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Abstract: Dowex® HCR-S ion-exchange resin was used to adsorb ectoine in a batch system under
varying operation conditions in terms of contact time, temperature, pH value, initial concentration of
ectoine, and type of salt. Six adsorption isotherm models (Langmuir, Freundlich, Temkin, Dubinin—
Radushkevich, Sips, and Redlich-Peterson) and three kinetic models (pseudo-first-order, pseudo-
second-order, and intraparticle diffusion) were used to investigate the ectoine adsorption mechanism
of ion-exchange resin. According to the experimental results, the mechanism of ectoine adsorption
using an ion exchanger includes the ion-exchange reaction and physisorption. Both the Langmuir
and Freundlich models were found to have a high fitting. For the kinetic analysis, the pseudo-second-
order and intraparticle diffusion models were suitable to describe the ectoine adsorption. Dowex®
HCR-S resin has an average saturated adsorption capacity of 0.57 g/g and 93.6% of ectoine adsorption
at 25~65 °C, with an initial concentration of 125 g/L. By changing the pH of the environment using
NaOH solution, the adsorbed ectoine on the ion-exchange resin can be desorbed to 87.7%.

Keywords: ectoine; ion exchange; separation and purification; kinetic and isotherm simulation

1. Introduction

In recent years, because of increasing ultraviolet ray exposure and changes in social
awareness, people have gradually paid more attention to skin and health care products.
Ectoine (CgH19O2N>) [(S)-2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic acid]) is a
chemical with a potentially high value and promising biotechnology, agriculture, pharma-
ceutical, and cosmiceutical applications. With its strong water-binding ability, ectoine can
have a long-term moisturizing effect on human skin that is better than that of glycerol and
relieve inflammation symptoms in allergic conjunctivitis. Ectoine can also block and protect
biomolecules from the exposure damage of UV radiation and oxidative stress. Cosmetics
became the first commercial product containing ectoine, giving them super hydrophilic
characteristics, anti-wrinkle effects, and delayed skin-aging effects. Ectoine, which is an
extremolyte, maintains the osmotic balance to protect biomolecules and cell structures
by forming and stabilizing protective water layers around them. It can also protect skin
under conditions of extreme dehydration, heating, drying, and freezing [1,2]. Accordingly,
ectoine works as a multifunctional agent and demonstrates protective effects for proteins,
DNA, food, human cells, and tissues. Ectoine has potential in other fields as well, and
further research and innovations are possible [3,4].

Ectoine is one of the most widely present compatible solutes throughout various
halophilic and halotolerant microorganisms in a broad range of Gram-negative and Gram-
positive bacteria, such as «- and y-Proteobacteria, Actinobacteria, and Firmicutes [4,5]. Het-
erotrophic bacteria usually produce it in the genera Halomonas, Halorhodospira, Vibrio,
Chromohalobacter, and Pseudomonas of the y-Proteobacteria class [4,6-8]. Commercially, ec-
toine is usually synthesized by a bioprocess technique called “bacterial milking” using the
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halophilic bacterium H. elongata [5,9]. At present, in order to meet the increasing demand
for commercial-scale production of ectoine, batch culture, fed-batch culture, bacterial milk-
ing [3,10], or non-halophilic bacteria (e.g., E. coli) are used in the fabrication process. These
methods avoid high-salinity concentration strategies that would cause corrosion damage
to equipment and reduce growth rates. However, ectoine fabrication still suffers from low
production, whether halophilic or non-halophilic bacteria are used, with ectoine titers of
65 g/L and a specific productivity of 1.16 g/L/h (120 mg/g/h) achieved [11]. Hence, the
isolation and purification of ectoine is the most critical step in improving downstream
processing and reducing manufacturing costs.

Owing to its broad applications, ectoine it is a highly priced chemical, with a current
sales price of USD 100/g when provided by Echochemical, Taiwan. Whether ectoine
production is performed by bacterial milking, leaky mutants, or recombinant genes on
non-halophilic bacteria, the loss of ectoine from the downstream processes, such as during
separation and purification, must be reduced. Because ectoine is a highly hydrophilic
compound, current separation methods, such as solvent extraction and salt extraction,
cannot easily separate it from the fermentation broth. It is challenging to separate ectoine
with high purity and low loss using mass separation methods like extraction or energy
separation methods like distillation. Kunte et al. reported the production stages of in-
dustrial production of the cell protectant ectoine to include fermentation, microfiltration,
desalting, capture, and refining [3]. The capture stage includes cation exchange and crystal-
lization. Hence, many researchers use ion-exchange technology to separate it [2,12]. Sauer
et al. described the use of Dowex 50 WX8 cation-exchange resin (Na* form) packed in a
2.8 x 18 cm cation-exchange column to elute ectoine [10]. Fiilberth et al. reported that the
ion-exchange resins used in ectoine separation include Dowex Marathon C, Dowex HCR-S,
Dowex50WX8, Amberlite IR 122, and Fractogel EMD SE Hicap (M) [13].

Ion exchange is an interface-based process that is particularly efficient for low-concentr-
ation systems, and it involves mass transfer without the creation of byproducts. There is
currently little in the literature in terms of detailed research on ectoine kinetic and isotherm
parameters using ion exchangers, nor their adsorption/desorption behavior. Therefore,
this study aimed to find the optimal operating conditions for ectoine purification from
an aqueous solution using an ion-exchange strategy and reveal the underlying adsorp-
tion/desorption mechanism. Adsorption experiments were designed in a batch system
with alternations in reaction time, pH, type of salt, temperature, and initial ectoine concen-
tration. The adsorption isotherm and kinetic study were used to understand the nature of
the sorption process, depending on the adsorbent characteristics, and inform the design of
industrial sorption columns. The desorption process was performed with changes in pH,
temperature, and NaOH concentration, and the desorption mechanism, parameters, and
cost evaluation are also discussed.

2. Materials and Methods
2.1. Materials

Ectoine ((S)-2-methyl-1, 4, 5, 6-tetra-hydropyrimidine-4-carboxylic acid, CAS 96702-
03-3, >95%) was purchased from Sigma-Aldrich, Munich, Germany; it was produced by
the natural Gram-negative bacteria Halomonas elongate. Dowex® HCR-S is a strong acid,
styrene-divinylbenzene cation-exchange resin (CAS 64082-73-1, mesh size: 20-50 mesh,
ionic form: H, moisture: 50-56%, capacity: 4.8 meq/g, Sigma-Aldrich, Munich, Germany).
Dowex®50WX8 is a strong acid, styrene-divinylbenzene cation-exchange resin (CAS 69011-
22-9, mesh size: 100-200 mesh, ionic form: Na, moisture: 54%, capacity: 4.8 meq/g, Sigma-
Aldrich, Munich, Germany). HCl (35%) and NaOH (97%) were purchased from SHOWA
(Tokyo, Japan). NaCl (99.8%) was purchased from Sigma-Aldrich (Munich, Germany). The
water was deionized. All reagents were used as received, except for the resin.
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Pretreatment of Resin

The resin (10 g) was washed using deionized water (20 mL) at least three times until
the residual solution became colorless. The resin was regenerated using 15% HCI (120 mL)
with a flow rate of 120 mL/h, then washed using deionized water (240 mL) with a flow rate
of 240 mL/h. Next, we immersed the resin in acetone for 30 min to remove compounds
such as alkylbenzenes, styrene, and uncrosslinked polymers, then dried the resin at 45 °C
in an oven.

