank volume blank (L)

Myesin mass of wet resin (g)

Kaffinicy ~ Langmuir affinity parameter (L/g)

Greek symbols

0 fractional coverage (-)

a sips constant parameter (-)

X constant parameter for temperature dependent quax (-)

methylpentanoate are selected and the adsorption of aforementioned
esters is investigated on the synthetic hydrophobic resins, Sepabeads
SP20SS and Amberlite XAD16N, which showed high affinity towards
esters according to our previous investigations, both for single and
multi-compound mixtures [14]. The uptake on each resin is examined
at different concentrations of ethanol and the influence of temperature
on adsorption of single and multi-component mixture of esters is ex-
plored. Based on the acquired results, the thermodynamic properties
such as the heat, entropy, and Gibbs energy of adsorption for each
specific ester present in the mixture are calculated and affinity of each
resin towards the tested esters at various ethanol concentrations and
temperatures is obtained. The estimated thermodynamic properties and
the obtained affinity parameters have application in designing the ad-
sorption column for selective recovery of flavor-active esters.

2. Materials
2.1. Chemicals

Ethyl acetate (purity > 99.5%), isopentyl acetate (98%), ethyl hex-
anoate, and ethyl 4-methylpentanoate are purchased from Sigma-
Aldrich, The Netherlands. MilliQ water is used for dilutions and ethanol
96%, is purchased from Merck.

2.2. Adsorbents

Food grade resin XAD16N from Amberlite resin series and the aro-
matic type Sepabeads SP20SS from HP resin series are purchased from
Sigma-Aldrich, The Netherlands and used for adsorption tests. Detailed
specifications and physical properties of the tested resins are reported
in our previous work [14].

3. Methods
3.1. Gas chromatographic analysis

The esters of interest were analyzed by Static-Headspace-Gas-
Chromatography (HS-GC) method using the GC (Trace 1300,
Thermofischer Scientific, Switzerland) coupled with Triplus RSH
Autosampler (Thermofischer Scientific, Switzerland) and FID in a RESTEK
Rxi 624Sil MS column (20mm X 0.18 mm ID X 1pum df), (Restek Co.,
US) Helium was used as the carrier gas in the system. The incubation
temperature of the GC agitator was set to 40 °C and samples were mea-
sured with incubation time of 20 min. Syringe temperature was set to
60 °C and detector temperature to 250 °C. Instead of direct injection of the
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vapor to the GC column, injection is performed through a GC splitting
inlet, which aids obtaining sharper peaks and reduces the amount of
sample reaching the GC column. Split ratio of 30 was used for the mea-
surements. Ramped oven temperature was considered for the GC settings,
60 °C with holding time of 1 min, increase to 75 °C with the increasing
rate of 10 °C/min, and the second increase to 175 °C with the speed of
30 °C/min with the holding time of 1 min. The retention time of tested
components is measured during 7 min analysis time. The chromatograms
obtained from the measurements show the retention time (minutes) of
1.5, 2.4, 4.9, 5.5, and 5.7 for ethanol, ethyl acetate, isopentyl acetate,
ethyl 4-methylpentanoate, and ethyl hexanoate respectively.

3.2. Thermodynamic analysis

3.2.1. Selection of isotherm models

An extensive isotherm study was performed in our previous work in
order to express the adsorption behavior of components, which belong
to the group of esters, higher alcohols, and diketones [14]. Among the
availabale and proposed models reported in the literature, Langmuir,
Freundlich, and Sips (Langmuir-Freundlich) models were selected as
the most appropriate models for expression of the equilibrium data.

Results of the tests revealed high accuracy in prediction with
Langmuir and Sips models, therefore the previously tested models are
selected to explain the adsorption behavior of flavor-active esters for
this study and Langmuir and Sips models, which were able to predict
the experimental adsorption equilibrium data with higher accuracy are
further investigated for determination of isosteric enthalpy of adsorp-
tion in the next step.

3.2.1.1. Langmuir isotherm. The simplest model, which describes the
monolayer adsorption, is the Langmuir model. This model works under
the assumption that the resin surface consists of several different
regions and each region follows the Langmuir assumption that one
molecule is adsorbed to one site, homogeneous surface and a localized
adsorption [15,16]. This model can be explained as is shown in Eq. (1).

Kads,. C
o= 9 _ _Kaass

T 1+ kaasi C o)

qmax

where 0 is the fractional coverage (-), q and g, are the adsorption
capacity, and maximum load respectively (mmol/L), ke4; is the
Langmuir constant (L/mmol), and C is the equilibrium concentration
of the analyte (mmol/L).

3.2.1.2. Freundlich isotherm. This empirical isotherm model describes
the adsorption capacity as a function of adsorbate concentration with a
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logarithmic scale as is described in Eq. (2).

q =K cn @)
where K; is the maximum capacity (mmol/L)"™ and 1/n is the
adsorption intensity.

3.2.1.3. Sips isotherm. The Sips model is the combined form of
Langmuir and Freundlich model. It circumvents the limitation of
increase in adsorbate concentration (with power 1/n), which is
associated with the Freundlich model and makes it possible to
achieve an improved fit at high concentrations [14,17,18]. This
isotherm model can be written in the generalized form, shown in Eq.

