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The adsorption of the bacterial 3-glucuronidase (GUS) enzyme, which is thought to be responsible for the
production of reactive metabolites related to some diseases and cancer development, by clinoptilolite-
rich mineral was investigated. Batch experiments were performed to analyze of the effects of the
clinoptilolite amount and particle size, initial GUS concentration, shaking rate, pH and temperature on the
adsorption equilibrium and kinetics. Adsorption equilibrium data were interpreted in terms of Langmuir
and Freundlich isotherms; and they were well represented by the Langmuir isotherm model. The percent-

Ié?é‘;‘fgj:;mdase enzyme age of GUS removal by the clinoptilolite-rich mineral was changed in the range of 9.4-54.4% depending
Clinoptilolite on its initial concentration. The kinetic data were analyzed using external film diffusion, intraparticle
Adsorption diffusion, pseudo-first-order and pseudo-second-order models and both external film and intraparti-

Kinetic studies cle diffusion appeared to be effective in GUS adsorption. Thermodynamic studies indicated that GUS

adsorption is exothermic, physical and spontaneous at the temperatures investigated (288-310K).

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Natural zeolites are crystalline porous aluminasilicates of group
IA and IIA elements with pore and channel systems. These min-
erals consist of corner-sharing AlO4 and SiO4 tetrahedra. Their
ion-exchange, adsorption, and molecular sieve properties make
them unique and advantageous for use in different agricultural,
chemical and environmental applications [1,2]. Recently the incor-
poration of organic molecules onto clinoptilolite and synthetic
zeolites has attracted growing interest because their frameworks
are suitable for the encapsulation and/or adsorption of different
molecules. They are used for protein adsorption, separation or
enzyme immobilization and have been suggested as drug support
systems, antibacterial agent release matrices or bacteria load-
ing supports [3-9]. Clinoptilolite and its modified forms were
used to protect animals from feed-originating toxins by adsorb-
ing toxic compounds in the gastrointestinal tract and preventing
their passage into the circulatory system [10-14]. Purified natu-
ral clinoptilolite was reported to be harmless to the human body
and recommended as an antidiarrheal drug and as antiacid agent
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for humans suffering from hyperacidity and showed no toxic or
biological hazards [5,6,15]. Among the studies performed, those
related to the use of clinoptilolite in cancer treatment, have spe-
cial value; in animal models clinoptilolite treatment has improved
health, prolonged life-spans and decreased tumor size [16-20].
Therefore, to identify the mechanism underlying the therapeutic
effects of clinoptilolite-rich minerals, investigation of the interac-
tions between clinoptilolite rich minerals and bioactive molecules
related to health and diseases is crucial for the formulation of new
materials for biomedical applications.

Considering the suggested positive role of clinoptilolite in ani-
mal health and cancer, in this study attention has been focused
on an enzyme responsible for diseases. 3-Glucuronidase (GUS) is
an enzyme found in some mammalian and plant tissues. In the
intestine, GUS activity is mostly bacterial in origin. This enzyme
is responsible for drug metabolite detoxification and producing
reactive metabolites related to diseases and cancer development
[21-23]. Many exogenous (e.g., drugs, pesticides) as well as endoge-
nous compounds (e.g., bilirubin, steroids, bile acids) are conjugated
with glucuronic acid in the liver and excreted by the bile. The
GUS enzyme catalyzes hydrolysis of glucuronides and liberates
toxins and mutagens that are excreted into the gut after being
glucuronated in the liver. Various carcinogens are produced by bac-
terial B-glucuronidase in the intestine, and the results of different
studies indicate that GUS activity may be considered a cancer risk
biomarker [24-27]. Food intake (such as yogurt and plants) and
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natural bioactive compounds (such as organic acids and plant
extracts) were considered for the inhibition of GUS activity in var-
ious studies [28-31].

Although there are different studies on the use of zeolites as
adsorbents for biomolecules, this is the first study that investigates
the adsorption of bacterial $-glucuronidase enzyme by clinoptilo-
lite rich mineral. In this study, adsorption of the bacterial GUS (from
Escherichia coli) on to clinoptilolite-rich minerals from the Gordes
basin (Western Anatolia, Turkey) was investigated by conducting
experiments and analyzing data for different kinetic models.