2.2. Batch Adsorption of Ectoine

Batch adsorption experiments were conducted by mixing the ion-exchange resin (1 g)
and ectoine solution (10 mL) in a 30 mL flask. The desired concentration of ectoine solution
(1000 mg /L) was prepared by diluting from the stock solution in a 30 mL sample bottle. The
concentration of the stock solution was 10,000 mg/L. The solution was agitated at 100 rpm
at a selected temperature from 25 °C to 65 °C in a reciprocating water bath shaker (DK W-20,
DENG YNG, Taipei, Taiwan). The mixture was shaken at a selected contact time, varying
from 0.5 to 6 h for the kinetic experiment and 8 h for the equilibrium isotherm experiment.
After adsorption, the samples were filtered through a polyvinylidene difluoride (PVDEF)
filter with a pore size of 0.45 um. The residual concentration of ectoine in the filtrate was
determined using HPLC with a wavelength of 210 nm.

Since ectoines are biomolecules and act as energy resources for microorganisms, they
are easily decomposed when dissolved in water. Hence, capture or release of ectoine was
performed in as short a time as possible.

The ectoine ion-exchange reaction is:

m + Ectoine ion",q <+ (R —SO; )Ectoine ion™ + HJEa Q 1

The adsorption percentage of ectoine ions was calculated using Equation (2):

Ectoine adsorption (%) = (COC_O Ct) x 100 )
where C is the initial ectoine concentration (mg/L) and C; is the ectoine concentration at
time t (mg/L).

Equilibrium isotherm experiments were performed with various ectoine concentra-
tions ranging from 1000 mg/L to 9000 mg/L at selected times. The amount of ectoine
adsorbed per unit dried mass of adsorbent qe (mg/g) was calculated using Equation (3):

_ (Co - Ce)V
9e = m (3)
where V is the volume of the solution (L); Cy and C are the initial and equilibrium
concentrations of ectoine ion residuals in the aqueous solution (mg/L), respectively; and m
is the dry weight of the adsorbent (g). SigmaPlot software (Systat Software, Inc., San Jose,
CA, USA) was used to fit the nonlinear analysis of the isotherm models.

2.2.1. Kinetic Study of Ectoine Adsorption

Resin (1 g) was added to a 10 mL ectoine solution (1000 mg/L) and agitated at 100 rpm
at 35 °C in a reciprocating water bath shaker. The adsorbed rate of ectoine was investigated
by measuring the ectoine ion concentration at predetermined time intervals using the HPLC
method. The amount of adsorbed ectoine ions q; (mg/g) at time t (min) was calculated
using Equation (4):

(Co—Cy)V

g = = @
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where q; is the adsorption capacity of ectoine in the resin phase at time t (mg/g); and
Cp and C; are the initial concentration and concentration of ectoine ion at time t (mg/L),
respectively.

2.2.2. Preparation of Saturation Concentration of Ectoine in Ion-Exchange Resin

The saturation experiments were carried out in a 2 mL solution with 0.5 g dried
resin (solution/resin = 4:1) under a selected concentration, referenced from the isotherm
simulations. The saturation of ectoine in the resin was obtained, and subsequently, the
desorption experiments proceeded for the next separation/purification procedure. The
saturation capacity, gsat (g/g), of ectoine was calculated using Equation (5):

_ (CO — Ce)v
Dsat = "1 % 1000 ©®)

where s, is the saturation capacity of ectoine in the resin phase at equilibrium (g/g).

2.2.3. Desorption of Ectoine

The desorption experiments were performed identically to the adsorption tests. Sat-
urated resins were added to 10 mL of the desired desorbed agents, such as pure water,
NaOH, or NaCl solution. The mixture of saturated resin and solution with a ratio of
0.1 g/mL was agitated at 100 rpm and at a selected temperature. The ectoine concentration
of the solution was determined using HPLC. After the experiment, resins were collected
for recycling in a new sorption-desorption cycle. The solution’s pH value was adjusted
with HCl (or NaOH). The pH was measured by using a digital pH meter (SUNTEX, New
Taipei, Taiwan). Because ectoine possesses an isoelectric point with amino acids, the pH
value was manipulated to transform the ectoine into the desired positively or negatively
charged molecules. The desorption percentage of ectoine was:

Ectoine desorption (%) = (qsatCiYOOO> x 100 (6)

where C. is the concentration after reaching desorption equilibrium in the solution
phase (mg/L).

2.3. Swelling Index of the Ion Exchanger

The dry resin was mixed with pure water at 25 °C for 2 h, and we then removed the
surface water of the resin using filtration. The weight of the wet resin was measured. The
swelling index, X, was calculated using Equation (7).

_ Weight of wet resin — Weight of dry resin

X
Weight of dry resin

@)

2.4. Determination of the Zeta Potential of Ectoine in the Solution

Ectoine solution (10,000 mg/L) was diluted to the desired concentration using deion-
ized water, and the pH value was adjusted using diluted HCl and NaOH solution. After
this, we carefully washed it with deionized water and assembled the flow cell, where the
solution contained analyte injects. Scanning of cells containing analytes at a high enough
intensity or concentration was conducted to measure the zeta potential using NanoPlus
(Norcross, GA, USA), with the software Particulate Systems (Norcross, GA, USA).

3. Models of Adsorption and Desorption
3.1. Adsorption Kinetic Models
Ion exchange and adsorption share various standard features regarding application

of the batch and fixed-bed processes, which can be grouped as sorption for a unified
treatment. These processes involve the transfer and equilibrium distribution of one or
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more solutes between a fluid phase and particles [14]. Adsorption kinetics are based
on the relationship between the adsorbate—adsorbent and the reactor’s operation in the
adsorption reaction, which plays a vital role in designing the plant column. Common
adsorption kinetic equations are the pseudo-first-order model, pseudo-second-order model,
and intraparticle diffusion model.

(i) Pseudo-first-order model

In 1898, Lagergren proposed a pseudo-first-order model describing a liquid-solid
phase adsorption system, which showed that the adsorption rate is constructed based on
the adsorption capacity [15]. The nonlinear form can be expressed as:

d
G = ket~ a) ®

where k¢ is the adsorption-rate constant (min~1), ge is the equilibrium adsorption capacity
(mg g~1), and q; is the adsorption capacity (mg g~') at time t (min). We can plot the log
rate (qe—qt) vs. t to calculate the adsorption rate constant [16].

(i) Pseudo-second-order model

In 1995, Ho established a pseudo-second-order model in a batch reactor system [17].

The differential form is:
dq, 2
= sl —a) ©)

where kps is the adsorption-rate constant (g mg ™" min~1).

(iii) Intraparticle diffusion model

The intraparticle diffusion kinetic model focuses on the diffusion process and was
proposed by Weber and Morris in 1962 [18]. During the solid-liquid adsorption reaction,
the solute moves from the solution to the pores of the solid-phase adsorbent. This process
is usually the rate-determining step in the entire adsorption reaction [16,19]:

qe = kipt? +C (10)

where k;p, is the intraparticle-diffusion constant (mg g~ ! min~1/2) and C is the intercept
constant (mg g~ !) of the model, which is proportional to the thickness of its boundary
layer. The larger C is, the more significant the adsorption boundary layer’s effect [19,20].

(iv) Elovich model

Elovich kinetics are widely applied to chemisorption (chemical reaction) to describe
its mechanism and are suitable for heterogeneous adsorption systems. They were first
formulated to describe the kinetics of the oxidation process and later developed for adsorp-
tion kinetics by Elovich and his collaborators from 1934 to 1939 [21]. Equation (11) covers
an extensive range of adsorption systems with a mildly rising tendency.

dq;

at = xe Bt (11)

where t is the adsorption time (min), « can be considered the initial adsorption rate (mg
g~ ! min~1) because (dqt/dt) approaches o when q¢ approaches 0 [22], and B is the Elovich
constant (g mg~1).