3.
q (kads,s C)l/n

6= = s/
qmax 1+ (kads,s C)I/n

3

where kg s is the Sips constant (mmol/L) ™1™,

3.2.2. Determination of adsorption isosteric enthalpy

Isosteric enthalpy, which is the basic quantity in adsorption study, is
explained as the ratio of the infinitesimal change in the adsorbate en-
thalpy to the infinitesimal change in the amount adsorbed. When heat is
released due to adsorption, part of the released energy is adsorbed by
the solid adsorbent and it is partly dissipated into the surrounding. The
heat adsorbed by the solid particle increases the particle temperature,
therefore it is of importance to understand and quantify the amount of
the isosteric enthalpy for further studies. The amount of this heat can be
calculated based on Van’t Hoff relation, as explained in Eq. (4) [19-25].

_( dlnC )
oT Jq ©)
where AH; is the isosteric enthalpy of adsorption, kJ/mol, R is the gas

constant (8.314 J/mol K), T is the temperature in K, and C is the equi-
librium concentration (mmol/L) [15,16,26].

_ AH,
RT?

3.2.2.1. Langmuir approach. The Langmuir expression explained in
Section 3.2.1.1, Eq. (1), shows monolayer adsorption since

(C = 0),(q = Yax)» 6 = 1,

while at low concentrations of the analyte, Henry’s approach will
follow, which can be explained as Eq. (5) [16,27]

. q
gg(g) = Kats LGnar = K

(5)

Gmax Tepresents a fixed number of surface sites and is independent of
temperature. However, the Langmuir constant is dependent on
temperature as is explained by Arrhenius equation, presented in Eq.
(6) [28,29].

AH, )

kads,r = keo€Xp| —
ds,L XP( RT

(6)
k, is the temperature-independent factor (L/mmol), AH; is the isosteric
enthalpy of adsorption (kJ/mol) which in this case is assumed to be
equal to heat of adsorption [15], R is the gas constant (J/mol K) and T is
the temperature (K). The magnitude of the heat of adsorption indicates
the dominant type of adsorption (physical or chemical). The heat of
adsorption for physisorption process is between 5 and 40 kJ/mol while
higher heat of adsorption can be achieved in chemisorption
(40-800 kJ/mol) [29,30]. If the adsorption process is exothermic and
Qmax decreases with temperature, the heat of adsorption will increase
with the loading and if the isosteric enthalpy has a finite value at high
coverage, the saturation capacity is independent of temperature and
heat of adsorption will be constant [15]. Then Eq. (4) can be rewritten
as explained in Eq. (7) [16].
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RT?

_(alnc) _ AH, _dInK _ AH°
oT ), RT?* ~ RT?

)]
where AH? is the heat of adsorption (kJ/mol).
3.2.2.2. Sips approach. For the sips mode, explained in Section 3.2.1.3,

the constant k.4 and the exponent n, temperature dependency can be
considered in the next equations,

—AH, Ty
Kags.s = keoexXp| —— | = k 5 —0—1)
ads,s eXP( RT ) UBXP[ RTE) ( T (8)
1_1, a(l_ﬁ)
no ng T 9

where k,, is the adsorption affinity constant, k, is that at reference
temperature Ty, no is the same parameter n at the same reference
temperature and « is a constant parameter. Unlike AH;in the Langmuir
equation, where it is equal to the isosteric enthalpy, this parameter can
only express the heat of adsorption in the Sips equation and the
temperature dependency of exponent n needs to be considered. The
maximum saturation capacity can be considered as constant or it can be
expressed as is shown in Eq. (10), the choice of this temperature
dependency is arbitrary [15].

T
Dnax = qmax,OeXp [X(l_?)]
0

Gmax, o is the saturation capacity at the reference temperature T, and ¥
is a constant parameter. (. can be considered as temperature
dependent, or the term Y can be set to zero [15]. In order to obtain
the isosteric enthalpy for the temperature dependence form of the Sips
equation from the Van’t Hoff relation, and considering temperature
dependence of k45, and 1/n, the isosteric enthalpy can be written as
explained in Eq. (11) [15].

(10)

—AH, = Q—(aRYZ))nzln(%) an
With the assumption that temperature variation of g4 is negligible. It
can be observed from Eq. (11) that the isosteric enthalpy decreases with
loading. When the loading is equal to zero, it goes to infinity and when
it reaches the saturation point, it approaches minus infinity.

Although this model is capable to predict the final maximum ca-
pacity with accuracy at high concentrations, for accurate estimation of
heat of adsorption, it is only applicable for intermediate range of con-
centrations [15].

The physical meaning of parameter Q is explained in Eq. (12). At
fractional coverage equal to one half, the isosteric enthalpy is equal to
the value of Q (kJ/mol) [15].

Q = (—AH)lo=1/2 (12)

3.2.3. Determination of Gibbs energy (AG®) from Langmuir constant

The Gibbs energy change indicates the degree of spontaneity of the
adsorption process. The higher negative value indicates a more favor-
able adsorption. The amount of change in Gibbs energy can be calcu-
lated according to Eq. (13), from Langmuir constant K [23,27,31].

AG°® = —RTInK (13)

where K is the Langmuir equilibrium constant (g/C) and is di-
mensionless, T is the absolute temperature (K) and R is the gas constant
(8.314 J/mol K).

3.2.4. Determination of heat (AH®) and entropy (AS°) of adsorption

The Gibbs free energy change is related to the heat (AH®) and en-
tropy change (AS®) of adsorption which the relation can be expressed as
Eq. (14) [16,23,32,33].
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0 0
an:AS AH

R RT

14

where K is the dimensionless equilibrium constant (-). The values of
heat of adsorption (AH?) and entropy change of adsorption (AS®) can be
calculated from the slope and intercept of the Van’t Hoff plot, In K
versus the (1/T) [33-35].