2. Materials and methods
2.1. Sample preparation and characterization

Clinoptilolite-rich minerals were obtained from the Goérdes
region of Western Anatolia Turkey. The minerals were mainly
made up of clinoptilolite (80-85%), and quartz (5-10%), anal-
cime + mordenite (<5%) [32]. The clinoptilolite-rich mineral sam-
ples were ground, wet settled and sieved to remove soluble
impurities. Thereafter the samples were dried in an oven at 200°C
for 3 h. Brunauer-Emmett-Teller (BET) surface area and micro and
mezzo pore size distribution of the samples were determined by N,
adsorption performed at 77.45K with a Micromeritics ASAP 2010
static volumetric adsorption instrument after degassing at 350°C
and 10> mbar for 24 h. The surface morphology and macropore
size of clinoptilolite-rich minerals were estimated with a Phillips
XL30S FEG electron microscope. Chemical composition (by ICP-AES
96, Varian), mineralogy and crystallinity (by X-Pert Pro, Philips),
IR characterization (by FTIR-8201, Shimadzu) and Thermogravi-
metric (by TGA-51/51H, Shimadzu) analyses were performed as
previously described [17]. Zeta potential measurements of the min-
eral samples were measured using 5 mg/mL samples in potassium
phosphate buffer solution at pHs 5.5, 6.8 and 8 with a Zetasizer 3000
HAS analyzer (Malvern Instruments), where pH 6.8 is the optimum
pH for GUS activity (recommended by the purchaser instructions)
and pH 5.5-8 is the pH range simulating the fasted and fed states
of gastrointestinal media.

The GUS enzyme (EC 3.2.1.31, with a molecular weight of
290 kDa from Sigma-Aldrich Chemical Company, Germany) used in
this study was of bacterial origin (E. coli). Enzyme working solutions
were prepared from the GUS enzyme with a 100 p.g/mL concentra-
tion in potassium phosphate buffer solution at pHs 5.5, 6.8 and 8.
The size distribution of the enzyme was measured with a Zetasizer
3000 HAS analyzer (Malvern Instruments).

2.2. Batch adsorption studies

To study the possibility of the eliminating the GUS enzyme
by clinoptilolite-rich minerals in the gastrointestinal system,
batch adsorption experiments, which were designed to simulate
gastrointestinal conditions (37 °C, pH 5.5-8), were performed. Opti-
mum conditions for GUS activity (from an E. coli source), 37 °C and
pH 6.8, were also considered. The experimental parameters, includ-
ing the amount and particle size of clinoptilolites, initial enzyme
concentration, shaking rate, pH and temperature are shown in
Table 1. Potassium phosphate buffer solution (10 mL) of was placed
into a 25 mL conical flask, and experiments were performed for
the specified GUS concentrations and clinoptilolite amount. Flasks
were placed in an orbital shaking water bath for 150 min which
was more than ample time for equilibrium. 100 pnL of sample
was removed from each flask to estimate the enzyme concentra-
tion at specific time intervals; mineral free samples were used
as control. Samples were analyzed spectrophotometrically using
a microplate reader (Varioscan, Thermo) at 255 nm which is the

wavelength of the maximum absorbance of GUS. To determine
the GUS concentration, a standard curve (GUS concentration vs.
absorbance) was plotted for various GUS concentrations in the
range of 0-500 pg/mL. Adsorption experiments were performed
in triplicate, and mean values were used for adsorption analyses.
The amount of enzyme adsorbed was calculated by mass balance
as follows:

V(G -G)
- m

(1)

where C, is the initial enzyme concentration (pg/mL), C; is the
enzyme concentration in the solution at any time t (pg/mL), g; is
the concentration of GUS (j.g/mg) at time t in the adsorbed phase,
Vis the volume of the solution (mL) and m is the mass of the clinop-
tilolite (mg).

qt

2.3. Modeling of adsorption kinetic and equilibrium data

The transport of GUS from the gastrointestinal media to the
clinoptilolite particle surface through an external film and, subse-
quent diffusion from the external surface to internal sites through
the pores of the particle (intraparticle diffusion; pore diffusion sur-
face diffusion) and adsorption of GUS on the mineral active sites are
three consecutive steps during the process. Although all of these
steps are effective during the process, the overall rate of adsorp-
tion may be controlled by the one that is the slowest. Theoretical
analysis of adsorption by particle yields complicated mathematical
relationships that were provided and solved by Barrer [33], Boyd
[34] and Crank [35]; for some special cases. Considering the com-
plexity of the adsorption process, various simplified models have
been reported in the literature and each model has its own limi-
tations due to their simplifying assumptions. Spherical adsorbent
particles in an infinite volume of dilute solutions (linear isotherm
equilibria) with constant temperature and diffusivity are usually
used in simplified models such as in existing study.

With a substantial understanding of the kinetic and equilib-
rium constants, one can identify the ideal temperatures for system
and predict the rates of process for the elimination of GUS, which
will lead to optimize design outcomes (higher yield, faster rate)
under simulated intestinal conditions. Therefore, the adsorption
equilibria and kinetic models constants are critical design variables
to estimate the performance and to predict the mechanism of an
adsorption process. In this study to investigate the mechanism of
adsorption, rate constants were determined by external film diffu-
sion, intraparticle diffusion and pseudo 1st and 2nd order reaction
models. In the description of adsorption equilibria Langmuir and
Freundlich isotherm models were applied.