In the kinetic system, the differential equation is integrated first. We can plot the
integral form of the adsorption capacity, qt, with adsorption time. SigmaPlot software
(Systat Software, Inc., San Jose, CA, USA) was used to fit the nonlinear analysis to obtain
the parameters.

(v) Arrhenius activation energy
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The adsorption activation energy is calculated from the Arrhenius equation:

Ea
Ink=InA- — 12
n n RT (12)
where k is the adsorption rate constant; A is the frequency factor and is independent of the
temperature variable; E, is the adsorption activation energy (] mol~!); R is the universal
gas constant (8.314 ] mol~! K~1); and T is the solution temperature (K).

3.2. Adsorption Isotherm Models

(i) Langmuir isotherm

In 1916, Langmuir deduced the isothermal adsorption model based on the equilib-
rium between adsorption and desorption and concluded the relationship between the
equilibrium adsorption, ge, and the equilibrium concentration, Ce, of the liquid phase as a

nonlinear form:
B quLCe

Qe = 1+ K Ce (13)

where qm is the maximum adsorption capacity of the monolayer (mg g !); Ce is the
equilibrium concentration in the solution (mg L~1); and K is the Langmuir equilibrium
parameter (L mg~!), defining the affinity of binding sites and the energy of sorption.

Furthermore, the constant Ry, can determine whether the adsorption process is sponta-
neous [23,24]. The Ry, equation is defined as:

1

Rp=—
L7 14K x G

(14)

(1) When 0 < R, <1, adsorption proceeds in a favorable direction. (2) When Ry, > 1, the
adsorption process proceeds in an unfavorable direction. (3) When Ry, = 1, the adsorption
process is linear. (4) When Ry, = 0, the adsorption process is irreversible [25-27]:

(i) Freundlich isotherm

In 1906, Freundlich deduced an empirical formula based on isothermal equilibrium
experiments which that widely employed to describe solid-liquid adsorption [28]. Fre-
undlich isotherm theory supports reversible and nonideal adsorption on uneven surfaces.
The Freundlich isotherm equation can be described as:

1
qe = Kp x C¢ (15)

where Kr and n are Freundlich constants and the adsorption intensity, respectively.
(iii) Temkin isotherm

The Temkin isotherm is generally applied to describe monolayer adsorption behavior
in a nonideal sorption system. By ignoring the extremely low and large value of concentra-
tions, this isotherm assumes that the adsorption heat of all molecules in the layer would
decrease, rather than logarithmically, with the increased coverage of the adsorbent surface.
The Temkin isotherm model is:

RT

Qe = br In(ArCe) (16)

where br is the Temkin constant related to the sorption heat (] mol~!) and Ar is the Temkin
isotherm constant related to equilibrium binding (L mg~1).
(iv) Dubinin—-Radushkevich isotherm

Dubinin and Radushkevich proposed the D-R isotherm adsorption model in 1947,
which is a semi-empirical model. The D-R model assumes multilayer adsorption, which
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relates to Van der Waal’s forces, and thus, it can be utilized in the simulation of the
physisorption process [27]. The D-R isotherm equation is:

9o = A exp(—Be3) | (17)

where qp is the maximum adsorption capacity (mg g~!); Bis the energy constant (mol? k] ~2);
and &g is the D-R constant (mol? k] ~2). The D-R model is usually applied to distinguish
adsorption types among chemisorption, physisorption, and ion exchange.

(v) Redlich—Peterson isotherm

Redlich-Peterson (R-P) is a hybrid isotherm with three parameters and is charac-
terized by the combination of the Freundlich and Langmuir isotherm models. It can be
described using Equation (18):

KrCe

=— 18
1+O(RC§ ( )

e
where Ky is the R-P isotherm constant (L gfl) ; &R is the R-P isotherm constant (L mgfl);
and g is the R-P isotherm exponent.

(vi) Sips isotherm

Sips isotherm also features the heterogeneity factor 3s. The general expression of the
Sips isotherm equation is:

KsCP

= B. (19)
14+ agCe®

e

where Kg is the Sips isotherm constant (L g_l); s is the Sips isotherm constant (L mg~1);
and fg is the Sips isotherm exponent. A summary of the adsorption isotherm and kinetic
models is listed in Table 1.

Table 1. Summary of the adsorption isotherms and kinetic models.

Kinetic Model Ref.
Elovich % = aexp(—Bq,) [21]
Intraparticle diffusion q = kiptl/ 24C [18]
Pseudo-first-order % = Kpt(qe — qy) [15]
Pseudo-second-order % = Kps(qe — qt)z [29]
Isothermal Model Ref.
Dubinin-Radushkevich Qo = qm(fBEZ [30]
Freundlich qe = KpCc!/" [28]
Langmuir Qo = ff%% [31]
Redlich-Peterson Qe = 1f§becg (32]
R%-e
Sips = KsC 33
p qe 1+015C€|55 [ ]
Temkin e = - In(A7Ce) [34]

3.3. Adsorption Thermodynamics

In order to describe the thermodynamic behavior of ectoine ion sorption on cation-
exchange resin, the thermodynamic parameters were calculated, including the Gibbs
free energy (AG), entropy change (AS), and heat of adsorption (AH), using equilibrium
constants at different temperatures (298-338 K). They can be obtained by using the follow-
ing equations:

AG = —AH —TAS (20)

AG = —RTInKp (1)
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Kp=C @2)
e
—AH AS

where Kp is the equilibrium distribution constant and Cs (mg L~!) and C, (mg L) are
the ectoine equilibrium concentration in the resin and aqueous phase, respectively. AH (k]
mol 1), AG (k] mol™1), and AS (k] mol~!) can be calculated from a plot of In Kp versus
1/T. Inglezakis and Zorpas reported that ion exchange could be endothermic or exothermic
with the involvement of heat of adsorption in the range of —24 to 38 kJ/mol, while the
adsorption energy limits are found to be in the range of 0.6 kJ/ to 25 kJ/mol, and the
activation energy is higher than 40 kJ /mol [35].

3.4. Desorption Kinetic Models

The external diffusion model (EDM) describes the desorption of ectoine from ion-
exchange resin.

The EDM model assumes the ion-exchange reaction of ectoine molecules through the
external film by a liquid-phase diffusion mechanism. The mass transfer is expressed as:

d kg
—q, = —(CG—-C 24
G4 = (G- 4
where q; is the ectoine concentration on the resin (mg g~!) at time t; kg is the volumetric
mass-transfer coefficient in the external liquid film (min~!); pp is the resin particle density
(g/mL); and C; and C. are the ectoine concentrations, desorbed in the aqueous phase at
time t [36].

4. Results and Discussion
4.1. Adsorption of Ectoine Using lon-Exchange Resin
4.1.1. Effect of Types of Ion-Exchange Resin on the Adsorption of Ectoine

This study used two kinds of strong-acid cation-exchange resins (Dowex® 50WX8 and
Dowex® HCR-S) to conduct adsorption experiments on ectoine in an aqueous solution.
Figure 1 shows the effect of adsorption time on the strong-acid cation-exchange resin ad-
sorption in a reciprocating water bath shaker. Dowex® 50WX8 showed a poor equilibrium
adsorption efficiency in ectoine adsorption. The adsorption rate of ectoine using Dowex®
50WX8 was greater than that using Dowex® HCR-S. The swelling index (X) was calculated
using Equation (7). The swelling index of Dowex® 50WX8 (X = 0.68) was lower than that
of Dowex® HCR-S (X = 0.88). This finding explains why the adsorption capacity was low
for Dowex® 50WX8, while the equilibrium time for Dowex® HCR-S was 120 min. Hence,
Dowex® HCR-S was chosen as the candidate for adsorption, and the adsorption time was
set at 8 h to reach the equilibrium state.