3.2.5. Determination of competitive adsorption parameters

3.2.5.1. Multicomponent Langmuir approach. For designing an
adsorption column at an industrial scale for separation and
fractionation of flavor-active esters which are present in different
process streams with large amounts of ethanol, the competitive
adsorption behavior of these compounds present with various
concentrations of ethanol and at different temperatures needs to be
investigated. In order to study the adsorption behavior and obtain the
required parameters for the design stage, a multi-component Langmuir
model is used to express the experimental data collected from
adsorption tests performed through batch uptake experimentation at
different concentrations of ethanol and at various temperatures. The
extension of the Langmuir model, which describes the competition of
component i with nc components in the mixture, is used to express the
experimental data (see Eq. (15)) [14,36-39].

g = Dmax kads,i Ci

1+ Y7 Kaas G (15)

where C; represents the concentration in the bulk liquid of species i at
equilibrium condition (mg/L), g; is the load of species i (concentration
of adsorbate on solid) (Mg/gresin)s Jmax represents the maximum load
(Mg/gesin), and kqqs,; is the Langmuir constant (L/mg). Kagsinicy (L/8resin)
can be obtained through multiplication of kegs; bY @max-

3.3. Batch uptake method

Batch uptake experimentation is used for testing the adsorption be-
havior of selected esters on the two synthetic hydrophobic resins.
Experiments are performed in 10ml clear crimp top headspace vials
(Thermofischer Scientific, Switzerland), which were filled with the se-
lected resins after the resin preparation step. Since resins are rather hy-
drophobic, they are prepared through washing steps with methanol,
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followed by an equilibration step with water and addition of the resins to
each vial. Afterwards, different concentrations of the solution are added
to the vials and closed with Crimpcap Bi-metal septum 20 mm
(Thermofischer Scientific, Switzerland) to prevent evaporation. Vials are
stirred at 500 rpm for one hour equilibration time on a thermo-mixer
(comfort Eppendorf, Hamburg, Germany) at different temperatures tested
for the experiments. After equilibration, bulk liquid is filtered using the
Millex-HV low binding syringe filter unit, 0.45 pm, PVDF, 33 mm (Merck
Millipore, The Netherlands) through 5ml syringe in the 10 ml headspace
vial and closed with metal caps, prepared for the analysis.

The amount of solute i adsorbed per unit mass on adsorbate (g;) is
calculated using the mass balance (Eq. (16)) [40].
Mnit_Mbulk_Mmt,evap

q9; = (16)

Miyesin

where M;,;, is the initial number of moles of the analyte in the solution
(mmol), calculated from the initial molar concentration and initial
sample volume C,V; where Cy is the initial molar concentration (mmol/
L), and V; is the initial volume of the analyte (L). My is the number of
moles of the bulk liquid remained after adsorption (mmol). In order to
take into account the effect of evaporation, the amount of moles of the
analyte which are lost due to evaporation are considered in the esti-
mation of the equilibrium capacity which can be estimated from
(CoVo—Chiank Voiank), where Vyjank is the volume of the blank samples after
the equilibration time. The value of m,g), is the gram of the wet resin.

3.4. Experimental procedure

3.4.1. Single-component adsorption test

Batch uptake experiments are performed to investigate the adsorp-
tion of the flavor-active esters on two hydrophobic resins Sepabeads
SP20SS and Amberlite XAD16N. Approximately 0.4 g/L of the flavor-
active esters, i.e. ethyl acetate, isopentyl acetate, ethyl hexanoate, and
ethyl 4-methylpentanoate are prepared in 1% (v/v) co-solvent mixture
of ethanol/water. Batch uptake experimentation, is applied as ex-
plained in Section 3.3 to investigate the single-component adsorption of
the aforementioned components. The adsorption experiments are per-
formed at four different tested temperatures (i.e. 284.15, 297.15,
309.15, and 333.15K).
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Fig. 1. Adsorption isotherms for tested esters at four temperatures, prediction based on Langmuir (LG), Freundlich (FR), and Sips (SP) models; Adsorption on

Sepabeads SP20SS.
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3.4.2. Multi-component adsorption tests

Ester components are present in trace amounts in comparison to
ethanol, which is present at higher concentration range. In order to
investigate the competitive adsorption of esters, studying the influence
of temperature and ethanol concentration on their binding capacity is
required; therefore, the competitive adsorption of flavor-active esters is
investigated through batch uptake experimentation according to the
procedure explained in Section 3.3. Approximately 0.4 g/L of each
flavor-active ester is prepared in co-solvent mixture of ethanol/water.
Experiments are performed over wide range of ethanol concentration
(i.e.1,7.5,15,22.5, and 30% (v/v)) and at three different temperatures
(i.e. 284.15, 297.15, and 325.15K).

