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A B S T R A C T

Since 2013, bentonite in the form of dioctahedral smectite is an additive authorised in the EU as a substance for
the reduction of the contamination of feed by aflatoxins. Several studies indicate a big difference in the effec-
tiveness of smectites in sequestering aflatoxins. A clear correlation between mineralogical and physico-chemical
properties of smectites and aflatoxin adsorption has not been well established. In the effort to identify the most
critical mineralogical, chemical, and physical properties that affect aflatoxin adsorption by smectites, 29 samples
of bentonites obtained from different sources around the world were evaluated. “As received” samples were
divided into two main groups, i.e. hydrothermal (n=14) and sedimentary (n=15) bentonites depending on their
geological origin. The characterization studies showed that all samples contained dioctahedral smectite as major
mineral; a moderate CEC value (60-116 cmol/kg); the presence of iron; a small organic matter content; a near-
neutral pH; and a fine and uniform particle size (< 45μm). They differed substantially in their sodium, calcium
and magnesium contents, and in the swelling properties depending on the geological origin. Several in vitro
adsorption studies showed that they also differed in a significant manner in adsorbing aflatoxin B1 (AFB1). A
correlation between geological origin and AFB1 adsorption capacity was found (p< 0.001), being sedimentary
smectites significantly more effective than hydrothermal ones in adsorbing the toxin at different pH values. The
extent of AFB1 adsorption by all samples was negatively and linearly correlated to the extent of desorption, and
sedimentary smectites were significantly more effective than hydrothermal smectites in keeping bound the
adsorbed fraction of the toxin (p < 0.001). In addition, correlation studies using the Pearson statistical method
showed a significant relationship among some physico-chemical properties of smectites and the amounts of
adsorbed toxin. In particular, AFB1 adsorption by smectites correlated positively with sodium content and swell
index, but negatively with d001-value, magnesium and calcium contents. In conclusion, it seems that the geo-
logical origin of smectite is a useful guide for the selection of bentonites for AFB1 detoxification. Sedimentary
bentonites containing sodium/swelling-smectite should be preferred to hydrothermal samples as potential
aflatoxin binders. Taking into account the geographical origin of our samples, this approach should be applicable
to bentonites worldwide.

1. Introduction

Bentonites are formed by highly colloidal and plastic clays com-
posed mainly of montmorillonite, a clay mineral of the smectite group
(Phillips et al., 1995; WHO, 2005; Bergaya and Lagaly, 2013). Hun-
dreds of uses reveal the utility of clays in very different fields (Carretero
and Lagaly, 2007). Bentonites are broadly distributed around the world,
but approximately 90% of the world's bentonite production is con-
centrated in 22 countries (WHO, 2005). They form mainly from

alteration of pyroclastic and/or volcaniclastic rocks (Christidis and
Huff, 2009). Extensive deposits, linked to large eruptions, have formed
repeatedly in the past. There are three main mechanisms of formation
of bentonites with economic importance: (1) in situ diagenetic altera-
tion of volcanic glass; (2) hydrothermal alteration of volcanic glass and
(3) formation of Mg-smectite-rich sediments in inland and saline alka-
line lakes (Galan and Castillo, 1984). Bentonite composition is partly
controlled by parent rock chemistry and is affected by a complex in-
terplay of different factors including temperature, fluid chemistry,
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reaction time, fluid/rock ratio and probably the composition of the
precursor materials (Altaner and Ylagan, 1997; Sinha and
Raymahashay, 2004; Miyoshi et al., 2013). Recent studies have shown
that bentonite deposits may display cryptic variations in layer charge -
i.e. the variations are not visible at the macroscopic scale - and these
correlate with physical properties (Christidis and Huff, 2009). This
explain why bentonites with the same chemical constituents may have
very different properties and minerals with identical properties may
have very different chemical constituents. It all depends on how the
atoms are arranged. These “cryptic variations” in physico-chemical
properties of bentonites may be a cause of the different behavior of
bentonites in adsorbing aflatoxins.

Aflatoxins are secondary metabolites of moulds and are the stron-
gest animal carcinogen (Avantaggiato and Visconti, 2009; JECFA,
2018). Aflatoxin B1 (AFB1) is the most toxic to humans and animals. Its
metabolite aflatoxin M1 appears in milk and milk products as a direct
result of the animal ingesting feed contaminated with AFB1 (EFSA,
2004). The use of clay minerals, mainly montmorillonite, to alleviate
aflatoxin toxicity was started in the late 1970s (Masimango et al., 1978,
1979). Plentiful literature is available on this issue, primarily in the
field of in vitro aqueous experiments (Phillips et al., 1995; Ramos and
Hernández, 1996; Charturvedi et al., 2002; Phillips et al., 2008; Li et al.,
2018) and animal feed trials (Phillips et al., 1988; Marquez and
Hernandez, 1995; Nahm, 1995; Desheng et al., 2005; Magnoli et al.,
2008; Vila-Donat et al., 2018). A further step was the use of smectite in
human nutrition; in particular, the effectiveness of a smectite as an
agent for decreasing biomarkers of aflatoxin exposure was found
(Afriyie-Gyawu et al., 2008a; Phillips et al., 2008; Wang et al., 2008),
and its safety for humans after ingestion was studied (Afriyie-Gyawu
et al., 2008b; Wang et al., 2005). In Europe, bentonite is authorised as a
feed additive under the category of technological additives and the
functional groups: i) ‘binder’, ‘substance for control of radionuclide
contamination’ and ‘anticaking agent’ (1m558i), for all animal species;
and ii) ‘substance for reduction of the contamination of feed by myco-
toxins (AFB1)’ for ruminants, poultry and pigs (1m558) (EU, 2013). The
authorisation of bentonite as food additive expired on the 31st of May
2013 (EU, 2012).