4.1.2. Effect of pH on Ectoine Adsorption

The solution’s pH value is crucial to adsorption, especially for ion exchangers. Ectoine
is a Zwitterion compound and can transform between cationic and anionic forms based
on the pH, as shown in Figure 2. A zwitterion, also called an inner salt, contains an equal
number of positively and negatively charged functional groups. Therefore, zwitterions are
mostly electrically neutral; the whole molecule’s net charge is zero. The isoelectric point
is derived from its inner-salt structure. Hence, the pH can affect the adsorption capacity
by changing the property of adsorbent and solution analytes. In this work, the initial pH
of the solution was adjusted using HCl and NaOH, with and without the ion-exchange
resin. Table 2 shows that the initial pH of the solution without ion-exchange resin does
not affect the equilibrium adsorption capacity (qe) of ectoine (mean = 9.83 mg/g). This
demonstrates that the surface charge of both the exchanger and analyte is not affected by
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the surrounding pH, but the concentration gradient of H* inside the resin overwhelmed
the solution’s pH. The acidity of Dowex® HCR-S itself was pH 3.3 when 1 g of dry resin
was immersed in 10 mL of neutral water. This demonstrates no effect on ectoine adsorption
from adjusting the initial pH in the solution without resin. Therefore, we determined we
should adjust the pH in the solution with resin before the experiment.

1000
’é* —— 50WX8
g: —O— HCR-S
~ 800
=
2
~—
o]
E 600
=
Y
= O 0
S 400
2]
£
S
o 200+
=
0 100 200 300 400
Time (min)
Figure 1.  Effect of adsorption time on ectoine adsorption using ion-exchange resin

(ectoine = 1000 mg/L, solution/resin = 10 mL/g, reaction time = 6 h, stirring rate = 100 rpm, temper-
ature = 35 °C).

OH

— .
g ~—
N

0
©
0
Y HN\{T/I\'H

Ectoine Zwitterion

HN

Figure 2. Zwitterion form of ectoine containing both acid and base centers and its isomer.

The pH of the solution with resin was adjusted using NaOH solution (3 M) with a
long enough time for equilibrium to be reached. Table 2 indicates that the equilibrium
adsorption capacity of ectoine (qe) is affected by pH values. ge remained stable before
the pH rose to over 3, slightly decreased at pH 4, and dramatically dropped at pH values
over 4. After adsorption, the pH was reduced when it was lower than 4; in contrast, it
increased when it was higher than 4. Therefore, the maximum adsorption was a 9.8 mg/g
(0.07 meq/g) adsorption capacity of ectoine under pH < 3 when using an initial ectoine
concentration of 1000 mg/L.
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Table 2. Effect of pH in the solution with and without Dowex® HCR-S on ectoine adsorption.

Initial pH pH after Ce Qe Initial pH  pH after Ce Je

without Resin  Adsorption (mg/L) (mg/g) with Resin Adsorption (mg/L) (mg/g)
2.00 1.98 15.73 9.84 2.00 1.95 19.90 9.80
3.00 2.82 15.94 9.84 3.00 2.90 18.04 9.82
4.00 3.18 14.44 9.86 4.00 3.80 80.23 9.20
5.00 3.29 16.87 9.83 5.00 6.70 740.76  2.59
6.00 3.30 20.79 9.79 6.00 6.89 869.34 131
7.00 3.33 15.23 9.85

Conditions: initial ectoine = 1000 mg/L, reaction time = 8 h, temperature = 35 °C, stirring rate = 100 rpm.

When the counterion H* of the resin is replaced with Na*, OH" can neutralize the H*
released from the resin to adjust the pH in the solution. Equilibrium pH can be attained
in both the resin and aqueous phases. The results in Table 2 reveal that ectoine exists as a
cationic form under pH < 4, known as its isoelectric point. The acidic nature of the resin
results in preferential protonation of the ectoine molecules and thus more favorable ion
exchange so that ectoine can exchange with hydrogen ions and maintain electroneutrality.

Aside from the surface-charged state of ectoine, the electrostatic affinity between the
ion-exchanger (R-SO37) and ectoine is assumed to be good. The pH in the solution will
modify the adsorbent to become negatively charged to enhance the attraction to the desired
ions, especially metal ions [37-39]. Dowex® HCR-S ion-exchange resin binding with the
sulfonic group (SO37~) possesses a positive charge on the surface. This means that the
surface charges of ectoine and the ion-exchanger have an opposite trend under pH < 4 in
the aqueous medium.

4.1.3. Zeta Potential in Ectoine Solution

The Zeta potential is defined as the magnitude of charge at the slipping plane, separat-
ing the mobile bulk fluid from the ionic layer attached to the particle surface. Since the sur-
face charge is the primary key for using ion-exchange as the separation strategy of ectoine
from bacterial broth, zeta potential analysis provides the results for the differentiation-
charged situation on the particle surface under different pH conditions. Figure 3 shows
that the pH of samples containing ectoine with a concentration of 2000 mg/L was titrated
topH =2, 3, 4,5, and 6 to determine the zeta potential. The isoelectric point of ectoine is
located in the pH range between 3 and 4, close to 3.2.

According to the structure of ectoine in Figure 2, ectoine carries a positive charge
when the pH value is below its isoelectric point (pI) and carries a negative charge when the
pH value is over its pl. The pI of ectoine is 3.2 when the zeta potential equals 0, as shown
in Figure 3. Therefore, the adsorption conditions should be set at a pH value below 3.2 to
apply the use of a cation-exchanger as the ectoine separation strategy.

The decline of adsorption capacity with increasing pH resulted from the change of
ectoine’s surface charge from positive to negative. A considerable electrostatic repulsion
between ectoine (Ect™) and the ion-exchanger surface (R-SO37) under a high pH (>4)
confirms the contribution of electrostatic interactions to the adsorption phenomenon. On
the other hand, for pH values below 4, ectoine ions take on a cationic form, leading to an
electrostatic attraction towards the ion-exchanger matrix, and an ion-exchange reaction
occurs between hydrogen ions and ectoine ions. The result of the zeta potential of ectoine
corresponds to that in Table 2. Moreover, we proved that the separation mechanism of
ectoine using Dowex® HCR-S involves ion exchange and electrostatic force.

4.1.4. Effect of Initial Ectoine Concentration

Figure 4a shows the isotherms of ectoine on Dowex® HCR-S at 25 °C and 65 °C with
an initial ectoine concentration from 1000 mg/L to 9000 mg/L. The sequence of adsorption
capacity for the effect of temperature was 65 °C > 25 °C > 55 °C > 35 °C > 45 °C. The
ion-exchange process of ectoine onto Dowex® HCR-S was only slightly dependent on the
operating temperatures because the differences in adsorption capacities among the different
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temperatures were small (<3%), as shown in Figure 4b. Consequently, the ion-exchange
capacity of ectoine might depend on temperature, with a greater adsorptive uptake of
ectoine at a higher temperature. The adsorption at 65 °C exhibited the best result in the
range of 25 °C to 65 °C.

n o

Zeta potential (mV)
=

(ursax 3/our0309 3wr) °b

-15

Figure 3. Plot of ectoine’s zeta potential and adsorption capacity of ectoine on pH (Dowex® HCR-S
resin/aqueous = 0.1 g/mL).
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Figure 4. (a) Adsorption isotherm of ectoine using Dowex® HCR-S and (b) effect of adsorption capacity of ectoine on
temperature at different initial ectoine concentrations (initial ectoine = 1000~9000 mg/L, dry resin/aqueous = 0.1 g/mL,
agitated rate = 100 rpm, time = 8 h, temperature = 25~65 °C).