2.3.1. Diffusion models

2.3.1.1. External mass transfer or surface resistance control. If diffu-
sion within an adsorbent particle is very rapid or if the adsorbent
is nonporous, adsorption can be considered to occur only on the
external surface, while diffusion through the laminar film sur-
rounding a particle controls diffusion. Thus, in this analysis, the
relationship given by Boyd [34] may be used:

4 _q _ ol-Bket)/(KRp)] 2)
o0
where the value of average adsorbed phase concentration q is pre-
sented as ¢ at any time t (j.g/mg), g is the equilibrium adsorbed
phase concentration (ug/mg), kr is the external mass transfer coef-
ficient (m/min), R, is the average particle diameter (m), K is the
initial slope of the isotherm at the specified temperature (mL/mg).
For cases in which mass transfer is controlled by surface/skin
resistance, an analogous relationship in which the external film
diffusion coefficient ks is replaced by ks=Ds/$, the ratio of the
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Table 1
Experimental parameters for GUS adsorption by clinoptilolite rich mineral.
Parameter Initial GUS Shaking rate pH Particle size Solid liquid ratio Temperature
concentration (ug/mL) (rpm) (pm) (S/L: mg/mL) ()
Initial GUS Concentration (jg/mL) 20, 50, 100, 150, 200, 150 6.8 45-75 5 37
300, 500
Shaking rate (rpm) 100 50, 100, 150 6.8 45-75 5 37
pH 100 150 55,6.8,8 45-75 5 37
Particle size (wm) 100 150 6.8 75-106, 45-75, 5 37
25-45
Solid liquid ratio (S/L: mg/mL) 100 150 6.8 45-75 3,5,10 37
Temperature (°C) 100 150 6.8 45-75 5 15, 25,37

effective diffusivity and thickness of the solid surface film. kf or
ks is determined from the initial slope of the- In[1 — (q/¢x)] Vs.
t plot and the straight line, which passes through the origin and,
indicates external film diffusion or surface/skin resistance control
[36].

2.3.1.2. Intraparticle diffusion. The most extensive model used for
intraparticle diffusion controlling cases is the one provided by
Weber Morris [37], which is actually a simplification of Crank’s
solution based on the Fick’s second law:

qe = kqt®> (3)

A plot of adsorbate concentration against the square root of
time should be linear and pass through the origin, where ¢; is the
adsorbed phase concentration at any time t (pg/mg), kg is the diffu-
sion rate constant (wg/mg min®), t is time (min). Plots of adsorbed
phase concentration vs. the square root of time should be linear,
and this was used to determine k.

2.3.2. Reaction models

2.3.2.1. Pseudo first order model. The 1st order reaction model is
known as the Lagergren equation which is the earliest model
describing the adsorption rate with respect to adsorption capacity.
This modelincludes all of the steps in the adsorption process includ-
ing external diffusion, pore diffusion and binding to active sites [38].
The model assumes that the change in the adsorbed phase concen-
tration with time is directly proportional to the difference between
the equilibrium concentration and adsorbed phase concentration
at any time t [39]. The model is represented as follows:

N k(e a0 )
where k; is the 1st order reaction rate constant (min—1), ge and q;
are the adsorbed phase concentrations at equilibrium and at any
time t in pg/mg, respectively. The integrated form of the equation
is as follows:

In(ge — qr) =1In qe — kit (5)

In(ge — q¢) vs. t plot was used in the determination of kq.

Considering the similarity in the external film diffusion or sur-
face resistance control and Lagergren Pseudo First Order Model
equations, the rate parameter obtained from the slope will be either
arate constant for the mass transfer or adsorption reaction or their
combination. Distinction between these results will be difficult,
although surface skin or film diffusion will have much stronger
dependence on agitation. According to the studies performed by
Boyd et al. [34], if the reaction is the controlling one, the slope will
vary by concentration and temperature only, while for the surface
film diffusion control it will vary with the particle size and shaking
rate.

2.3.2.2. Pseudo second order model. The pseudo second-order reac-
tion model assumes that the adsorbed phase concentration changes

over time are directly proportional to the square of the difference
between the equilibrium concentration and adsorbed phase con-
centration at any time t. The equation is expressed in [40]:

dq;

T = kelde a0’ (6)

where k, is the rate constant of the pseudo second-order
(pg/mgmin); and g. and q; are the adsorbed phase concentra-
tions at equilibrium and at any time ¢ in pg/mg, respectively. The
equation can be rearranged to obtain:

t 1 1
Lo L) (L) )
qe k2q;s qe

The plot of (t/q;) against t represents a linear relationship from

which g and k, were determined from the slope and intercept of
the plot, respectively.

2.4. Adsorption equilibria

Adsorption equilibria can be expressed by adsorption isotherm
relationships based on the data in the adsorption experiments per-
formed. Two isotherm models, Langmuir and Freundlich, which
are commonly used, were tested. The Langmuir isotherm model
is represented by the following equation that model assumes that
adsorption take place on energetically uniform and identical sur-
face sites:

e = qmKiCe
¢ T 1+KCe

Ce (g/mL) is the adsorptive concentration in solution at equilib-
rium, g. (Lg/mg) is the amount of adsorptive adsorbed per unit
mass of sorbent at equilibrium, g, (pg/mg) and K; (mL/mg) are
the maximum sorption capacity and Langmuir constant, respec-
tively. The maximum sorption capacity and Langmuir constant
were determined from the slope and intercept of the Ce/qe vs. Ce
plot, respectively.