Several in vitro studies indicate a big difference in the effectiveness
of bentonites in sequestering AFB1. These studies suggest that AFB1

adsorption efficacy of a bentonite may depend on physical, chemical
and mineralogical properties of the smectite, such as its content in the
clay, cation exchange capacity (CEC), hydrated radius of the interlayer
cation, particle size distribution, specific surface area, Fourier
Transform Infrared (FTIR) evidence of iron and/or magnesium in the
smectite structure, pH, and organic carbon content (Phillips et al.,
1995; Grant and Phillips, 1998; Barrientos-Velázquez et al., 2016).
Some authors tried to explain which of these properties is involved in
the AFB1 adsorption process. Phillips et al. (1995) suggested a re-
lationship between AFB1 adsorption and surface area of the smectite.
Tenorio Arvide et al. (2008) observed that the structural composition of
the octahedral sheet in smectites affected their aflatoxin adsorption
capacity: the smectites with certain amount of structural iron and
magnesium octahedral substitutions had higher aflatoxin adsorption
capacities than the smectites with less octahedral substitutions for
aluminum, which was confirmed by Dixon et al. (2008). In addition,
latter Authors stated that good AFB1 binding bentonites should be
dominantly smectite clays with a CEC recommended at 70 cmol/kg;
they should have a particle size set at 35 to 60 Δμ; a pH between 5 and
9; and a low carbon content (Dixon et al., 2008). Further studies de-
monstrated that high-charge density smectites had low adsorption and
poor affinity for AFB1 (Jaynes and Zartman, 2011; Deng et al., 2012;
Barrientos-Velázquez et al., 2016). Saturation of smectite with divalent
cations enhanced adsorption capacity and affinity for aflatoxin, con-
firming that the type of exchange cation can strongly influences the
aflatoxin adsorption on smectites (Deng et al., 2012; Barrientos-
Velázquez et al., 2016. Particle size and morphology of the smectite

influences the amount of AFB1 adsorbed, as well (Mulder et al., 2008).
A linear correlation (R2 = 0.73) between the < 2 μm fraction clay
content and maximum AFB1 adsorption was observed. The morpholo-
gical analysis indicated that the better adsorbents occurred as thin
particles, while the moderate to poor adsorbents were observed as
thicker particles (Mulder et al., 2008). Recently, Vekiru et al. (2015)
showed that the differences in AFB1 adsorption capacity of smectites
can be related to the structural configuration: the cis-vacant smectite
samples showed higher AFB1 binding than the trans-vacant sample.
Notwithstanding these observations, a significant correlation between
mineralogical and physico-chemical properties of smectites and AFB1

adsorption has not been well established. Thereof, a predictive model of
AFB1 adsorption by bentonites does not exist yet, being complicated by
the crystal-chemical variability within the smectite group (Tenorio
Arvide et al., 2008). So far, the effect of geological origin of bentonites
has not been systematically examined. In this contest, the present study
was aimed to assess the role of geological origin of bentonites, mined
from different locations around the world, on adsorption and retention
of AFB1. In addition, mineralogical and physico-chemical properties of
bentonites were determined and correlated to aflatoxin adsorption ca-
pacity, affinity and chemisorption index measured by equilibrium ad-
sorption isotherms and toxin desorption studies.

2. Materials and methods

2.1. Chemicals and AFB1 analysis

AFB1 standard (purity > 99%) was supplied by Sigma-Aldrich
(Milan, Italy). All chemicals used were of analytical grade unless
otherwise stated. All solvents were purchased from J.T. Baker
(Deventer, The Netherlands) and were of High Performance Liquid
Chromatography (HPLC) grade. Water was of Milli-Q quality (Millipore,
Bedford, MA). The binding of AFB1 to bentonites was studied under two
different pH conditions: pH3 (citrate buffer), and pH7 (phosphate
buffer). These pH values were chosen to determine the effect of pH on
mycotoxin binding within the range found in the gastrointestinal tract.
Citrate buffer (0.1 mol/L) was prepared by dissolving 4.27 g of tri-so-
dium citrate 2-hydrate (C6H5Na3O7 – 2H2O, MW 294.1) in approxi-
mately 900 mL of distilled water. Then, the solution was adjusted to
pH3 with 17.96 g of citric acid (C6H8O7 – H2O, MW 210.13, d 1.5) and
filled up to 1000 mL with distilled water. To prepare the phosphate
buffer (0.1 mol/L), a 0.1 mol/L solution of sodium di-hydrogen phos-
phate 2-hydrate (NaH2PO4 – 2H2O, MW 156.01) was prepared by dis-
solving 15.601 g of NaH2PO4 – 2H2O in 1000 mL of distilled water. A
0.1 mol/L solution of di-sodium hydrogen phosphate 12-hydrate
(Na2HPO4 – 12H2O, MW 358.14) was prepared by dissolving 35.814 g
of Na2HPO4 – 12H2O in 1000 mL of distilled water. Then, the Na2HPO4

solution was adjusted to pH7 by adding the NaH2PO4 solution.
Stock solutions of AFB1 (1 mg/mL) were prepared by dissolving the

powder of toxin in acetonitrile. Stock solutions were stored in the dark
at 4°C. The actual concentration of these stock solutions was verified by
UV-vis spectrophotometric according to the AOAC Official Methods of
Analysis (2000). Briefly, a standard solution at 10 μg/mL was prepared
by properly diluting the stock solution with acetonitrile, and then
measuring the absorbance at wavelength of maximum absorption close
to 350 nm. The following equation was applied to calculate mycotoxin
concentration: Mycotoxin (μg/mL) = (A x MW x 1000)/ε, where A =
absorbance (mean of 6 replicate measurements), MW = molecular
weight (312 g/mol), ε = molecular absorptivity (20700). To perform
the adsorption experiments, working solutions of AFB1 were prepared
by diluting the stock solution (1 mg/mL) with citrate or phosphate
buffers.

AFB1 was analysed by HPLC with fluorometric detection. The HPLC
apparatus consisted of an Agilent 1100 series system (Agilent,
Waldbronn, Germany) equipped with a binary pump (G1312A model),
autosampler (G1313A model), column thermostat (G1316A model) and
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a spectrofluorometric detector (G1321A model). The column used was
a Zorbax SB-Aq, Agilent (150 x 4.6 mm, 5.0 μm particle sizes). Column
temperature was set at 35°C. Isocratic mobile phase consisting of water/
acetonitrile (50/50, v/v) was eluted at 1 mL/min flow rate for 4.5 min
followed by a 3 min washing step with 90% acetonitrile. The fluores-
cence detector was set at 365 nm (λex) and 435 nm (λem). AFB1 re-
tention time was 3.5 min.