The adsorption that occurred can be divided into two temperature ranges: group I
(25~45 °C) and group 1II (45~65 °C), as shown in Figure 4b. The adsorption performance de-
creased with rising temperatures in group I, while an enhancement of adsorption occurred
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with increasing temperatures in group II. For group I, the poor adsorption efficiency with
increasing temperature can be explained by physisorption. The reduction in equilibrium
adsorption capacity (qe) with increasing temperatures suggests a weak adsorption interac-
tion between the ion-exchanger surface and the ectoine ion, supporting the physisorption
assumption. Due to the higher mobility of ectoine ions, there was an increasing tendency
for ectoine ions to escape from the ion-exchanger surface in the bulk solution. Hence,
decreasing adsorption performance was observed as the temperature increased. Moreover,
the thickness of the boundary layer decreases with higher temperatures, leading to poor
adsorption efficiency [40].

For group II, the adsorption capacity strengthened with increasing temperature. This
phenomenon indicates that it is an endothermic reaction that is enhanced at higher temper-
atures. Additionally, it shows favorable intermolecular forces between ectoine ions and
ion-exchange resin, making the adsorbate easier to adsorb. Chemisorption supports the
adsorption in group II. Therefore, the adsorption of ectoine onto ion-exchange resin could
be considered on the basis of two groups with the effect of temperature. Group I exhibited
the characteristic of physisorption, but group II tended to show chemisorption.

4.1.5. Isotherm Studies of Ectoine

This research used six models to describe the ion-exchange reaction: the Langmuir,
Freundlich, Temkin, Dubinin—-Radushkevich (D-R), Sips, and Redlich-Peterson (R-P)
models. Nonlinear regression is a more general method that can be used to estimate
model parameters [38]. For the three-parameter isotherm Sips and Redlich-Peterson
models, nonlinear regression is easier than linearizing to find the optimal conditions. This
study aimed to utilize a three-parameter isotherm because ectoine adsorption fits both
the Langmuir and Freundlich models, while Sips and R-P isotherms, which are known
Langmuir-Freundlich isotherms, combine Langmuir with Freundlich and thus exhibit both
characteristics. Table 3 lists the parameters using all six isotherms for nonlinear regression.
The R-P and Sips isotherms exhibited good fitting, like Langmuir and Freundlich, with the
highest R? of 0.98 for R-P and 0.99 for the Sips model. Based on the parameters of the R-P
isotherm, g was not equal to 1 but was close to it under some temperatures, which means
that ectoine adsorption does not follow the Langmuir isotherm fully. In other words, it is
not a pure ion-exchange reaction.
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Table 3. Isotherm parameters using nonlinear simulation for the adsorption of ectoine onto Dowex® HCR-S using the Freundlich, Langmuir, Dubinin-Radushkevich, Temkin,

Redlich-Peterson, and Sips models.

Freundlich Model Langmuir Model Dubinin-Radushkevich Model Temkin Model
Temperature (°C) Kr » qm Ky ) qm E? » bt Ar(@Lg) R?
n (mgL-1) R (mgg)  (Lmg) R R mgg") (Jmoll K (J mol-1)
25 1.35 1.43 0.98 201 0.0028 0.98 79.7 0.011 0.87 81.0 0.051 0.95
35 1.22 0.80 0.95 299 0.0013 0.95 0,038 78.3 0.009 0.82 79.1 0.035 0.91
45 1.24 0.74 0.95 259 0.0013 0.95 O 454_ 81.5 0.007 0.87 81.1 0.029 091
55 1.17 0.71 0.98 348 0.0012 0.98 : 84.3 0.008 0.90 77.6 0.034 0.95
65 1.15 0.88 0.97 357 0.0016 0.97 87.7 0.010 0.94 67.3 0.038 0.98
Redlich-Peterson Model Sips Model
Temperature (°C) Kg AR . R2 Ks ag 5 R
Lg™ (Lmg™1) Lg™hH (Lmg™") s
25 0.58 0.0045 0.92 0.98 0.55 0.0028 1.00 0.98
35 0.52 0.0530 0.49 0.95 0.62 0.0009 0.88 0.98
45 0.37 0.0076 0.74 0.95 0.37 0.0013 0.98 0.95
55 0.41 0.0009 1.05 0.98 0.27 0.0012 1.11 0.98
65 0.51 9E-09 3.17 0.98 0.05 0.0004 1.63 0.99

dry resin = 1 g, initial ectoine = 1000~9000 mg/L, equilibrium time = 8 h, *: adsorption energy.
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The Langmuir equation was found to fit well to the experimental data, with a co-
efficient of determination (R?) ranging from 0.94 to 0.99. The Langmuir constants (Ry)
calculated by Equation (14) using the Langmuir equation, ranging from 0.038 to 0.454, were
between 0 and 1, which indicates that the ion-exchange process proceeded in a favorable
direction. The adsorption of ectoine increased concomitantly with the initial concentration.

Figure 5 shows the direct prediction using the ge vs. C. diagram fitted with the
Langmuir, Freundlich, Temkin, D-R, Sips, and R-P isotherms. One of the benefits of using
nonlinear isotherm regression is direct simulation, showing the actual trend. A conclusion
could be made that nonlinear regression is more general than linear fitting. Still, under
some circumstances with restricted conditions, such as non-saturated curves, linearization
provides easier and fast prediction with raw data.

q. (mg-ectoine/g-resin)

C. (mg-ectoine/L)

Figure 5. Nonlinear regression fitting curve using the isotherm models (a) Freundlich, (b) Langmuir, (c) Temkin, (d) D-R,
(e) R-P, and (f) Sips for the simulation of ectoine adsorption.

Since nonlinear regression can reflect a more accurate and real system than linear
regression, the nonlinear regression results exhibited a smaller and more precise range of
data. In conclusion, the mechanism of ectoine capture using Dowex® HCR-S resin is not
a pure ion-exchange reaction but a mixture of physisorption (van der Waals force) and
ion exchange (Coulomb’s force). This explains the result from Section 4.1.4 for the effect
of temperature on ectoine adsorption, which could be divided into groups I (25~45 °C)
and II (45~65 °C). Physisorption based on the van der Waals force was dominant when
the temperature was below 45 °C, but chemisorption-like ion exchange based on the
electrostatic force dominated when the temperature was above 45 °C.
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Based on the isotherm results, the adsorption of ectoine is suggested to include
physisorption and ion exchange. The strong hydrophilic force that emanates from the
hydrogen bonds that exist between ectoine molecules explains physisorption. In terms
of the ion exchange, ectoine as a cation had a higher affinity for exchanging sites than
hydrogen ions. The following effect can influence the adsorption of ectoine by using
ion-exchange resin: (i) hydrogen bonds existing between ectoine ions; (ii) the mass transfer
of ectoine diffuses from the bulk solution to the boundary layer on the surface of the
ion-exchange resin; (iii) the pore size of the ion-exchanger. As the temperature increased,
physisorption based on hydrogen bonds became weaker due to the higher mobility and
the increasing tendency for ectoine ions to escape from the surface of the ion exchanger. In
contrast, chemisorption-like ion exchange became stronger when the temperature increased
due to the higher mass transfer rate of intraparticle diffusion. Further, Dowex resin is a
gel-type resin that is a microporous exchanger. Therefore, the rate-determining phase is
either counterion interdiffusion within the ion exchanger (particle diffusion), or counterion
interdiffusion in the adhering film (film diffusion).