The Freundlich isotherm is empirical and a special case for
heterogeneous surface energies [41,42]. The expression is an expo-
nential equation, and the isotherm model assumes that an infinite
amount of adsorption can theoretically occur:

(8)

qe = KeCJ/" 9)

where C, (ng/mL) is the adsorptive concentration in solution at
equilibrium, g. (pg/mg) is the amount of adsorptive adsorbed per
unit mass of sorbent at equilibrium, K is the Freundlich constant
and 1/n is the heterogeneity factor. The equation may also be writ-
ten in the logarithmic form, and the values for Kr and n were
calculated from the slope and intercept of the linear In C, vs. Inge
plot, respectively.

2.5. Thermodynamic analysis

The thermodynamic parameters of adsorption, Gibbs free
energy change (AG°), standard enthalpy change (AH°), and
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Fig. 1. XRD patterns of clinoptilolite rich mineral (C: characteristic clinoptilolite
peaks, powder particle size: 45-75 wm).

standard entropy change (AS°) provide information concerning
the type and mechanism of the adsorption process. The Gibbs free
energy change in adsorption (AG°) indicates whether it is spon-
taneous, and a higher negative value indicates more energetically
favorable cases. These values were calculated based on data from
designated experiments. The free energy change (AG®) is given by:

AG°=—-RT InK = AH° —T AS° (10)

where R is the universal gas constant, 8.314]/molK, K is the
equilibrium constant and T is the absolute temperature. The slope
and intercept of the InK vs. 1/T plot was used to determine AH°
(KJ/mol) and AS° (KJ/molK), respectively. A negative enthalpy
value change (AH°) indicates an exothermic process.

The activation energy of GUS adsorption for clinoptilolite-rich
minerals was calculated using the Arrhenius relationship:

Ep
In k_lnAa—ﬁ (11)

where Aq is the frequency factor for adsorption, E4 (kJ/mol) is the
activation energy of adsorption and k is the pseudo second order
rate constant. E4 was determined from the slope of the Ink vs. 1/T
plot.

3. Results and discussion
3.1. Characterization results

XRD results for clinoptilolite rich-minerals showed that char-
acteristic clinoptilolite peaks were recognized at nearly 26 =9.8°,
22.3° and 30° (Fig. 1) and the purity of the samples was found to
be 90% using the quantitative analysis method [43]. The chemical
composition of the sample was; 73.4 SiO,, 14% Al,03, 2.5% Fe;03,
4.6% K0, 1.8% Na, 0, 2.2% Ca0, 1.1% MgO and 13.3% H,0. The BET
surface area was found to be 41.7 m2/g.

The pore size distribution of the clinoptilolite-rich minerals
samples was found to be in the range of 0.54-300nm by using
the volumetric system. SEM pictures of the clinoptilolite samples
were used to estimate of the pore structures and macroporous mor-
phologies among the clinoptilolite crystals [44]. The results in Fig. 2
show that the macropore sizes of the crystals range between 784
and 4400 nm. GUS has a tetramer structure with high molecular
weight of 290 kDa and its size distribution results showed that its
size varied in the range of 60-120 nm in sorption solution (Fig. 3).

3.2. Effect of experimental parameters on GUS adsorption
The accessibility of the GUS enzyme to the available active sites

is restricted by the pore/channel dimensions of the mineral parti-
cles, which are composed of clinoptilolite crystals with micropores,

L= ngth. 1863.59

¥
= 4
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4
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*aglengih: 784 63 n
=
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Fig. 2. SEM image clinoptilolite rich mineral and macropore sizes (powder particle
size: 45-75 wm).

mesopores and macro pores in the crystals. The size distribution
results for GUS implied that the enzyme could not go through the
micropores of the crystals, which are in the 0.4-0.5 nm range. Due
to the possible coexistence of several orientations in the working
solution [45], the dynamic behavior of GUS might change during
the adsorption process. Thus, terminals on GUS can bend and may
diffuse through the mezzo and macro pores of the particles, which
are large enough for GUS to diffuse into.

3.2.1. Effect of initial GUS concentration

Figs. 4 and 5 show the effect of contact time on the amount
of GUS removed from the simulated gastrointestinal fluid and
adsorbed by the clinoptilolite-rich minerals, respectively. For dif-
ferent initial GUS concentrations, the initial minutes appear to
be related to the surface film resistance, and subsequent intra-
particle diffusion through the macro pores is also involved. The
rate slows with adsorption progression due to the decreasing

Intensity (Arbitrary Units)

10000

size (nm)

—e—pH55 —=—pH68 —A—pHS

Fig. 3. Size distribution of GUS (100 pg/mL, 37 °C, pH 5.5-6.8-8).
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Fig. 4. Concentration decay curves at various initial GUS concentrations (C;:
20-500 pg/mL, 37°C, 150 rpm, S/L: 5 mg/mL, pH 6.8, particle size: 45-75 um).

numbers of unoccupied active sites, and equilibrium is finally
attained with saturation. Increased initial concentrations result in
higher concentration differences between the clinoptilolite parti-
cle surface and simulated gastrointestinal medium, leading to an
increase in adsorption rates due to a higher driving force for over-
coming the mass transfer resistances. A similar trend was observed
for all concentrations. The results showed that the GUS removal
percentage changed within the range of 9.4-54.4% depending on
its initial concentration.