2.2. AFB1 adsorption and desorption experiments

Preliminary adsorption experiments were performed to determine
the efficacy of selected bentonites in adsorbing AFB1 from citrate and
phosphate buffers. Adsorption trials were carried out at constant tem-
perature (37°C), using a very little adsorbent concentration set at
0.001% w/v (corresponding to 0.01 mg/mL) and 90 min of contact
time. This concentration was preferred as it allowed the ranking of
bentonites yielding detectable reduction values of the toxin from the
liquid mediums. Briefly, 2 mg of each bentonite sample were weighed
in an amber glass vial and suspended with 10 mL of buffered solution.
This suspension was vigorously mixed by vortex for a few seconds.
Afterwards, 100 μL of the suspension were added to 1.9 mL of standard
working solution containing 1 μg/mL of AFB1. The latter suspension
was vigorously mixed by vortex for few seconds and then shaken in a
thermostatically controlled shaker (KS 4000, IKA®-Werke GmbH &Co.
KG) at constant temperature and 250 rpm speed. After incubation
period, 1 mL of suspension was transferred into an Eppendorf tube and
centrifuged for 20 min at 18 000 x g and 25°C. Supernatant sample was
analyzed for the residual mycotoxin content by HPLC. A blank control
was prepared using the mycotoxin working solution in buffer without
bentonite. This was subjected to the same test procedure and served as
background control during the analysis to investigate the stability of
toxin in the buffer solutions or any possible nonspecific adsorption.
Chemical precipitation and losses of mycotoxins due to nonspecific
adsorption were not detected.

Equilibrium adsorption isotherms were performed at 37°C, pH7 and
90 min of contact time testing standard solutions containing an in-
creasing AFB1 concentration (1-10 μg/mL) with a fixed amount of
bentonite (0.005%, w/v). This adsorbent amount was preferred as it
yielded for all samples a range of aflatoxin adsorption values suitable
for curve fitting and mathematical modeling. All adsorption experi-
ments were performed in triplicate.

In order to investigate the desorption capacity of AFB1 from ben-
tonite, 10 mg of adsorbent material was weighed into a 2-mL screw-cap
test tube and mixed with 2 mL of mycotoxin working solution (pH7),
containing 5 μg/mL of AFB1. Higher adsorbent (0.5% w/v) and toxin
concentrations were used for this study to have detectable amounts of
toxin in the desorbing solvent. Samples were incubated at 37°C, for 90
min in a rotary shaker as described above, then they were centrifuged,
the supernatants completely removed and analysed for residual myco-
toxin content. To assess mycotoxin desorption due to methanol, after
complete removal of supernatants, the adsorbent pellets were washed
twice with 2 mL of methanol, and shaken for 30 min at 250 rpm. The
supernatants of methanol desorption steps were pooled and analysed
for mycotoxin content. Desorption study was performed in triplicate.
Values of mycotoxin adsorption (at pH7) and desorption were calcu-
lated and expressed as percentage. The chemisorption index (Cα) was
calculated and expressed as the ratio of the difference between the
amount of toxin adsorbed (Cb) and the amount desorbed (Cd) to the
initial amount (Ci), Cα = Cb - Cd / Ci.

2.3. Bentonites and physico-chemical characterization

Bentonite samples (29) in form of thin powder were collected by
Laviosa Chimica Mineraria SpA (Livorno, Italy) from different mining
companies and were obtained from a variety of locations, including
some within the European Union. In particular, one sample was from

France (H3), one from Spain (H5), one from Greece (H11), one from
Georgia (H7), one from Morocco (H10), two from Italy (H1 and H6),
five from India (H8, H9, H12, H13 and H14), five from Argentina (S4,
S8, S11, S12 and S13), five from the USA (S5, S9, S10, S14 and S15),
and seven from Turkey (H2, H4, S1, S2, S3, S6 and S7). As reported by
the providing companies, most samples were mined by stripping
methods from open pits after removing any overburden. Uniform
samples were obtained by separating the bentonite from a single pit
into several stockpiles, which were subsequently blended to obtain the
desired composition. According to the manufacturers, extraction of the
clays was followed by crushing, drying, and grinding. Samples did not
undergo to further processing procedures. Mineralogical and physico-
chemical characterization of bentonites, and AFB1 adsorption trials
were performed using “as received” samples. All materials were labeled
with a number code and were divided into two main groups, i.e. hy-
drothermal (“H”, n=14) and sedimentary (“S”, n=15) bentonites.
Geological origin of bentonites was assessed by geochemical and geo-
logical surveys performed by geological technicians of the mining
companies.

The swell index, a test that evaluates the swelling ability of bento-
nite under zero normal stress, was measured by adding 2 g of finely
ground bentonite oven dried at 105°C to 100 mL of reagent water by 0.1
g increments (ASTM D5890, 2011). After a minimum hydration period
of 16 h, the volume of hydrated clay mineral was recorded. The swell
index was expressed as mL/2 g ± 0.5 mL.

The grade of bentonite was measured by the methylene blue cation-
exchange capacity (MBI/CEC) (C837-09, 2014; Taylor, 1985). The re-
sults were expressed as mg of methylene blue zero hydrate per gram of
dry bentonite. These values were used to calculate the CEC as the total
amount of cations absorbed expressed in centiequivalent per Kg of dry
sample.

Moisture content was determined according to the ASTM D2216-10
(2010). For this purpose, 20 g of product were weighed precisely to
within 0.05 g into a dish, and then dried in the oven at 105°C until a
constant weight. The sample was cooled in the desiccator. The per-
centage of moisture was calculated as C = (A – B)/A x 100 where: A is
the sample with moisture in grams, B represent the dried sample in
grams and C is the moisture (water content in percentage). The water
content was specified within a precision of 0.1%.

The carbonate content was determined using the titration method
according to ASTM D4373-14 (2014). A carbon dioxide (CO2) devel-
opment was observed following the addition of hydrochloric acid (HCl)
to bentonite. The amount of CO2, gives a measure of carbonate presence
in the bentonite (expressed as calcium carbonate). For this purpose, 2–3
grams of material with 0.01 g precision was weighed and poured in a
small flask. Inside there was a small test tube with about 10 mL of HCl
(1:1). The flask was closed and the burette was leveled to zero. The flask
was inclined so that the HCl was in contact with the bentonite and the
CO2, which has developed in the burette, was collected. When stabi-
lized, the flask near the burette was moved until the level of the water
was the same than the burette. Then the volume of the CO2 developed
was read.