4. Results and discussions
4.1. Influence of temperature on single-component adsorption

4.1.1. Single-component adsorption isotherms

The results of the adsorption isotherms at four different tested
temperatures, are illustrated in Fig. 1 for adsorption of the flavor-active
esters on Sepabeads SP20SS resin and for the four tested esters. The
adsorption equilibrium data are explained with single-component
Langmuir, Freundlich, and Sips models. As can be observed from Fig. 1,
the increase of temperature is not favorable for adsorption, due to
exothermic nature of adsorption, and a decrease in the amount of
maximum capacity at saturation point is observed. Comparing the re-
sults obtained for four tested esters, i.e. ethyl acetate, isopentyl acetate,
ethyl 4-methylpentanoate, and ethyl hexanoate, it can be concluded
that the resin SP20SS, has higher affinity towards the tested compo-
nents in the order of their hydrophobicity, ethyl hexanoate as the most
hydrophobic compound, followed by ethyl 4-methylpentanoate, iso-
pentyl acetate, and ethyl acetate. The degree of hydrophobicity can be
explained by the value of log P (Partition coefficient in octanol/water
solution), which has the value of 2.31, 2.16, 1.53, and 0.28 for ethyl
hexanoate, ethyl 4-methylpentanoate, isopentyl acetate, and ethyl
acetate respectively [41]. By comparing the four figures for the tested
esters, it can be clearly observed that ethyl hexanoate has more ten-
dency to bind to the resin material, and the least bulk concentration
remained after adsorption is obtained for this component. The value of
equilibrium bulk concentration increases as the hydrophobicity of the

Separation and Purification Technology 210 (2019) 219-230

molecule decreases and less analyte is adsorbed on the resin material.

Comparison of the Langmuir, Freundlich, and Sips fit for the four
tested esters presented in Fig. 1, neatly demonstrate that high accuracy
in prediction can be obtained for ethyl acetate by Langmuir, and Sips
models (values of R? higher than 0.993). Prediction for adsorption
behavior of isopentyl acetate, ethyl 4-methylpentanoate, and ethyl
hexanoate obtained based on Langmuir model, is improved, specifically
at the saturation point and lower concentration region through Sips
model, as the higher values of R* demonstrate. This model combines the
behavior of Freundlich and Langmuir model and circumvents the lim-
itation of rising adsorbate concentration associated with the Langmuir
model which is observed here [14,42]. Freundlich model was not able
to predict the adsorption behavior with high accuracy; lower values of
R? obtained specially for ethyl 4-methylpentanoate and ethyl hex-
anoate. This model has the drawback that it cannot be applied with
high accuracy for prediction of maximum saturation point due to in-
crease in concentration with power 1/n.

The results of single-component adsorption tests obtained in the
similar condition for the four tested esters and on Amberlite XAD16N
resin are presented in Fig. 2. More accurate prediction based on
Langmuir model is obtained for the two components with the highest
hydrophobicity (i.e. ethyl 4-methylpentanoate and ethyl hexanoate) in
comparison to the predictions obtained for adsorption on SP20SS
(higher values of R?). The pore volume of XAD16N resin is smaller than
SP20SS (0.55 in comparison to 1.01 ml/g) [43,44] and the adsorption
phenomena is less dominated by pore diffusion on this resin, therefore
components with higher hydrophobicity, have less tendency to bind
strongly to the resin in comparison to SP20SS and adsorption isotherms
can be described more accurately by Langmuir model and monolayer
adsorption. From the obtained results and isotherms, it can be con-
cluded that Langmuir model is able to predict the adsorption behavior
of flavor-active esters with accuracy. This prediction can be improved
through Sips model, specifically for the components with high hydro-
phobicity, therefore these two models are selected to be studied for
determination of heat of adsorption. Due to low accuracy in prediction
with the Freundlich model, this model is not selected for further study.

4.1.2. Heat of adsorption (AH®)
4.1.2.1. Determination based on Langmuir model. Based on the obtained
isotherms at four different temperatures, the values of maximum
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Fig. 2. Adsorption isotherms for tested esters at four temperatures, prediction based on Langmuir (LG), Freundlich (FR), and Sips (SP) models; Adsorption on

Amberlite XAD16N.
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Table 1
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Regressed parameters for adsorption on Sepabeads SP20SS, based on temperature dependent Langmuir model. All parameters are given with their 95% confidence

bounds.

Temperature (K)

284.15K

297.15K

309.15K

333.15K

Ethyl acetate

Qmax (mmol L™1)
k.. (Lmmol %)
(—AH®) (kJ/mol)

Isopentyl acetate
Qmax (mmol L™ 1)
k.. (Lmmol %)
(—AH®) (kJ/mol)

Ethyl 4-methylpentanoate
Qmax (mmol L™

k.. (Lmmol 1)

(—AH®) (kJ/mol)

Ethyl hexanoate
Qmax (mmol L™
k.. (Lmmol %)
(—AH) (kJ/mol)

172.5 (157.6, 187.4)
0.0023 (0.0019, 0.0026)
—13.614 (—13.612, —13.615)

115.6 (105.5, 125.8)
0.0104 (0.0082, 0.0125)
—24.375 (—24.373, —24.375)

94.1 (68.0, 120.2)
0.0099 (0.0034, 0.0164)
—27.253 (—27.253, —27.253)

88.9 (71.8, 106.1)
0.0038 (0.0018.0.0058)
—29.719 (—29.719, —29.719)

176.6 (159.7, 193.4)
0.0021 (0.0018, 0.0025)
—13.657 (—13.655, —13.658)

112.0 (100.7, 123.3)
0.0110 (0.0084, 0.0137)
—24.794 (—24.793, —24.795)

89.3 (64.8, 113.7)
0.0080 (0.0026, 0.0135)
—29.266 (—29.265, —29.266)

77.8 (60.4, 95.2)
0.0045 (0.0019, 0.0071)
—30.129 (—30.128, —30.129)

161.1 (141.9, 180.3)
0.0025 (0.0020, 0.0030)
—13.851 (—13.850, —13.852)

105.9 (95.5, 116.4)
0.0158 (0.0122, 0.0195)
—24.925 (—24.924, —24.925)