4.1.6. Effect of Adsorption Time

Adsorption kinetics involve the adsorption uptake concerning the time for measure-
ments of the adsorbate diffusion in the pores of the adsorbent. This study conducted kinetic
adsorption experiments in a batch system at different temperatures and adsorption times.
The effect of contact time on ectoine adsorption was studied at pH 3.3 and agitating times
of 30, 60, 90, 120, 240, and 360 min (Figure 6). The adsorption percentage of ectoine (%)
was calculated by Equation (2) and was proportional to adsorption time until equilibrium
was reached. Fast adsorption was spotted through the first 90 min of the process, reaching
91.7%, 97.5%, and 91.2% at 35 °C, 45 °C, and 55 °C, respectively. Fast adsorption might
reflect the high accessibility of ectoine ions at the ion-exchange sites when the resin was
immersed with ectoine molecules and swelled in the aqueous medium. Simultaneously;,
the stronger driving force resulting from the concentration gradient moved fast ectoine
ions to the exchanging sites on the surface of the Dowex® HCR-S resin. On the other hand,
with increasing time, the adsorption rate decreased and gradually reached equilibrium
due to the crosslinking limit from the ion-exchange resin and the lower availability of the
remaining exchange sites.

When the operating temperature was 45 °C, the adsorption rate was the highest;
the adsorption percentage reached equilibrium faster than at 35 °C and 55 °C. However,
there was no significant effect of temperature on the equilibrium adsorption percentage,
which is close to 100% removal. Therefore, the effect of temperature is demonstrated in
Figure 6: (1) the adsorption rate was influenced by different temperatures with the trend of
45 °C > 35 °C = 55 °C; (2) there was no obvious effect of temperature on the equilibrium
adsorption, which was almost 100% adsorption, resulting from the unsaturated adsorption
of ectoine on the ion-exchange resin because of insufficient loading of the initial ectoine
concentration.

Therefore, the adsorption of ectoine on the cation-exchange resin is affected by reaction
time and temperature. A reaction time of 120 min is required to reach equilibrium. The
adsorption rate was influenced by different temperatures, while the equilibrium adsorption
did not significantly differ at different temperatures.
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Figure 6. Effect of adsorption time on ectoine adsorption percentage at different temperatures
(Dowex® HCR-S = 1 g, initial ectoine = 1000 mg/L, aqueous solution = 10 mL).

4.1.7. Adsorption Kinetics of Ectoine onto the Ion-Exchanger

Adsorption kinetics are a crucial factor in determining the mass-transfer constant and
kinetics parameters. This information is essential for the design of an adsorbent-packed
column in actual industrial applications. The adsorption kinetics simulation depicted the
adsorbate’s retention rate or release from the bulk solution to the solid-phase surface of
adsorbents at a given adsorbent dose, temperature, flow rate, and pH [41]. When designing
an adsorption system, the adsorption rate, adsorbent surface complexity, concentration of
adsorbate, and flow rate can affect the adsorption kinetics.

The simulation results obtained by the pseudo-first-order model, pseudo-second-order
model, Elovich equation, and intraparticle diffusion model are shown in Figure 7. The
activation energy of the physisorption process was lower than 40 k] /mol. The activation
energy was between 24 and 40 kJ/mol for the ion-exchange reaction [35]. According to
Table 4, the activation energies of the pseudo-second-order and intraparticle diffusion
models were 36.5 k] /mol and 35.1 k] /mol, respectively. The pseudo-second-order model
can describe the electrostatic interaction between ectoine and sulfonic groups (5037)
covalently bonded in the ion-exchange matrix because it is related not only to ectoine ions
or exchange sites but also to the attractions and repulsions between them.

Figure 7d shows two-step adsorption by plotting q; against t'/2. The first half of the
curve belongs to the diffusion during the solid-liquid adsorption process. The second
half of the straight line is the saturation condition. The adsorption reaction mechanism
usually consists of three consecutive steps, starting from the adsorption on the outer
surface of the solid phase, moving the solute in the liquid phase to the solid surface layer,
and then performing intraparticle diffusion, transferring from the solid surface layer to
the pores. The solute slowly moves from the large pores to the small pores to reach an
equilibrium state among the pores. The intercept is usually a positive value, indicating a
rapid adsorption reaction in a short period of time.
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Figure 7. Regression analysis of the adsorption of ectoine by the (a) pseudo-first-order equation, (b) pseudo-second-order
equation, (c) Elovich equation, and (d) intraparticle diffusion model.

Table 4. Kinetic parameters for ectoine ions using Dowex® HCR-S as the adsorbent.

Pseudo-First-Order Pseudo-Second-Order
TCO qe? Kps e b R2 Ea Kps e b R2 Ea
(mgg1) (Min—1) (mgg1) k] Mol™1) (gmgTMin~1) (mgg1) (k] Mol—1)
35 10.03 0.04 18.00 0.98 0.0012 14.90 0.97
45 10.01 0.07 32.34 0.99 3.72 0.0049 11.67 0.99 36.5
55 9.95 0.04 16.50 0.92 0.0028 12.25 1.00
Elovich Intraparticle diffusion
TCO oa(mgg? B R2 E, kiq (initial) R2 E
min~1)  (mgg™1) (kJ mol 1) (mg g~ min'?) (initial) (kJ mol 1)
1.12 0.97
35 0.49 0.27 0.97 0.77 0.93 35.1
0.79 0.94
45 1.86 0.44 0.90 23.1
55 0.83 0.35 0.97

kiq (initial): rate constant before equilibrium using the intraparticle diffusion model; a: experimental, b = simulated. Resin =1 g,
ectoine = 1000 mg/L.
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4.1.8. Effect of Salt Concentration

Ectoine is produced using fermentation from halophilic and halotolerant bacteria;
thus, salts, such as NaCl, occur in the ocean. While the liquid was maintained at a neutral
pH, salt was dissolved in the ectoine solution at different concentrations to study ectoine
adsorption with ion-exchange resin. Furthermore, the desorption was conducted after
capturing ectoine with an ion-exchange resin. Figure 8 shows that the ectoine residual
concentration increased with salt in the liquid phase. This shows that ectoine ions compete
with sodium ions at the ion-exchange sites.

1400
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A 0.5% NaCl

1000 | O  Without NaCl
f
8 800 —
8
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400 —
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C, (mg ectoine/L)

Figure 8. Effect of salt on adsorption of ectoine using a cation-exchange resin (Dowex® HCR-S=1g,
initial ectoine = 1000—9000 mg/L, aqueous solution = 10 mL).

4.1.9. Adsorption Thermodynamics

Equilibrium adsorption was used to investigate the thermodynamic properties of
ectoine adsorption, and the thermodynamic parameters, including the equilibrium distri-
bution coefficient (Kp), Gibbs free energy (AG), enthalpy (AH), and entropy (AS), were
calculated. According to the results in Table 5, the negative AH values demonstrated that
ectoine adsorption is an exothermic process at temperatures between 25 and 45 °C, whereas
positive values revealed an endothermic reaction at temperatures between 45 and 65 °C.
This supports the idea that ectoine adsorption in group I could be more favorable at lower
temperatures and is a physisorption and exothermic process. In contrast, chemisorption in
group II exhibits endothermic characteristics. Similarly, in group I, the values of AS were
negative, indicating that the system’s randomness at the boundary layer of a solid solution
decreased during the adsorption process. In contrast, positive values of AS indicate that
the randomness at the resin-solution interface increased. At all experiment temperatures,
the values of AG were negative, showing that the adsorption process was spontaneous.
The AG for physical adsorption is usually between —20 and 0 k] mol~?!, while it is be-
tween —400 and —80 k] mol ! for chemical adsorption. Ectoine adsorption had a AG of
~14.6 k] mol~! on average, indicating it was mostly physisorption. The heats of adsorption
(AH) were —256 and 351 J/ mol, which corresponds to the heat range of adsorption of
—24-38 k] /mol [35].
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Table 5. Thermodynamic parameters of ectoine adsorption at different temperatures (group
I =25~45 °C; group II = 45~65 °C).