The loss on ignition (LOI) at 960°C was measured gravimetrically
from dry samples (110°C), according to LOI = (Wd – Wf)/Wd x 100,
where Wd is the weight of the dry sample at 110°C, and Wf is the weight
of the calcined sample at 960°C during 3 h. pH of bentonite samples was
measured according to a standard test method (ASTM D4972-18, 2018)

Bentonite samples were characterized by X-ray Fluorescence (XRF)
analysis to determinate the amount of the various metals in the original
samples (Alshameria et al., 2018; Díaza et al., 2018). 1-2 mL of poly-
vinyl alcohol (10%) were added to 6-8 g of powder sample and this
mixture was put in an oven at 100°C for a couple of hours until dryness.
The sample was crushed in a mortar until obtaining a powder without
lumps. The sample was put into a sample holder previously partially
filled with boric acid, and then pressed through a manual press to ob-
tain a tablet. The amount of metals was determined by an S4 Explorer
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X-ray spectrophotometer (Bruker AXS GmbH, Germany) operating at a
power of 20 kV and 5 mA. The quantitative results were calculated as
oxides and normalized to 100%.

X-ray diffraction (XRD) analysis was performed to determinate the
crystalline mineral content in bentonite samples based on the method
by Moore and Reynolds (1989). X-Ray diffraction analysis is based on
the typical characteristic of crystals to satisfy Bragg’s law: nλ=2dsenϴ
with n being an integer, λ the wavelength of the Cu Kα-radiation, d the
repeated distances of the crystal planes (of the smectite) and ϴ the
angle between the incident x-ray beam and the scattering planes. Dif-
fraction is possible only in the presence of a crystalline system, so this
analysis allows the identification of all minerals present in a sample if
not in an amorphous state. XRD analysis was performed using the dif-
fractometer Philips type PW1840 (Rigaku, Germany) with the following
operating conditions: Cu-Kα radiation, 40 kV voltage, 20 mA current
and slit size of 0.2°. The samples were scanned between 2 and 65° 2θ.
The step size was 0.02° 2θ and counting time was 1 s/step. Bentonite
samples had a residue on 200 mesh (0.075 mm) not exceeding 10%.
Moisture of sample powder ranged from 8–12%. The XRD data were
analyzed using Jade 7.1.2 software (Jade Software Corp., Christchurch,
New Zealand). The data were processed with Excel 2010 (Microsoft
Corp., Redmond, WA, USA) and Origin 6.0 software (OriginLab,
Northampton, MA, USA). If smectite was present without other mi-
nerals the result indicated 100% smectite. If other minerals were pre-
sent, they were identified. The difference between the percentage of
identified minerals and 100% was considered smectite.

Bulk samples were analyzed for particle size by a laser diffraction
particle size analyzer (Sympatec, RODOS/IM-VIBRI-HELOS/BF,
Sympatec GmbH-System, Germany). This instrument uses laser dif-
fraction technology and multi-wavelength light scattering to determine
particle size distribution in a single analysis by virtue of binocular
optics. The analysis of optical parameters was performed using the
Sympatec software WINDOX 5. Particle size distribution curves were
provided by the software.

The viscosity of bentonite dispersions was measured using a
Brookfield DV-II prime digital viscometer (Brookfield Engineering
Laboratories, INC., MA, USA). Dispersions were prepared with 4%
bentonite (w/v) in distilled water and by mechanical mixing for 20 min
at 20 000 rpm using a Hamilton Beach mixer. The viscometric data
were obtained using a rotational speed at 20 rpm. All rheological tests
were performed at 25°C ± 0.1. After mixing, each bentonite dispersion
was poured in a covered container and left for a specific time at room
temperature. The flow curves of samples were measured at different
aging times, namely, immediately after the preparation, and 24h after
preparation. In this study, viscosity values measured at time 0 are re-
ported.

2.4. Data calculations of mycotoxin adsorption and statistical analysis

The adsorption is generally defined as the percentage of mycotoxin
adsorbed on adsorbent materials related to the quantity present at the
beginning of the test, under the test conditions. The amount of adsorbed
mycotoxin was calculated as the difference between the amount of
AFB1 in the supernatant of the blank tubes with no test product and the
amount found in the supernatant of the experimental tubes with the
bentonite. This amount was related then to the quantity present in the
supernatant of the blank tubes and expressed as percentage.

Adsorption isotherms were obtained by plotting the amount of AFB1

adsorbed per unit of mass of adsorbent (Qeq) against the concentration
of AFB1 in the external phase (Ceq), under equilibrium conditions (Qeq)
= f(Ceq). These data were transferred to SigmaPlot (Systat.com, version
12.3) and fitted by the Langmuir, the Freundlich and the Sips models
(Foo and Hamed, 2010) using the non-linear regression method and the
Marquardt-Levenberg algorithm to find the best adsorption parameters,
i.e. the maximum adsorption capacity Bmax (mg/g) and affinity Kd (L/
mg) related to the adsorption of AFB1 onto bentonites. The SigmaPlot

nonlinear regression method, which uses the Marquardt−Levenberg
algorithm, was used as a viable tool to define the best-fitting relation-
ship between a set of experimental data and the proposed isotherm
models. Statistical analysis was performed using a factorial ANOVA
with concentration (Ceq) as categorical predictor variable and quantity
of mycotoxin adsorbed (Qeq) as dependent variable. The normality test
(Shapiro-Wilk), the constant variance test (Spearman rank correlation),
and the Durbin−Watson statistic test were used to test, respectively, for
normally distributed population, constant variance assumption, and
correlation between residuals. The threshold for significance level for
normality and constant variance test was set at p< 0.05. The expected
value of the Durbin−Watson statistic for random, independent, nor-
mally distributed residuals was 2. The coefficient of determination (R2),
the standard errors of the estimate (sy|x), the residual sum of squares
(SSres), and the predicted residual error sum of squares (PRESS) were
calculated to assess the fitness/suitability of the regression models. The
isotherm models that provided the lowest SSres, sy|x, and PRESS and the
highest R2 were considered to give the closest fit.

Experimental results relevant to AFB1 adsorption, AFB1 desorption
and physico-chemical properties of smectites belonging to different
geological categories were compared using the t-test analysis. In addi-
tion, the Normality test (Shapiro-Wilk) and the Equal Variance test
were used to check, respectively, normally distributed population and
constant variance assumption. The threshold for significance level for
Normality and Equal Variance tests was set at p< 0.05. Mann-Whitney
Rank Sum Test was used when Normality and/or Equal Variance tests
failed.