78.9 (56.3, 101.6)
0.0239 (0.0075, 0.0402)
—27.315 (—27.314, —27.315)

74.4 (52.9, 95.8)
0.0053 (0.0016, 0.0090)
—30.607 (—30.606, —30.607)

117.8 (99.1, 136.5)
0.0045 (0.0032, 0.0057)
—13.441 (—13.440, —13.442)

102.8 (82.5, 123.1)
0.0188 (0.0104, 0.0272)
—26.104 (—26.103, —26.104)

62.7 (43.2, 82.1)
0.0325 (0.0077, 0.0573)
—28.661 (—28.660, —28, 661)

65.8 (45.9, 85.7)
0.0084 (0.0017, 0.0150)
—32.196 (—32.195, —32.196)

Table 2

Regressed parameters for adsorption on Amberlite XAD16N, based on temperature dependent Langmuir model. All parameters are given with their 95% confidence

bounds.

Temperature (K)

284.15K

297.15K

309.15K

333.15K

Ethyl acetate

Qmax (mmol L™1)
k.. (Lmmol 1)
(—AH®) (kJ/mol)

Isopentyl acetate
Qmax (mmol L™1)
k.. (Lmmol ™ %)
(—AH®) (kJ/mol)

Ethyl 4-methylpentanoate
Qmax (mmolL™")

k.. (Lmmol %)

(—AH®) (kJ/mol)

Ethyl hexanoate
Qmax (mmol L™
k.. (Lmmol %)
(= AH®) (kJ/mol)

191.9 (130.4, 253.5)
0.0033 (0.0016, 0.0049)
—12.567 (—12.566, —12.567)

183.2 (123.8, 242.6)
0.0053 (0.0028, 0.0078)
—20.238(—20.236, —20.238)

114.6 (69.0, 160.3)
0.0163 (0.0041, 0.0285)
—21.304 (—21.302, —21.305)

76.7 (63.8, 89.6)

5.0788e —4 (2.8327e—4, 7.3250e — 4)

—32.001 (—32.000, —32.001)

199.9 (141.2, 258.5)
0.0030 (0.0017, 0.0043)

—12.368 (—12.368, —12.368)

139.0 (101.5, 176.5)
0.0084 (0.0047, 0.0120)

—20.761 (—20.760, —20.762)

98.2 (61.5, 134.8)
0.0337 (0.0082, 0.0592)

—21.058 (—21.057, —21.059)

72.8 (58.4, 87.3)
0.0010 (5.1270e —4, 0.0015)

—32.250 (—32.249, —32.250)

182.6 (142.7, 222.6)
0.0033 (0.0023, 0.0043)
—12.508 (—12.507, —12.508)

119.2 (91.3, 147.2)
0.0180 (0.0106, 0.0254)
—20.326 (—20.325, —20.327)

85.9 (62.2, 109.5)
0.0707 (0.0279, 0.1134)
—20.976 (—20.975, —20.976)

59.4 (45.6, 73.2)
0.0041 (0.0017, 0.0064)
—29.899 (—20.898, —20.899)

131.9 (80.9, 182.9)
0.0037 (0.0016, 0.0059)
—12.825 (—12.824, —12.825)

96.6 (68.3, 124.9)
0.0456 (0.0198, 0.0715)
—20.134 (—20.133, —20.135)

56.3 (40.7, 71.8)
0.1966 (0.0626, 0.3306)
—20.955 (—20.953, —20.956)

54.4 (39.81, 68.9)
0.0086 (0.0026, 0.0145)
—30.359 (—30.358, —30.359)

capacity (¢max), the temperature independent factor (k,), and heat of
adsorption AH® are regressed using the nlinfit function in MATLAB, for
the temperature dependent Langmuir model, explained in Section
3.2.1.1. The values of 95% confidence intervals for the nonlinear
least squares parameter estimates, are estimated based on coefficient
covariance matrix and the toolbox nlparci [45,46] in MATLAB. The
calculated parameters, based on the temperature dependent Langmuir
model, (substituting Eq. (6) in Eq. (1)), are assembled in Tables 1 and 2,
for adsorption on Sepabeads SP20SS and Amberlite XAD16N
respectively.

The estimated heats of adsorption, reveal that the adsorption is an
exothermic phenomenon and the increase of temperature is not favor-
able for adsorption. The regressed values for maximum capacities, for
four tested esters show that, increase of temperature has a reverse in-
fluence on the value of maximum capacity, as the value for g, de-
creases with temperature increase. The higher value for heat of ad-
sorption is expected for higher hydrophobic components, (i.e. ethyl
hexanoate and ethyl 4-methylpentanoate) since they interact and
compete more for binding to the resin material and there is a higher
energy barrier that adsorbed molecules need to overcome to leave the
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adsorbed phase [15]. The estimated values for heat of adsorption, for
ethyl acetate is below 20 kJ/mol and it indicates that the adsorption is
mainly dominated by physisorption for this component, since the value
of AH® for physical adsorption is the same order of magnitude as
condensation (i.e. 2.1-20.9 kJ/mol) [47,48] as extensively reported in
the literature. If the value for heat of adsorption lies between 80 and
200 kJ/mol, the adsorption phenomena is mainly dominated by che-
misorption [47,48].

The calculated values for enthalpies of adsorption, for the other
three hydrophobic components, are above 20 kJ/mol and below 80 kJ/
mol, and they imply that simultaneous physical and chemical adsorp-
tion occur for esters with higher hydrophobicity as they bind stronger
to the adsorbent.