3.2.2. Effect of solution pH

The effect of solution pH on adsorption kinetics and equilibria
is shown in Fig. 6. pH influences the protonation or deprotona-
tion of surfaces during the sorption process. The active sites on the
clinoptilolite-rich mineral surface are Si—OH and Al—OH groups.
With increases in pH, =Si—0~ and =Al—0~ groups are more domi-
nant, and results from zeta potential measurements indicated that
clinoptilolite was negatively charged at three pH values (Table 2).
For the GUS enzyme, the isoelectric point (pl) is 4.8, and GUS should
have a net negative charge at all three pH values. An increase in
pH resulted in an increase in the adsorbed amount, which was 7
times higher for pH 8 and increased from 1.19 to 8.46 wg/mg for
the pH 5.5 and 8.0, respectively. At pH 8, positively charged amino
acids may become more exposed to the surface yielding higher
adsorbed amount due to possible conformational change with the

12
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£
g’; 4
g
2 -
0 & T T T T .
0 30 60 90 120 150
time (min)
——20pg/mL —o—50pg/mL —A—100pg/mL
—O—150pg/mL —O—200pg/mL —0—300pg/mL
—A—500ug/mL

Fig. 5. Uptake curves for GUS adsorption by clinoptilolite rich mineral (37°C,
150 rpm, S/L: 5 mg/mL, pH 6.8, particle size: 45-75 pm).

time(min)

‘ —o—pH8 —a—pH6.8 —&—pH5.5 ‘

Fig. 6. Effect of pH onadsorption kinetics of GUS by clinoptilolite rich mineral (37 °C,
S/L: 5mg/mL, G;: 100 wg/mL, 150 rpm, particle size: 45-75 pm).

loss in the stability of enzyme at pH 8 [46]. GUS may interact
with clinoptilolite-rich minerals through substitution of the ionized
carboxyl base, and negative charges (repulsion) would influence
binding at the basic side above the pl. This situation indicates that
hydrophobic interactions could be more important for the adsorp-
tion process above the pl. It was reported that proteins cannot bind
to silicalite (which has no Al), where Al molecules in zeolites may
play arole in adsorption and above the pl, although there was elec-
trostatic repulsion, some zeolites such as H-USYs were found to
efficiently adsorb biopolymers [47]. This case was explained by the
carboxylate anions on the protein structure, which could be sub-
stitute for water coordinating with metal ions, and the negative
charges on proteins might result in the substitution of water at the
Lewis acid sites of Al. Therefore, in addition to hydrophobic inter-
actions, contributions from water substitution reactions may be
important in the adsorption mechanism.

3.2.3. Effect of shaking rate

Shaking rate is important for the establishment of homoge-
nous GUS concentrations in bulk medium. In addition, shaking rate
affects the thickness of the surface film layer surrounding clinop-
tilolite mineral particles. Experiments performed with several
sorbent-sorbate pairs demonstrate surface film diffusion, which
has a strong dependence on the shaking rate; as the only rate con-
trolling step for the first few minutes [40]. Fig. 7 shows the effects
of the shaking rate on the amount of GUS adsorbed against the con-
tact time. As observed in the figure, the initial uptake rate increased
with increasing shaking speed. This result may imply that exter-
nal diffusion resistance is likely to have more significant effects
at the early stages of adsorption. Because the external diffusion
resistance is proportional to the film thickness via, the increasing
shaking rate, the external diffusion resistance becomes smaller due
to a reduction in the thickness of the boundary layer. Although it
was expected to have same adsorbed amounts at equilibrium for
all shaking rates; at 50 and 100 rpm, an equilibrium amount for
150 rpm could not reached. This appears to be related to the clog-
ging of the pores by surface blocking, which occurs on the particle
surface by the heavy GUS molecule. Only after a critical force is

Table 2
Variations in the zeta potential of clinoptilolite rich mineral (S/L: 5 mg/mL, 37 °C, pH
5.5; 6.8 and 8, particle size: 45-75 pm).

pH values Zeta potential values (mV)
5.5 —-11.02
6.8 -13.53
8 -15.33
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Fig. 7. Effect of shaking rate on adsorption kinetics of GUS by clinoptilolite rich
mineral (37°C, S/L: 5mg/mL, G;: 100 pg/mL, pH 6.8, particle size: 45-75 um).

created by the fluid movement around the particle can it be
removed and become possible for the GUS molecule to diffuse
through the pores.