3. Results and discussion

3.1. Mineralogical composition of bentonites and physico-chemical
properties

Bentonite is a widely distributed material and is mined worldwide.
However, the main deposits are located in few countries (22) with the
USA, Greece, and the Commonwealth of Independent States accounting
for roughly 55% of the annual world production (WHO, 2005). For this
study, samples were obtained from deposits located in some of the most
important bentonite producing areas in the USA, India, Argentina,
Turkey, Spain, Italy and Greece. Geological surveys performed in situ,
and mineralogical and chemical examination of bentonite samples al-
lowed geological technicians of providing companies to divide the de-
posits into two main groups: i) those resulting from sub-aqueous al-
teration of fine-grained volcanic ash (sedimentary bentonites), and ii)
those resulting from in situ hydrothermal alteration of volcanic rocks
(hydrothermal bentonites) (Grim and Güven, 1978). Samples of sedi-
mentary (15) and hydrothermal (14) bentonites were in equal number,
and were all examined for mineralogical and physico-chemical prop-
erties, namely mineral, and metal contents, carbonate content, pH, total
moisture content, particle size distribution, cation exchange capacity
(MBI/CEC), swell index, loss of ignition at 960°C, and viscosity.

XRD analysis provides definitive information on the mineralogical
composition of a bentonite, both in terms of clay and non-clay con-
stituents. In addition the d060-value shows whether the smectite is
dihoctaedral (1.49-1.50 Å) or trioctahedral (1.52-1.53 Å). Results of
mineralogical analysis of bentonite samples are summarized in
Table 1A (sedimentary bentonites) and 1B (hydrothermal bentonites).
The major mineral identified in each of the twenty-nine natural samples
was found to belong to the smectite group with dioctahedral structure
(montmorillonite), as suggested by the XRD peak at 1.493-1.500 Å
(d060-value). Other minerals were found in subordinate quantities
(Table 1A and B). The major accessory mineral in the samples was
quartz. Feldspars, calcite, opal/cristobalite, mica, kaolinite, gypsum,
zeolite, hematite, heulandite or dolomite were also found. Carbonate
content was low being less than 6.5%, except for the hydrothermal
bentonite H3 sample which contained 12.6% of carbonate. XRD
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examination of an “oriented” mount of the smectite constituent shows
whether this contains mainly divalent or monovalent exchangeable
cations. Under normal relative umidity, the 001 reflection (d001-value)
of a divalent cation saturated-smectite is about 15.4 Å, whereas for a
monovalent cation-saturated smectite is about 12.6 Å. Sedimentary
bentonites (except samples S4, S5, and S13) showed d001-values
≤12.6 Å, and they were identified as sodium smectites (Table 1A).
Sample S5 was a calcium smectite as indicated by its d001-value at 14.7
Å, while samples S4 and S13 were smectites with a mixed sodium/
calcium assemblage (sodic-calcic smectites). In the group of hydro-
thermal bentonites, eight natural samples were calcium dominated
smectites, while samples H3, H8, H9, H12, H13 and H14 were identi-
fied as sodic-calcic mixed smectites (Table 1B).

XRF is nowadays a frequently used method in analysis of solid
geological and environmental materials. The method is fast and cost-
effective, because the sample decomposition is not required. XRF results
are summarized in Table 1A-B. The main chemical elements which
characterized the various bentonite samples were silicon (SiO2), alu-
minium (Al2O3) and iron (Fe2O3), which were calculated on the oxide
compound. Sodium (Na2O), calcium (CaO), potassium (K2O), magne-
sium (MgO), phosphorus (P2O5), titanium (TiO2) and manganese
(MnO) were found in small quantities (less than 5.5%). It is proposed
that only elements of sodium, calcium and potassium are exchangeable.
Ranges (and median values in brackets) for some elements in the group
of sedimentary bentonites were 7-85 (57) meq/100g for sodium; 8-166
(52) meq/100g for calcium; 33-184 (111) meq/100g for magnesium,
and 127-282 (162) meq/100g for iron. In the group of sedimentary
bentonites, a low amount of sodium (7 meq/100g) and a high amount
of calcium (166 meq/100g) was observed for the sample S5 (which was
identified as a calcium smectite). Ranges (and median values) for these
elements in hydrothermal bentonites were 9-83 (26) meq/100g for
sodium; 38-323 (83) meq/100g for calcium; 113-274 (157) meq/100g
for magnesium, and 60-609 (221) meq/100g for iron. As shown in the
box blot in Fig. 1, a significant difference in elemental composition
between sedimentary and hydrothermal bentonites was found for the
contents in sodium and magnesium. As expected, sodium content in
sedimentary bentonites was significantly higher than hydrothermal
samples (pt-test=0.001), whereas magnesium content was significantly
higher in hydrothermal samples (pt-test=0.002). The mean contents of
calcium and iron of hydrothermal samples were higher than sedimen-
tary bentonites, but these differences were not significant (pt-
test=0.05). Interestingly, most sodic-calcic mixed smectites (namely
samples H8, H9, H12, H13 and H14) belonging to the group of hy-
drothermal bentonites showed the highest content of iron (418-609
meq/100g).

In accordance with chemical element analysis, sedimentary bento-
nites (being mainly sodium smectites) showed the highest swelling
properties, and when mixed with water they exhibited the greatest
grade of dispersion. For sedimentary and hydrothermal bentonites,
swell index values were in the ranges 9-50 and 3-24 mL/2g, respec-
tively (Tables 2A-B and Fig. 1). Median values of swell index (25th and
75th percentile) were 23 (21-31) mL/2g for sedimentary bentonites, and
9 (5-18) mL/2g for hydrothermal bentonites. These values were sta-
tistically different (pt-test < 0.001). The calcium-dominant smectite
(S5) in the group of sedimentary bentonites exhibited low swelling
property, while the opposite was found for the sodic-calcic mixed
smectites belonging to the hydrothermal group (namely samples H8,
H9, H12, H13 and H14).

Sedimentary and hydrothermal bentonites did not differ sub-
stantially in the values of pH (Tables 2A-2B). For all natural samples the
pH was in the range of 6.8-9.6, although most of them showed a pH
near neutral. It is not uncommon to find alkaline pH values with various
aluminosilicates, as well as in confirmed smectite-containing products
(Marroquın-Cardona et al., 2009). The US Pharmacopeia has reported a
pH of 9.5–10.5 for natural bentonites and 9.0–10.0 for some pure
bentonites (montmorillonites) (US Pharmacopoeia, 2005). In general,

according to Dixon et al. (2008), “good” AFB1 adsorbing bentonites
should have moderate dispersion and acidity, since extremely high pH
promotes particle dispersion and disorder, and extreme acidity pro-
motes excessive aluminum mobilization.