Similar procedure is followed to obtain the parameters for adsorp-
tion on Amberlite XAD16N resin. The regressed values for this tested
resin are reported in Table 2. Lower value for heat of adsorption, is
obtained for adsorption of three hydrophobic esters, i.e. isopentyl
acetate, ethyl 4-methylpentanoate and ethyl hexanoate, on this resin in
comparison to Sepabeads SP20SS. The observed trend can be explained
by the nature of the adsorbent materials, since Sepabeads SP20SS has
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smaller particle size and larger pore volume in comparison, it has
higher affinity towards the high hydrophobic esters and more heat is
released after their adsorption.

Based on the regressed parameters, the value for kqq4 . is estimated
from calculated heats of adsorption according to Eq. (6) and subse-
quently the equilibrium binding capacity is calculated from Eq. (1),
knowing the maximum binding capacity for each tested ester. The va-
lues of equilibrium binding capacity, predicted by the temperature
dependent Langmuir model and the values obtained from experiments

are compared in a parity plot for each ester and for adsorption on two
tested hydrophobic resins, i.e. SP20SS, and XADI16N, presented in
Figs. 3 and 4.

The presented results in Figs. 3 and 4 confirm the behavior observed
in Figs. 1 and 2 and reveal improvement in prediction through Sips
model, specifically at low concentration region.

4.1.2.2. Determination based on Sips model. It is shown in Figs. 1-4 and
explained in Section 4.1.1, that the Sips model has advantages in
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Table 3
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Regressed parameters for estimation of isosteric enthalpy of ethyl acetate based on Sips model.

Temperature (K)

284.15K

297.15K

309.15K 333.15K

Sepabeads Sp20SS

Qmax,0 (mmol/L) 266.215 + 0.004

146.756 *= 0.008

210.172 = 0.007 140.39 = 0.011

Ko (mmol/L)~1/n 0.461 + 2.147 1.184 + 1.112 0.739 + 1.872 1.249 + 1.285
Q (kJ/mol) 13.299 * 0.074 13.278 + 0.122 13.280 * 0.1042 13.284 * 0.121
no () 1.231 + 0.803 0.959 + 1.188 1.271 + 1.088 1.286 + 1.248
a() 0.8209 * 1.205 0.733 * 1.419 0.986 + 1.402 0.825 + 1.946
(=AHglp=1/2) (kJ/mol) 13.3

Amberlite XADI6N
Qmax,0 (mmol/L)
ko (mmol/L)~1/»

240.454 = 0.006
0.578 + 2.339

147.761 = 0.012
0.464 + 3.699

157.248 + 0.009
0.278 + 5.169

92.077 + 0.0235
0.240 + 9.008

Q (kJ/mol) 13.063 = 0.103 13.063 = 0.131 13.060 = 0.110 13.067 = 0.166
no () 1.166 + 1.159 0.953 + 1.799 1.068 + 1.344 0.964 + 2.247
a ) 0.946 + 1.428 0.879 + 1.949 0.915 * 1.569 0.801 * 2.702
(—=AHslg=1/2) (kJ/mol) 13.1
-13.05 , : -12.85 : . . ; ‘
a —T=284.15K b —T=284.15K
—T=297.15K —T=297.15K
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Fig. 5. Estimated values for isosteric enthalpy of ethyl acetate adsorption (based on Sips model) versus fractional coverage; (a) adsorption on Sepabeads SP20SS (b)

Adsorption on Amberlite XAD16N.

predicting the adsorption behavior for high hydrophobic components
with higher accuracy, however for prediction of isosteric enthalpy, this
model is only applicable in intermediate range of concentrations, as
discussed in Section 3.2.2.2, and at low concentration range, and
loading close to zero, it cannot predict the isosteric enthalpy with
high accuracy, therefore this model is only used for prediction of the
isosteric enthalpy for ethyl acetate which is less hydrophobic and
calculated values based on Sips prediction are compared with Langmuir
model only for this ester component, and for the other three esters
which are highly hydrophobic with equilibrium concentrations close to
zero, Langmuir approach is used to predict the thermodynamic
parameters. For the obtained isotherms at different four temperatures
for ethyl acetate, as illustrated in Fig. 1, the values of maximum
capacity Gmax Ko, Mo, @, and Q, are regressed based on the equations
presented in Section 3.2.2.2 from the temperature dependent affinity
and n parameters. The estimated values are assembled in Table 3. The
standard error for each estimated parameter is obtained from
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correlation matrix R, corresponding to covariance matrix C and
values of standard deviation sigma are obtained for each regressed
parameter, for both adsorption on Sepabeads SP20SS and Amberlite
XAD16N.

Based on the estimated values, reported in Table 3, fractional cov-
erage (0) is plotted versus enthalpy of adsorption as explained in Eq.
(11), for four tested temperatures and for the two tested resins, shown
in Fig. 5. As can be observed from enthalpy curves at different tem-
peratures, the value of enthalpy is higher at lower temperatures, where
the maximum achieved adsorption capacity is higher, due to higher
energy barrier that adsorbed molecules need to overcome, and the
value of enthalpy decreases with increase in temperature.