3.2.4. Effect of particle size

Considering the sizes of the GUS molecule and clinoptilolite
crystals, diffusion of GUS into the micropores of the crystals is
not possible, and adsorption is almost limited by the external sur-
face together with the macropores of the clinoptilolite crystals. The
effects of particle size on the adsorption kinetics are shown in Fig. 8.
The results show that initial uptake rates and amount of enzyme
adsorbed at equilibrium increase with decreases in particle size,
particularly for finer particles (<45 wm). Grinding large particles
to smaller particles opens clogged pores and channels. Moreover,
smaller particle sizes provide greater surface area, higher numbers
of active sites become available for adsorption for a given mass of
minerals.

3.2.5. Effect of adsorbent concentration

The effects of the amount of clinoptilolite rich-minerals; solid
liquid ratio (S/L), on the adsorption kinetics are shown in Fig. 9.
Although an increase was observed in the total amount of GUS
adsorbed with increases in the amount of minerals due to the exist-
ence of greater surface area and number of active sites provided, the
amount adsorbed per mg of mineral increased up to a critical value.
The maximum adsorbed amount of enzyme per unit mass of min-
eral did not significantly change when the adsorbent concentration
was increased from 5 to 10 mg/mL. This result may be attributed

12
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R B e
Iy e
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’ % 100 150
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‘ —0—25-45um —8—45-75um +75-106pm‘

Fig. 8. Effect of particle size on adsorption kinetics of GUS by clinoptilolite rich
mineral (37°C, S/L: 5mg/mL, G;: 100 wg/mL, pH 6.8, 150 rpm).
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Fig. 9. Effect of solid liquid ratio on adsorption kinetics of GUS by clinoptilolite rich
mineral (37°C, 150 rpm, C;: 100 pg/mL, pH 6.8, particle size: 45-75 wm).

to complex interactions at higher mineral concentrations. Higher
mineral concentrations might trigger interactions such as collisions
of adsorbents thus, adsorbed amounts are negatively affected or
there may be partial overlapping or aggregation of adsorbent at
higher concentrations where total surface area and the availability
of sorption sites were reduced. A similar behavior was observed by
several investigators [48,49].

3.2.6. Effect of temperature

The results of the effects of temperature on the adsorption kinet-
ics are shown in Fig. 10. The results indicated that the adsorption
capacity of clinoptilolite rich-minerals increase with a decrease in
temperature, which implying an exothermic nature of adsorption.
At 15°C and 25°C, there was no considerable difference in the
adsorption behavior of the mineral. In contrast, at 37 °C, adsorp-
tion capacity was considerably reduced, which may be attributed
to conformational changes or aggregation of the GUS molecule and
blockage of the surface.

3.3. Kinetic model results and adsorption mechanism

The values of the external diffusion coefficients (ky), intraparti-
cle diffusion rate constants (ky), and pseudo first-order (ki) and
second-order (ky) rate constants are tabulated in Tables 3-7 for
the different experimental parameters. Slight fluctuations in kg val-
ues, which did not show a consistent trend, were obtained with an
increase in the initial concentration (Table 3). Because the adsor-
bent is a natural clinoptilolite-rich mineral, this might be attributed
to the structural behavior [38] or possible interactions of the
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Fig. 10. Effect of temperature on adsorption kinetics of GUS by clinoptilolite rich
mineral (S/L: 5mg/mL, 150 rpm, C;: 100 wg/mL, pH 6.8, particle size: 45-75 pm).



D. Demirbiiker Kavak, S. Ulkii / Process Biochemistry 50 (2015) 221-229 227
Table 3
Effect of initial GUS concentration on kinetic model parameters (37 °C, 150 rpm, S/L: 5 mg/mL, pH 6.8, particle size: 45-75 pm).
Concentration (p.g/mL) kr x 108 (m/min) r2 kg (g/mg min®>) 2 ki x 102 (min~1) r2 ko x 102 (mg/g min) r2
20 1.56 0.977 0.132 0.906 2.28 0.958 5.88 0.964
50 0.87 0.893 0.162 0.806 6.77 0.930 2.75 0.932
100 0.89 0.910 0.555 0.868 3.78 0.917 1.27 0.919
150 2.25 0.962 0.641 0.826 6.26 0.945 2.39 0.965
200 2.37 0.975 0.761 0.818 10.32 0.963 147 0.964
300 1.97 0.942 1.055 0.856 3.96 0.927 0.91 0.949
500 2.09 0.977 1.266 0.881 8.36 0.972 0.74 0.972
Table 4
Effect of shaking rate on kinetic model parameters (C;: 100 pg/mL, 37°C, 150 rpm, S/L: 5 mg/mL, pH 6.8, particle size: 45-75 pm).
Shaking rate (rpm) ky x 108 (m/min) r2 kg (pg/mg min®>) 2 ki x 102 (min~1) 2 ko x 102 (mg/pg min) r2
50 0.56 0.456 0.1523 C4*: 0.5932 0.427 10.41 0.674 57.61 0.736
100 0.84 0.852 0.1184C,4: 0.1683 0.785 7.32 0.903 2.08 0.890
150 0.89 0.910 0.5554 C4: 0.0789 0.868 3.78 0.917 1.27 0.919
2 Cg: intercept of the g, vs. square root of time plot.
Table 5
Effect of pH on kinetic model parameters (C;: 100 wg/mL, 37°C, 150 rpm, S/L: 5 mg/mL, particle size: 45-75 pm).
pH kr x 108 (m/min) 12 kg (pg/mg min®>) 2 k1 x 102 (min~1) r? ko x 10 (mg/g min) 2
5.5 2.75 0.892 1.598 0.888 447 0.975 239 0.981
6.8 0.89 0.91 0.555 0.868 3.78 0.917 1.27 0.919
8 0.96 0.910 0.217 0.895 6.61 0.965 1.47 0.967
Table 6
Effect of particle size on kinetic model parameters (C;: 100 pg/mL, 37°C, 150 rpm, S/L: 5 mg/mL, pH 6.8).
Particle size (pum) ky x 108 (m/min) r? kg (g/mg min®>) r ki x 102 (min~1) r2 ko x 102 (mg/pg min) r2
25-45 1.63 0.958 1.20 0.833 8.94 0.946 0.85 0.946
45-75 0.89 0.91 0.555 0.868 3.78 0.917 127 0.919
75-106 1.29 0.945 0217 0.884 6.49 0.954 2.14 0.954
Table 7
Effect of temperature on kinetic model parameters (C;: 100 pg/mL, 150 rpm, S/L: 5 mg/mL, pH 6.8 particle size: 45-75 p.m).
Temperature (°C) kr x 108 (m/min) r2 kg (pg/mg min®>) r? ki x 102 (min~1) r2 ky x 10? (mg/pg min) r2
15 10.63 0.979 0.954 0.977 2.65 0.996 0.46 0.987
25 7.85 0.968 0.592 0.948 2.14 0.978 0.85 0.975
37 0.89 0.910 0.554 0.868 3.78 0.917 1.27 0.919