C. (/D) AH (J/mol) AS (J/mol) AG (kJ/mol)
°'8 11 I I 25°C  35°C 45°C 55°C  65°C
1 302 129  —1922 748 152 —142 —139 —143 —144
2 352 319 —2974 1160 —154 —147 —139 —146 —15.1
3 401 422 4139 1375 154 145 —136 146 —153
4 ~243 401  —7.08 1339 —149 137 -139 148 —154
5 118 240 2431 1018 —154 —151 —149 —150 —159
6 248 430 816 1387 —147 142 —136 143 —152
7 217 450 —155 1434 —145 141 -136 —144 —153
8 ~231 390 —419 1305 147 —142 —137 —144 —152
9 193 379 335 1276 —143 139 —135 143 —149
Average  —256 351  —9.30 1227 —14.6

4.2. Saturation of Ectoine in the lon-Exchange Resin

Saturation experiments were carried out to confirm the maximum ectoine loaded in
the cation-exchange resin and for further the desorption investigation. According to the
isotherm results in Section 4.1.5, the predicted saturation capacities of ectoine on Dowex®
HCR-S were 0.22-0.67 and 0.20-0.36 (g/g) based on the nonlinear Langmuir maximum
adsorption capacity in Table 3, respectively. Therefore, the experiments were performed
by mixing 0.5 g resin with 2 mL solution of ectoine, with the concentrations set as 0.12,
0.125, 0.135, 0.15, 0.17, and 0.20 g/mL. As shown in Figure 9a, there was no significant
effect of initial concentration on ectoine saturation at 25 °C, and the adsorption capacity
ranged from 0.55 to 0.60 (g/g). Therefore, the adsorption capacity can be confirmed as the
saturation capacity (gsat) since no more ectoine could be loaded with the amplification of
the concentration gradient. Based on the results in Section 4.1.5, the mechanism of ectoine
adsorption is not a pure ion exchange but a mixture of ion exchange, electrostatic force, and
physisorption (van der Waals force). The Langmuir isotherm assumes adsorption occurs
under a homogeneous system with monolayer adsorption, and thus, the predicted maxi-
mum adsorption lacks multilayer adsorption based on the Freundlich theory. Multilayer
adsorption can be attributed to physisorption (van der Waals), with ectoine stacked on the
first layer sorption (ion exchange). The conclusion that the Sips isotherm, also known as the
Langmuir-Freundlich model, can describe the ectoine adsorption by using Dowex® HCR-S
shows that the experimental saturation capacity is larger than the Langmuir adsorption
capacity. According to Figure 9b, the effect of temperature on ectoine saturation is not
significant either, which means ectoine adsorption is not dependent on temperature.

According to Figure 9c, the resin weight did not affect the saturation capacity of
ectoine in the ion-exchange resin significantly, and the ectoine-saturated capacity was
around 0.56 (g/g) under the same temperature and initial ectoine concentration, which
equaled an average of 3.9 (meq/g). The saturation percentage of the resin was 81.8%
(=3.9/4.8) based on Dowex® HCR-S’s total exchange capacity of 4.8 (meq/g).

4.3. Desorption of Ectoine from Saturated lon-Exchange Resin

Adsorption and ion exchange are feasible alternatives for the separation and purification
processes. These interface-based methods involve mass transfer and are particularly efficient
for low-concentration systems, such as ectoine produced from bacteria with low concentra-
tions. In addition to a separate desired compound from the original stream, the recovery of
adsorbate and adsorbent regeneration must be considered. The desorption of ectoine from
the acidic cation-exchange resin was studied with different NaOH concentrations.
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Figure 9. Effect of saturation adsorption capacity of ectoine using Dowex® HCR-S on (a) initial ectoine
concentration, (b) temperature, and (c) resin dosage (aqueous/resin = 4 mL/g, agitation = 100 rpm,
reaction time = 8 h).

4.3.1. Effect of pH on Ectoine Desorption

Based on the principle of using an ion exchanger to separate and purify amino acids,
pH is the critical factor in modifying the analyte’s surface charge to become cationic or
anionic. To use a cationic-exchange resin in desorption, ectoine is supposed to transform
to its anionic form to achieve electrostatic repulsion from the functional group (5O3;7)
fixed in the ion-exchange matrix. Therefore, the pH should be set above the isoelectric
point of ectoine to manipulate the charged property on the molecule surface. Based on
Figure 3, the pl of ectoine was 3.2 and became the standard for designing the experiments.
The experiments were performed under pH =2, 3, 4, 5, and 6 to investigate the effect on
ectoine desorption.

Table 6 shows that not much ectoine was released from the saturated resins with
a desorption percentage < 10%. This can be explained by the residual H" ions inside
the saturated resin. Since the saturation capacity ranges from 0.55 to 0.60 g/g, the resin
efficiency ranges between 80.6% and 87.9%, which means that 12.1% to 19.4% of hydrogen
ions remain inside the resin. Therefore, the desorption capacity of 0.3~0.4 meq/g can be
attributed to the salt desorption (exchanging with Na*), and a more basic condition is
required to allow the charged property of ectoine to change.

Table 6. Effect of pH on ectoine desorption from saturated Dowex® HCR-S resins.

pH Ce (g/L) Mecte (8) Mecte (Meq) Desorption (%)
2 5.42 0.06 0.42 9.96
3 4.05 0.04 0.31 7.44
4 3.72 0.04 0.29 6.84
5 3.58 0.04 0.28 6.58
6 3.99 0.04 0.31 7.33

Mecte = mass of ectoine in solution at equilibrium. Condition: resin/aqueous = 0.1 g/mL; temperature: 20 °C;
Qsat = 0.60 g/g =4.2 meq/g; time = 8 h.
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4.3.2. Effect of NaOH Concentration

The desorption equilibrium of ectoine released from saturated Dowex® HCR-S resin
was found in a batch reactor, as shown in Figure 9. The sequence of temperatures for
ectoine desorption was 15 °C & 25 °C > 35 °C > 45 °C > 55 °C. The desorption performance
was higher at lower temperatures. The desorption of ectoine was greatest at 15 °C, with
89.7% desorption. Theoretically, with a higher NaOH concentration, better desorption
results could be obtained and a plateau reached due to the higher driving force provided
with larger OH™ concentrations. The best desorption performance was found at an NaOH
concentration of ~0.5 mol/L, as shown in Figure 10. Furthermore, the ectoine ions were
transferred from the solid to the liquid phase when the eluent solution exchanged the
ectoine molecules. This phenomenon is a consequence of mass transfer, which was boosted
by the high concentration gradient between resin and solution phases and maximized by the
ionic strength of the basic eluent. NaOH solution can promote a very high ectoine removal
as a desorbed agent since even the lowest concentrations in the resin phase correspond to
high concentrations in the solution, resulting in favorable desorption. When the NaOH
concentration is larger than 0.5 mol/L, the desorption percentage of ectoine is decreased
(Figure 10). This results from ectoine denaturation under extreme alkaline conditions.
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Figure 10. Effect of NaOH on the equilibrium desorption of ectoine using Dowex® HCR-S at different
temperatures (saturated resin: 1 g, NaOH solution: 10 mL, time: 8 h).