At fractional coverage equal to 0.5, the value of isosteric enthalpy of
adsorption will be equal for the four tested temperatures and this value
is reported as the heat of adsorption, highlighted in Table 3. For ad-
sorption on Sepabeads SP20SS, the value of isosteric enthalpy is ob-
tained as —13.3kJ/mol, while it has a lower value -13.1 kJ/mol on
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SN Amberlite XAD16N. The isosteric enthalpy predicted based on Lang-
U 2223 muir model is —13.6 kJ/mol which considering the range of standard
error, falls in the same range as is predicted by Sips model, and the
= b o~ value predicted based on Langmuir model for adsorption on XAD16N, is
5 R~ —12.6 kJ/mol which is less than the value predicted by the Sips model.
™ L The difference in prediction is caused by the more accurate esti-
o mation of the maximum capacity, applying the Sips model, as is also
2l a2y, illustrated in Fig. 1. Although this model gives a more accurate pre-
% TTT9 diction of maximum capacity at higher concentrations, it has applica-
tion only in low concentration range, as explained in previous sections,
x therefore Langmuir model is used for calculation of thermodynamic
L N o~ N . .
Slaega parameters, Gibbs energy and entropy of adsorption.
~1 & T
3
__f, ; -t 4.1.3. Calculated Gibbs energy (AG°) and entropy (AS®) of adsorption
© 3 S3] The maximum capacity is dependent on temperature, as can be
SN B observed from the obtained isotherms shown in Fig. 1. If the g,q, de-
~ creases with temperature, the isosteric enthalpy increases with the
~ TQ loading, and it will reach a finite value when 6 — 1 The Langmuir ex-
S| 3 pression explained in Section 3.2.1.1 and the estimated heats of ad-
g § o b5 ® sorption are used to predict the values of Gibbs energy and entropy of
2 & § § E g adsorption, based on Egs. (13) and (14). The estimated values are re-
3 3 [ ported in Table 4 for adsorption on Sepabeads SP20SS and Amberlite
g XAD16N, respectively.
g~ The values for heat of adsorption, increase with the hydrophobicity
_§ E’ of the ester component, and greater value for higher hydrophobic
£l 2 Qo components such as ethyl hexanoate in comparison to ethyl acetate,
ﬁ z TYYY implies that this compound interacts more with the resin material and
higher energy is required that this component leaves the adsorbed
2855 phase after adsorption. Higher negative value for entropy of adsorption
P2 3333 for this compound indicates that after adsorption this component is
more stabilized on the adsorbent surface and it is more difficult to elute
= . = this component from the resin due to stronger binding in comparison to
5 agud ethyl acetate, and the other less hydrophobic tested esters and mole-
o | b cules are more ordered on the adsorbent surface after adsorption.
o Comparing the values for Gibbs energy of adsorption, a decrease is
0NN observed in the estimated values with increase in temperature. The
§' O"" % §| g‘,‘ Gibbs energy of adsorption, as explained in Section 3.2.3 shows the
degree of spontaneity of the adsorption and if the adsorption is favor-
. able. The higher negative value indicates a more favorable adsorption
E g ; E 5 and as it can be observed from the estimated values, the value of Gibbs
~1 & energy of adsorption decreases with increase in temperature, which
= indicates that a temperature increase is not favorable for adsorption due
5 ; 0 o o i to the exothermic nature of the adsorption phenomena. For physical
) > 3 ISR~ adsorption to occur, the Gibbs energy of adsorption is between (—20 to
g R R 0kJ/mol) [48], while it lies between (—80 to —400kJ/mol) [48] if
& = chemisorption is dominant. The estimated value of AG°for ethyl acetate
§ " TQ is approximately —10.5kJ/mol, whereas it is above —20kJ/mol for
g § = the other three hydrophobic compounds adsorbed on Sepabeads
& % § -0 ©n SP20SS. The presented values demonstrate that for ethyl acetate phy-
g E i s28S sisorption is dominant and molecules bind to the surface of the ad-
ol g | < L sorbent, and for the other three esters which has higher hydrophobicity
§ 3 _ and affinity towards the resin surface, molecules bind stronger to the
_LUD § |1 adsorbent and Gibbs energy of adsorption equal or higher than —20 kJ/
g § g mol is obtained for most of the tested temperatures for high hydro-
§ g ) e R phobic components, i.e. ethyl 4-methylpentanoate and ethyl hexanoate.
£ 2 g TYYT Comparing the calculated values of AH? and AG° for adsorption on
2. Sepabeads SP20SS, with the results obtained on XAD16N, it can be
§ % observed that a lower value is calculated for adsorption on XAD16N,
5 £ mainly for ethyl acetate, isopentyl acetate, and ethyl 4-methylpen-
; P g N tanoate, and it is due to the higher affinity of the Sepabeads SP20SS
=2 w28 resin towards the tested esters and more spontaneous reaction on the
.; ;“j ‘E E § surface of this resin in comparison.
< izs:
23 EEEZ
® © 3 s ]
= O
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Fig. 6. Multicomponent adsorption isotherms; adsorption on XAD16N and on Sepabeads SP20SS (T = 284.15 and 325.15K).

a) ethyl acetate b) isopentyl acetate

.
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225 325.15
297.15
% 203 Temperature (K)
c) ethyl 4-methylpentanoate d) ethyl hexanoate Temperature (K)
/

\/\ . 30
Ethanol % (v/v) 30 284.15 Ethanol % (v/v) 284.15

Temperature (K) Temperature (K)

Fig. 7. Kagrinity as function of temperature and ethanol concentration, adsorption on Sepabeads SP20SS; (a) ethyl acetate, (b) isopentyl acetate, (c) ethyl 4-me-
thylpentanoate, (d) ethyl hexanoate.