functional groups of GUS molecule with each other. Table 3 illus-
trates that the k; values were increased within the same order of
magnitude as the increase in the GUS concentration, which could
be attributed to the driving force of diffusion. The results indi-
cated that intraparticle diffusion was not the sole rate-limiting
step because plots for q; vs. t yielded a straight line that did not
pass through the origin. However, intraparticle diffusion plots with
high correlation coefficients indicate that the presence of the intra-
particle diffusion process as one of the rate-limiting steps during
adsorption. A similar behavior was observed in several studies of
various adsorbent adsorbate pairs [50,51]. In the 2nd order model,
although the k;, values showed a decreasing trend with increases
in the initial concentration up to 150 p.g/mL, the tendency was not
consistent. At low initial concentrations, GUS bound to high-energy
sites on the clinoptilolite-rich mineral surface at the early stages of
the adsorption. Then, low-energy sites could be occupied by GUS
with increases in its initial concentration. Thus, higher rate param-
eters for the pseudo-second order were achieved [50], and some
conformational changes of GUS may also be effective.

It can be seen in Table 4 that ky values increased with increases
in the shaking rate. Because the external diffusion resistance is
proportional to the surface film/skin resistance, at higher shak-
ing rates with decreases in external thickness or the elimination
of the surface skin, external diffusion resistance was reduced, and

clogged pores were opened. Cy, the intercept of the g vs. square
root of time plot, is proportional to the external film/surface skin
thickness. Higher intercept values for 50 and 100 rpm indicated
a contribution of external film/skin resistance at lower rpm val-
ues. A similar case was reported in the literature for different pairs
[8,52].

The adsorption of GUS from aqueous solutions onto the surface
of clinoptilolite rich-minerals was highly solution pH dependent;
it was affected by both of the surface properties of the sorbent and
the GUS structure. The results implied that the effects of pH on
kinetic model parameters were irregular (Table 5). Fluctuations in
the kinetic model parameters might be attributed to the protein
structure of the enzyme. The dynamic conformation change of the
enzyme with pH most likely caused alterations in the charge and
orientation of the enzyme.

Table 6 illustrates that external diffusion coefficient demon-
strated no consistent trend with the increase in particle size. This
result might be attributed to the dynamic behavior of the GUS
molecule. With the increase in particle size, the surface area of
the particle decreased and the large GUS molecules might have
showed a tendency to occupy the surface, and they might interact
with each other. The k,; values decreased with increases in particle
size because the time and pathway required for diffusion the inte-
rior parts of the clinoptilolite-rich mineral increased. The amount
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Fig. 11. Adsorption isotherms at 15, 25 and 37°C (S/L: 5mg/mL, 150 rpm, pH 6.8,
particle size: 45-75 pm).

of the external surface area available for a rapid reaction decreases
with increasing particle size for a constant sorbent mass.