4.3.3. Effect of Desorption Time and Temperature

The effect of temperature on the equilibrium and the desorption kinetics using NaOH
as an adsorbed agent was assessed to study the desorption rate. Figure 11 shows the
effect of desorption time on the release of ectoine ions from Dowex® HCR-S resin. Ectoine
ions were rapidly released from the acidic cation exchanger before 180 min, followed by
slow desorption and equilibrium being attained. Desorption of ectoine ions was found
to be proportional to the desorbed time before equilibrium was reached. The sequence of
temperatures for ectoine desorption was 25 °C > 15 °C > 45 °C > 55 °C > 35 °C. This shows
no trend for the temperature effect. Desorption and ion exchange may simultaneously
control the reaction kinetics.
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Figure 11. Effect of time on ectoine desorption from Dowex® HCR-S with different temperatures
(saturated resin/NaOH solution = 0.1 g/mL, NaOH concentration: 0.5 mol/L).

The desorption of ectoine released from ion exchangers in the first 180 min can be
attributed to the strong driving force resulting from the concentration gradient of ectoine
between the solid and solution phases and the fact that the resin was saturated first, which
means the initial ectoine concentration was null (Cy = 0) in the solution phase. At the same
time, the desorbed agent NaOH played an essential role in converting ectoine from the
cationic to anionic form in order to lose the electronic attraction and even repel the sulfonic
functional group (SO3 ™) covalently fixed in the ion-exchanger matrix. On the other hand,
the desorption process decreased as the reaction time increased. This can be explained
by the structure of the ion-exchanger synthesized by polystyrene-divinylbenzene since
crosslinking can hinder and slow down the immersion and swelling of resin.

4.3.4. Desorption Kinetics of Ectoine from the Ion-Exchange Resin

Mathematical modeling of experimental data from the batch reactor was undertaken
to construct a robust and trustworthy mathematical model that could predict the kinetics
of desorption in a fixed-bed column [36]. Table 7 shows the desorption results using
the external diffusion model (EDM); the simulated parameters were not reliable based
on the unstable RZ. Except for the data under 35 °C, the EDM rate constant, kg, had an
average value of 1.13 min~!, and the ectoine desorption was more favorable under lower
temperatures. More desorption kinetic models are required for the investigation of ectoine
desorption in order to find the rate-limiting step.

Table 7. Parameters of the external solid diffusion model calculated at different temperatures.

Temp. (°C) kq (min—1) R?
15 0.31 0.92
25 1.08 0.82
35 4.90 0.64
45 1.64 0.91

55 1.48 0.98
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4.3.5. Mechanism of Ectoine Desorption from Ion-Exchange Resin

Desorption using the ion-exchange method can be classified into two types: pH
desorption and salt desorption. Desorption of amino acid depending on pH value is
built on the use of the isoelectric point of its nature. When the pH value is over the plI of
ectoine, the anionic form is exhibited. In contrast, the cationic form is shown when the
pH is below its pl. As for salt desorption, by using the exchange priority depending on
their affinity towards ion-exchanging sites, salt ions with a stronger affinity compete with
targeting analytes, and thus, analytes can be exchanged out. The effect of pH (Section 4.1.1)
and NaOH concentration (Section 4.1.2) on ectoine desorption shows that the desorption
strengthened with the increase of the OH™ concentration. Moreover, ectoine desorption
relies on the mechanism of pH desorption, with 90% desorption. NaOH solution can
promote a strong ectoine removal, resulting in favorable desorption.

Figure 12 shows that the desorption efficiency when using NaCl (54.5%) was not as
high as when using NaOH (78.1%) at 35 °C. The desorption of ectoine showed a higher
rate in the first 120 min when using NaCl, based on the mechanism of salt desorption, and
a higher equilibrium desorption was obtained by using NaOH, which relies on both pH
and salt desorption. Therefore, NaOH promotes stronger desorption of ectoine than NaCl
since there are two mechanisms that support using NaOH as a desorption agent.
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Figure 12. Comparison of NaOH and NaCl in ectoine desorption (temperature: 35 °C).

According to the results of the isotherm analysis, the adsorption of ectoine using
Dowex strong-acid cation-exchange resin achieved the best fit to the Sips model, implying
that the sorption process is built on both ion exchange and physisorption. Ectoine desorp-
tion from the saturated resin using NaOH as a desorbed agent was assumed to have three
steps, based on the sorption phenomena and desorption results: concentration-dependent
desorption, salt desorption, and pH desorption (Figure 13). The desorption of ectoine under
pH values ranging from 2 to 6 was an average of 7.63%, as shown in Table 5. Physisorption
resulted in concentration-dependent desorption of ectoine. Secondly, an NaCl solution
was applied to the ectoine desorption, represented by salt desorption, obtaining 54.5%
desorption under neutral conditions. Finally, using NaOH solution as a pH desorption
strategy, the best ectoine desorption reached (89.7%). Van der Waals desorption (concentra-
tion desorption) was weaker than electrostatic desorption (salt and pH desorption), and
this supports the sorption theory that physisorption is more accessible than ion exchange.
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lIon-exchange
matrix

Concentration-dependent desorption

Therefore, ectoine desorption using NaOH solution included ion exchange mechanisms as
the significant driving force to repel ectoine from the ion-exchanger phase (pH and salt
desorption) and concentration-dependent desorption.

Salt (Na*) & pH (OH") desorption

Figure 13. Mechanism of ectoine desorption using Dowex® HCR-S. @: adsorbed ectoine ion, Q: free ectoine ion,

Q: sodium ion, Q: hydroxide ion.

5. Conclusions

In this research, adsorption, saturation, and desorption were utilized to capture
ectoine using ion-exchange resin in a batch system in order to investigate ectoine’s ad-
sorption/desorption behavior. Regression of isotherms and kinetic models were carried
out to elucidate the adsorption behavior and optimum operating conditions. The anal-
ysis results showed that the adsorption of ectoine using Dowex® HCR-S resin fits best
when using the Sips isotherm. Thus, the ectoine adsorption mechanism is ion exchange,
based on electrostatic force (monolayer), and physisorption based on van der Waal'’s force
(multilayer). Moreover, the effect of temperature indicates that the adsorption of ectoine
can be divided into two outcomes: group I (25 °C~45 °C) was exothermic, and group II
(45 °C~65 °C) was endothermic. In group I, ectoine adsorption is more favorable at lower
temperatures, establishing physisorption. In group II, adsorption uptake is enhanced at
higher temperatures, supporting ion exchange via the Coulomb force. For the kinetic study,
the results indicate that pseudo-second-order models could explain the ectoine adsorption
reaction using Dowex® HCR-S resin, and the activation energy was 36.5 k] mol~!. The
intraparticle diffusion model can explain the kinetic mechanism for the multilinear plot
and the resin structure (gel-type). The values of AG, AH, and AS were also calculated.
The negative values of AG at the experimental temperatures indicate that the adsorption
was spontaneous, and the negative values of AH and AS show that the adsorption was
exothermic. The randomness decreased during adsorption for group I but increased for
group 1L

The saturation of ectoine on Dowex® HCR-S resin was independent of both temper-
ature and resin dosage. On average, the saturation capacity was 0.58 g/g, with 93.6%
adsorption using 125 g/L of initial ectoine concentration. Desorption of ectoine reached
89.7% of desorption with 0.51 g under an NaOH concentration of 0.5 mol/L and at 15 °C.
Comparing the desorbed agent with both NaOH and NaCl, more ectoine ions were des-
orbed using NaOH, which confirmed that both pH and salt desorption are the mechanisms
of ectoine desorption. The thermodynamic and kinetic parameters obtained from this study
can be used for adsorption/desorption of the fix-bed column, designed for larger-scale
production. The optimal condition of separating the ectoine from the fermentation broth in
a fix-bed column can reduce the separation cost of ectoine.
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