4.2. Influence of temperature and ethanol concentration on multicomponent isotherms are obtained at the tested conditions for each flavor-active

adsorption ester in the mixture, and for adsorption on the two tested resins. In

order to compare the influence of tested conditions on equilibrium

4.2.1. Effect of ethanol and temperature on Kugini, concentrations, and shape of the isotherms, the obtained isotherms for

The influence of temperature and ethanol concentration is in- the tested conditions (temperatures 284.15, and 325.15 K), and ethanol

vestigated on multicomponent adsorption of the four aforementioned concentrations (1 and 30% ethanol) are compared for each ester in the
flavor-active esters as explained in Section 3.4.2. Multicomponent mixture and for each tested resin, depicted in Fig. 6.
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Fig. 8. Kaginity as function of temperature and ethanol concentration, adsorption on Amberlite XAD16N; (a) ethyl acetate, (b) isopentyl acetate, (c) ethyl 4-me-

thylpentanoate, (d) ethyl hexanoate.

Comparing the two figures at the top, it can be concluded that in-
crease in temperature from 284.15 to 325.15 K, has higher influence on
decrease of equilibrium binding capacity, at higher tested ethanol
concentration, i.e. 30% ethanol. This influence is more significant for
the decrease of equilibrium binding capacity for ethyl acetate, the more
polar component in the mixture. Increase of both temperature and
concentration of ethanol reveal a significant decrease in equilibrium
binding capacity (approximately 93%), compared to 40% reduction at
lower temperature (i.e. 284.15 K), and lower ethanol concentration (i.e.
1% v/v ethanol) for this ester. Similar behavior is observed for ad-
sorption on Sepabeads SP20SS, according to the results presented in
figures at the bottom. Higher reduction in equilibrium binding capacity
(approximately 92%) was observed for ethyl acetate at higher tested
temperature compared to 30% reduction at lower temperature. The
comparison of results obtained for adsorption in the same tested con-
ditions for the two tested resins, reveal a higher affinity towards more
hydrophobic components ethyl hexanoate, ethyl 4-methylpentanoate,
and isopentyl acetate in comparison to ethyl acetate, for the tested resin
Sepabeads SP20SS. This resin has smaller particle size (between 50 and
100 pm) [43] compared to XAD16N with particle size (between 560
and 710 um) [44], and has high surface area per volume. Moreover,
larger pore volume for this resin as mentioned earlier, aids the diffusion
of highly hydrophobic esters. Subsequently lower adsorption of ethyl
acetate was observed for adsorption on this resin and for all the tested
conditions. Due to lower hydrophobic nature and more polarity, se-
paration of this component will be easier from the mixture in com-
parison to other tested components with higher hydrophobicity. The
two components ethyl hexanoate and ethyl 4-methylpentanoate, with
similar molecular structure and hydrophobicity, show similar
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adsorption behavior and strong binding and separation of these two
components from each other can be challenging.

The experimental isotherms, obtained at all the tested conditions,
presented in Section 3.4.2, are expressed with multicomponent Lang-
muir model and the thermodynamic parameters mq and kggsi, €x-
plained in Section 3.2.4.1, are regressed, as explained in Eq. (15). The
value of affinity parameter Kuginir, (L/8resin) is calculated for all the
tested conditions, i.e. tested temperatures and ethanol concentrations.
The calculated values for Ky, are shown in Figs. 7 and 8 for ad-
sorption on Sepabeads SP20SS and Amberlite XAD16N respectively.
The error bars shown in the figures, are the standard errors calculated
based on the diagonal of the covariance matrix estimated from the
Jacobian given by the fitting function [14].

The values of Kuginir, presented in Figs. 7 and 8 confirm the strong
binding of tested esters to the resin Sepabeads SP20SS in comparison to
Amberlite XAD16N, which can be explained by the physical nature of
the adsorbents, as discussed earlier.

As it can be detected from Figs. 7 and 8, increase in concentration of
ethanol from 1 to 30% (v/v) has influence on the affinity parameter, as
a considerable decrease in the value of Kugini, Was observed for all of
the tested esters present in the mixture. With the increase of the ethanol
concentration, the activity coefficient of esters in the mixture will de-
crease, and esters will have less tendency to leave the aqueous solution,
therefore according to equality of chemical potential for component i in
adsorbed and liquid phase, the affinity parameter can be described as a
function of activity coefficient in the liquid phase. As the activity
coefficient for esters decreases with increase in ethanol concentration,
lower value for affinity parameter and subsequently lower binding ca-
pacity is expected to be obtained. Increase of temperature from
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284.15K to 325.15K, showed a slight decrease in maximum capacities,
due to exothermic nature of the adsorption, and as a result, lower value
of Kaginiry is obtained at higher temperatures.

5. Conclusions

The result of this study performed for both single and multi-
component adsorption of flavor-active esters on the two tested resins,
show that equilibrium binding capacity is influenced to a great extent
by increase in temperature and ethanol concentration. The estimated
thermodynamic properties, give a better understanding of the adsorp-
tion behavior of each flavor-active ester present in the mixture (if the
adsorption is dominated by physical or chemical adsorption) and for
adsorption on the two tested resins. As these properties were not pre-
viously calculated for the adsorption of studied esters on these resins
and studies in this regard, which are reported in the literature, are
scarce, the estimated values for heat of adsorption contribute to our
understanding of the adsorption phenomena for these components. The
obtained Langmuir affinity parameters at various tested temperatures
and ethanol concentrations for a multicomponent mixture, together
with the estimated values for heat of adsorption, can be used as re-
quired parameters and can have further application in designing an
adsorption column for separation of flavor-active esters in order to
consider the non-isothermal condition for their separation.
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