The results in Table 7 show that the 1st and 2nd order reac-
tion rate parameters increased with temperature. However, the k¢
and kg values decreased with increases in temperature, and the
decrease was particularly significant for k. This finding indicated
that increasing temperature does favor the sorption process in
which the diffusion rate of GUS molecules thorough particle sur-
faces and into the pores of the particle decreased due to increases
in skin resistance and blocking of the surface. For example, at
higher temperatures, GUS molecules might undergo conforma-
tional changes; thus free amino acid residues exposed to the
surface might have changed. It was reported that some protein
molecules, at temperatures higher than room temperature, may
aggregate by S—S (disulfide) bond formation [45]. Additionally,
aggregation of the terminals might occur due to attractive electro-
static interactions with the oppositely charged groups by changes
in conformation with temperature to a more suitable form for elec-
trostatic interaction. Thus, the aggregation of GUS in solution may
result a molecular form with a bigger size; blocks the surface and
increases surface skin resistance.

3.4. Sorption isotherm model results

The isotherms and related constants are shown in Fig. 11 and
Table 8, respectively. The Langmuir model, which is based on
monolayer coverage, demonstrated superiority over the Freundlich
model, particularly for higher temperatures. Sorption equilibrium
data were well represented by the Langmuir isotherm model with
higher correlation coefficients and higher values for K; signifying
higher affinity for GUS binding. K; decreased with increasing tem-
perature so that the low temperature adsorption process is more
favorable.

3.5. Thermodynamic parameters and activation energy

The thermodynamic parameters: standard free energy change
(AG®), enthalpy change (AH°), and entropy change (AS°) were

Table 8
Langmuir and Freundlich constants for GUS adsorption.

Temperature (°C) Langmuir isotherm Freundlich isotherm

qm (Lg/mg) Ki (mL/mg) r? K (ng/mg) 1/n 12

15 14.41 54.60 0.995 4.57 0.19 0.994
25 14.20 36.79 0.994 2.52 0.30 0.940
37 10.00 13.73 0.976 1.01 0.36 0.902

¥;Iej:fn?)dynamic parameters for GUS adsorption by clinoptilolite rich mineral.
AH° (k]/mol) AS° (J/mol K) AG® (kJ/mol)
T=288K T=298K T=310K
—46.89 —81.68 -23.15 —22.98 -21.36

evaluated to test the feasibility, heat effect, and mechanism of the
removal of GUS from the simulated intestinal media by the adsorp-
tion process. The results of the thermodynamic parameters are
shown in Table 9. The AG® values for GUS were negative, demon-
strating that free energy decreased with adsorption. Free energy
changes give idea about the feasibility of the adsorption process.
GUS adsorption was found to be spontaneous at the temperatures
under investigation (288-310K) as indicated from the negative
AG° values. A negative value for entropy changes indicates that
degree of freedom decreases at the solid/liquid interface during
adsorption. The results with negative values for enthalpy changes
indicated that the adsorption of GUS on clinoptilolite minerals was
an exothermic process.

Although physical or chemical nature of adsorption can usually
be estimated by comparing the standard enthalpy change (AH®),
the Gibbs free energy change (AG°) and activation energy values
with values reported in the literature, a clear distinction is not
easy. For chemical adsorption, the release of heat is much larger
than the heat of condensation and enthalpy changes were reported
to be in the range of 10-30Kk]J/mol, whereas for chemical adsorp-
tion, it is over and generally falls in the range of 80-200 kJ/mol
[36,53,54]. Activation energies less than 42 kJ/mol were attributed
to physical processes, and higher activation energies (>42 kJ/mol)
were attributed to chemical processes; generally, O to —20k]/mol
for free energy change was reported to be the physical range, and
—80 to —400Kk]J/mol was reported to be the range for chemical
adsorption [55,56]. All values for the thermodynamic parame-
ters for GUS adsorption were well below the values for chemical
adsorption (the value of activation energy for GUS adsorption was
34.1kJ/mol, enthalpy change was —46.89 k]/mol, AG° was in the
range of —21.36 to —23.15 kJ/mol), indicating physical rather than
chemical adsorption.

4. Conclusions

In this study, the adsorption of bacterial [-glucuronidase,
which is thought to be responsible for the production of reactive
metabolites related to some diseases and cancer development, by
clinoptilolite-rich mineral under simulated gastrointestinal condi-
tions was investigated. Kinetic studies indicated that initial GUS
concentrations lead to an increase in adsorption capacity and rate.
The removal percentage of GUS by clinoptilolite-rich minerals
ranged between 9.4 and 54.4%, depending on its initial concentra-
tion. Higher adsorption capacities and rates were achieved with
increases in shaking rates. It was found that when the adsorption
temperature was increased, the adsorption capacity was decreased.
The results imply that external film and intraparticle diffusion
appear to be effective in GUS adsorption. Sorption isotherm results
indicated that the experimental data were well represented by
the Langmuir isotherm model. The decrease in adsorption capac-
ity with increasing temperature and low value (magnitude value)
for activation energy (E,) indicated that the adsorption of GUS by
clinoptilolite-rich minerals might be by physical adsorption. The
negative values for enthalpy change indicated an exothermic pro-
cess and negative values for the Gibbs free energy change indicated
that GUS adsorption was spontaneous at the temperatures studied
(288-310K).
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Although clinoptilolite appears to have potential value for elim-
inating GUS enzyme, further studies at 37°C and shaking rates
simulating gastrointestinal conditions (50-100 rpm) should be per-
formed.
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