Total moisture content of bentonites was in the range 6-13% (Tables
2A-B), and the differences may be related to batch to batch variations of
the samples. In addition, for each natural sample of bentonite, loss of
ignification at 960°C was lower than 10% suggesting a low/moderate
organic matter content (Tables 2A-B). The organic matter content in-
fluences smectite quantitative estimates and may reduce aflatoxin ad-
sorption. Organic substances into the bentonite samples are weak
aflatoxin binders and reduce the smectite content in the samples thus
negatively affecting their adsorbing efficiency (Dixon et al., 2008).

Although a correlation between aflatoxin adsorption efficacy of
bentonites and CEC has not been found (Vekiru et al., 2007), it has been
stated that CEC values, and then smectite content of bentonites affect
the extent of toxin adsorption (Dixon et al., 2008). Several studies
confirmed that an effective aflatoxin adsorbing bentonite should have a
CEC value at 70 cmol/kg (Dixon et al., 2008). Most bentonite samples
screened in our study showed a CEC value ≥70 cmol/kg (Tables 2A-B).
In particular, for the two groups of hydrothermal and sedimentary
bentonites, CEC values were in the ranges of 60-116 and 74-102 cmol/
kg, with median values (25th and 75th percentile) at 94 (90-97) and 104
(85-111) cmol/kg, respectively. These values did not differ (pt-test >
0.05) (Fig. 1) and were within the range reported for bentonite samples
acting as good aflatoxin adsorbents (Kannewischer et al., 2006; Vekiru
et al., 2007, 2015; Marroquin-Cardona et al., 2009).The CEC is a direct
indication of bentonite grade and it measures the accessible anionic
sites of the mineral clay. High CEC values reflect the high capacity of
the clays to potentially exchange/interact with diverse cationic com-
ponents. In our study, the CEC was determined using the methylene
blue CEC method as described in the methodology. For a number of
reasons mainly connected with the large size of the methylene blue ion,
this test does not measure the “true” CEC of a bentonite (Taylor, 1985).
It is demonstrated that methylene blue index (MBI) commonly under-
estimates the CEC of untreated expandable smectites by 80%. However,
the test is sensitive to the smectite content and has the advantage of
being relatively rapid.

In order to avoid the effect of particle size on AFB1 adsorption, all
natural samples were finely ground and sieved to obtain samples with
uniform particle size (< 45μm) as described by Grant and Phillips
(1998). As shown in Tables 2A-B, all batch samples showed uniform
and fine particle size, being the parameter X50 (median value of the
particles distribution) lower than 40 μm. Median values of X50 calcu-
lated for the samples belonging to the groups of sedimentary and hy-
drothermal bentonites were 13 and 19 μm, respectively; and they were
not significantly different (pt-test > 0.05). Thereof, in our study it is
supposed that differences in aflatoxin adsorption of bentonites may not
be due the particle size of samples.

Clay is a mineral, either rock or soil, that becomes “plastic” when
wet. This property is the results of the small particle size and the plate
like nature of the particles. The viscosity values of bentonites measured
at 4% bentonite (w/v) in distilled water, 20 000 rpm and time 0 are
listed in Tables 2A-B. Median values of viscosity determined for the
groups of sedimentary and hydrothermal bentonites were 0.0043 and
0.003 Pa s, respectively. Each group of bentonites included an outlier,
that is a sample with a very high viscosity value, namely the samples H8
(0.140 Pa s) and S8 (0.187 Pa s). These samples bear the highest
swelling value determined for each group of bentonites (24 and 50 mL/
2g, respectively).

In conclusion, overall results suggest that the two main categories of
bentonites analysed herein differed significantly in some physico-che-
mical properties. It was hypothesized that these properties may play a
role in differing bentonites to adsorb AFB1.
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3.2. Single-concentration and isothermal AFB1 adsorption experiments

Preliminary experiments of AFB1 adsorption were performed using a
very low adsorbent concentration (0.001% w/v) to differentiate be-
tween samples and to identify adsorbing agents with high adsorption
capacity. These experiments were performed at pH3 and pH7 to si-
mulate physiological pH values of stomach and intestine in monogastric
animals. Extreme acid pH values (pH < 3) were avoided to prevent the
conversion of AFB1 to AFB2a. As remarked by Vekiru et al. (2007), when
in vitro tests are performed at strongly acidic conditions (pH < 2), AFB1

can be converted into AFB2a, which might result in misleading as-
sumptions of high adsorption levels. Such a conversion was not ob-
served in our study. AFB1 adsorption values expressed as percentage
and recorded for the two groups of bentonites with different geological
origin are listed in Fig. 2. For hydrothermal bentonites, AFB1 adsorption
values recorded at pH3 and pH7 were in the ranges of 0-72 and 2-42%,
with median values (25th and 75th percentile) at 27% (9-43%) and 27%
(6-31%). AFB1 adsorption values measured for sedimentary bentonites
at pH3 and pH7 ranged as 25-92 and 18-79%, with median values (25th

and 75th percentile) at 77 (52-87%) and 52 (42-60%). Within the two
groups of bentonites and for most samples, AFB1 adsorption recorded at
acid pH was higher than adsorption obtained at neutral pH. Interest-
ingly, although the two groups of bentonites contained smectite as
major mineral constituent they differed substantially in their AFB1

adsorption behavior. As shown in the box plot of Fig. 3, the removal of
AFB1 from buffered mediums was highly dependent on the geological
origin, which likely guaranteed some particular physico-chemical
properties to the minerals. Both at pH3 and at pH7 of the medium,
sedimentary bentonites adsorbed significantly higher amounts of AFB1

than hydrothermal bentonites (pt-test < 0.001).
To better discriminate between smectite samples for AFB1 adsorp-

tion efficacy, all samples were analyzed by equilibrium adsorption
isotherms. Adsorption isotherm experiments were performed using a
low adsorbent concentration (0.005% w/v), and at neutral pH. The use
of isotherms is one of the most efficient mathematical approaches to
describe surface adsorption, in which the amount of compound ad-
sorbed per unit of mass of adsorbent is plotted against the concentration
of the compound in the external phase, under equilibrium conditions.
Adsorption isotherm equations are used to study the nature of adsorp-
tion. These isotherms are characterized by parameters that express the
surface properties and affinity of the adsorbent towards different ad-
sorbates (Foo and Hameed, 2010). The shapes of these model isotherms
depend on the type of adsorbate/adsorbent and the intermolecular in-
teractions between the fluid and the surface. The model that fits the
experimental data most accurately can then be used to describe the
system and predict the adsorption behaviour. In this study, three, out of
the several equations published to study the isotherm adsorption of
mycotoxins to organic and inorganic adsorbent materials, provided the
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best description of AFB1 adsorption by selected smectites: the Freun-
dlich, the Langmuir, and the Sips models (Foo and Hameed, 2010).
Taking into account the number of samples (29), 29 adsorption plots
and 87 nonlinear correlations (three isotherm models for each ad-
sorption plot) were performed. The experimental and predicted iso-
therms for AFB1 adsorption by bentonites belonging to the two different
geological groups are shown graphically in Fig. 4. In most isotherm
plots, the amount of AFB1 adsorbed per unit mass of bentonite in-
creased gradually by increasing AFB1 molecules in the working solu-
tion. Isotherms showed an exponential relationship and a typical L-2 or
L-1 (Langmuir) shape. Predicted adsorption isotherms were obtained by
fitting experimental adsorption data with the best equation. The non-
linear regression analysis method, instead of the linear regression with
transformed variables, was preferred to assess the goodness of the fits
and to calculate the parameters involved in the adsorption mechanism
(Motulsky and Ransnas, 1987). Transformations of nonlinear isotherm
equations to linear forms implicitly alter their error structure and may
also violate the error variance and normality assumptions of standard
least squares. As in previous studies (Avantaggiato et al., 2014; Greco
et al., 2018), the best fitting isotherm equation was found by the
measurement of standard error statistics (namely, SSres, sy|x, and pre-
dicted residual sum of squares PRESS) and of the nonlinear correlation
coefficient R2. The smaller the SSres, sy|x, and PRESS, the closer the
isotherm models (and the related curves) matched the experimental
adsorption data. Among the tested isotherm equations, the better re-
presentation for the experimental results of the AFB1 adsorption iso-
therms was obtained using the Langmuir and the Sips models

(R2 > 0.920 with low error values). These models allowed the calcu-
lation of the adsorption parameters, Bmax and Kd, which allowed us to
rank bentonites on their efficacy in adsorbing AFB1. Interestingly, both
adsorption parameters (Bmax and Kd) showed a meaningful relationship
to the AFB1 adsorption and were considered for the study. In ac-
cordance with the results of preliminary adsorption experiments, the
comparison of AFB1 adsorption parameters calculated for hydrothermal
and sedimentary bentonites (Table 3) showed that sedimentary bento-
nites were superior in the binding of the toxin. Theoretical values of
Bmax and Kd calculated for sedimentary bentonites were significantly
higher than those determined for hydrothermal bentonites (pt-test <
0.001) (Fig. 5). Bmax values of sedimentary and hydrothermal bento-
nites were in the ranges 78.8-164.5 and 36.5-126.1 μg/mg, respectively
(Table 3, Fig. 5). The values of median (25th and 75th percentile) were
124.7 (105.7-135.9) μg/mg for sedimentary bentonites; and 77.4 (54.7-
99.9) μg/mg for hydrothermal bentonites. In accordance with previous
studies (Dixon et al., 2008), our results show that good performing
bentonites for AFB1 reduction (sedimentary bentonites) have a Bmax

value higher than 100 μg/mg (0.32 mol/kg), while worst bentonites
(hydrothermal bentonites) show a Bmax value lower than this threshold.
The trend of the Langmuir parameter Kd was in line with Bmax,
being > 1 L/mg (312 500 L/mol) for sedimentary bentonites, and < 1
L/mg for hydrothermal bentonites (Table 3, Fig. 5). In particular, the Kd

of sedimentary and hydrothermal bentonites was in the ranges 0.2-5.6
and 0.0-3.3 L/mg, respectively (Table 3). The values of median (25th

and 75th percentile) were 1.9 (1.6-3.2) L/mg for sedimentary bento-
nites; and 0.6 (0.3-1.0) L/mg for hydrothermal bentonites (Table 3,
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A: SEDIMENTARY BENTONITES

B: HYDROTHERMAL BENTONITES
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Fig. 2. AFB1 adsorption values measured for sedimentary (A) and hydrothermal (B) bentonites by preliminary adsorption experiments performed at pH3 and pH7.
Bars represent mean values, and error bars are standard deviations of triplicate independent experiments

Sedimentary Bentonites Hydrothermal Bentonites

)
%(

n
oit

pr
os

da
1

B
F

A

0

20

40

60

80

100

Sedimentary Bentonites Hydrothermal Bentonites

)
%(

n
oit

pr
os

da
1

B
F

A

0

20

40

60

80

100

pH3pH7

* *

Fig. 3. Distribution of AFB1 adsorption values measured for sedimentary and hydrothermal bentonites by preliminary adsorption experiments performed at pH7 and
pH3. The mean and median values are marked by dotted and black lines, respectively. The superscript * in each box plot indicates statistical difference between the
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Fig. 5).
Taking into account the strong relationship between the results of

preliminary and isothermal adsorption studies, we correlated iso-
thermal adsorption parameters calculated for all samples to relevant
adsorption values expressed as percentage (Ads%). The data from these
studies were shown to be normally distributed, and both a Pearson’s
correlation and a linear regression analyses were performed. Significant
positive correlation values at the 0.05 level were found for Bmax with
Ads% (correlation coefficient (CC)=0.788, p< 0.001), and for Kd with
Ads% (CC=0.769, p< 0.001). As shown in Fig. 6, a linear relationship
was found between these experimental values with the following linear
equations: Bmax = 54,964 + (1,297 *Ads%) (R2 = 0.621, p< 0.001),

and Kd = -0,484 + (0,0590 * Ads%) (R2 = 0.592, p< 0.001). This is
the first time that adsorption data obtained by different approaches are
correlated, and it can be helpful for a faster screening of bentonites for
AFB1 adsorption efficacy. That is, a simple adsorption test performed
using stringent experimental conditions (very low adsorbent con-
centration) can provide some information on the features of the ad-
sorption. However, the results of these correlations are not conclusive
and a bigger number of samples needs to be analysed.

3.3. AFB1 desorption studies

In addition to AFB1 adsorption studies, all samples were tested by a
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desorption assay to gather more information on their ability in binding
the toxin with strength. Table 4 lists adsorption values recorded at pH7
using a high adsorbent concentration (0.5% w/v), and relevant

desorption values by methanol. The values of chemisorption index (Cα)
are also reported. A value of Cα = 1 indicates total binding with no
toxin desorption from the binder, while a Cα = 0 indicates total toxin
desorption from the binder. Due to the high amount of binder used in
the test, adsorption values were almost all > 90% (Table 4). Cα values
calculated for sedimentary and hydrothermal bentonites were in the
ranges 0.35-0.90 and 0.20-0.86, respectively. Median values (25th and
75th percentile) were 0.66 (0.56-0.83) and 0.46 (0.33-0.61) for sedi-
mentary and hydrothermal bentonites. As observed for AFB1 adsorption
results, the mean values of toxin desorption determined for the two
groups of bentonites were significantly different (pt-test=0.021) (Fig. 7).
These findings suggest that sedimentary bentonites adsorb AFB1 more
efficiently than hydrothermal bentonites and keep bound the adsorbed
fraction. In accordance with previous studies (Kannewischer et al.,
2006; Vekiru et al., 2007), good AFB1 binders, that is sedimentary
bentonites in our case, adsorbed high amounts of toxin from the
medium and did not release the toxin when the complex ad-
sorbent:toxin was extracted by methanol. Indeed, a significant linear
correlation was found for overall adsorption values obtained by the
preliminary single concentration adsorption study (pH7) versus Cα [Ads
% = 1,801 + (63,171 * Cα); R2 = 0.483, p< 0.001) (Fig. 8).

3.4. Correlation between physico-chemical properties of bentonites and
AFB1 adsorption efficacy

Correlation studies were carried out to determine a relationship
among the physico-chemical properties and the amounts of toxin that
were adsorbed/desorbed by all bentonites. Thereof, the AFB1 adsorp-
tion values recorded at pH3 and pH7 by the preliminary adsorption
tests, and the Bmax values determined at pH7 by the isothermal ad-
sorption studies were correlated with some chemical (CEC, sodium,
calcium, magnesium and iron contents) and physical (swell index and
basal spacing) properties of bentonites (Table 5). Overall results
(n=29) were found normally distributed without outliers and were
used for Pearson’s correlation statistical analysis. At both pH values
considered herein, AFB1 adsorption values in percentage positively
correlated with swell index (CC=0.669 and 0.710 at pH7 and 3) and
sodium content (CC=0.485 and 0.481 at pH7 and pH3). In accordance
with these results, a positive correlation was found between Bmax and
swell index (CC=0.712), and between Bmax and sodium content
(CC=0.551). These correlations were found very significant, being p
values < 0.001 (Table 5). Significant linear regressions (p< 0.007)
were also obtained comparing AFB1 adsorption values in percentage (at
pH7) with some characteristics of bentonites (swell index, sodium and

Table 3
AFB1 adsorption parameters (Bmax and Kd) calculated by adsorption isotherms
for sedimentary (A) and hydrothermal (B) bentonites. Values are means ±
standard deviations of triplicate independent experiments.

A: Sedimentary bentonites

Bmax (μg/mg) Kd (L/mg)

Mean SD Mean SD

S1 79 2 1.8 0.3
S2 101 2 1.7 0.1
S3 103 7 1.8 0.5
S4 104 6 0.20 0.01
S5 111 4 1.5 1.1
S6 111 2 3.1 0.2
S7 114 2 2.3 0.1
S8 125 4 0.8 0.1
S9 125 3 2.5 0.2
S10 130 2 4.0 0.2
S11 136 4 1.9 0.2
S12 136 4 3.2 0.4
S13 138 10 0.20 0.01
S14 141 2 5.6 0.4
S15 165 8 5.4 0.8

B: Hydrothermal bentonites

Bmax (μg/mg) Kd (L/mg)

Mean SD Mean SD

H1 37 4 0.01 0.01
H2 39 1 0.50 0.01
H3 43 3 0.3 0.1
H4 55 1 3.3 0.5
H5 68 4 0.7 0.1
H6 71 6 0.01 0.01
H7 74 6 0.8 0.2
H8 81 2 0.30 0.01
H9 81 2 1.5 0.1
H10 92 6 0.4 0.1
H11 100 2 0.9 0.1
H12 113 5 0.40 0.01
H13 119 3 1.1 0.1
H14 126 4 1.0 0.1
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Fig. 5. Distribution of Bmax and Kd values measured for sedimentary and hydrothermal bentonites by adsorption isotherms. The mean and median values are marked
by dotted and black lines, respectively. The superscript * in each box plot indicates statistical difference between the two groups of bentonites (pt-test< 0.001).
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magnesium contents, and d001-value) (Fig. 9). These findings show
that AFB1 adsorption by bentonites is favored by the presence of sodium
as major exchangeable ion in the dominant mineral (smectite), and then
by their capacity to swell in the presence of water, being sodium con-
tent and swelling properties positively correlated. As a consequence of
sodium abundance of a bentonite sample in favoring AFB1 adsorption,
toxin adsorptions (Ads % and Bmax values) were negatively correlated to
d001-values (p< 0.001) (Table 5). Indeed, sodium content negatively
correlated to d001-values (p< 0.0001, CC=-0.821). Interestingly, a
significant negative correlation (p< 0.001) was found between the
results of adsorption studies and magnesium content (Table 5). Finally,
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Fig. 6. Regression lines between Bmax and Kd vs AFB1 adsorption values measured for all samples. Bmax and Kd values were calculated by adsorption isotherms, while
AFB1 adsorption values as percentage were obtained by preliminary adsorption tests.

Table 4
Adsorption values obtained at pH7, desorption values by methanol, and che-
misorptions index values calculated for sedimentary (S1-S15) and hydrothermal
(H1-H14) bentonites. Values are means ± standard deviations of triplicate in-
dependent experiments.

Sample code Adsorption (%) Desorption (%) Cα

S4 93.30 ± 0.01 62 ± 2 0.35 ± 0.02
S13 93.1 ± 0.3 51.7 ± 1.7 0.46 ± 0.02
S5 98.5 ± 0.5 46 ± 2 0.53 ± 0.02
S2 88.4 ± 0.7 44 ± 3 0.55 ± 0.03
S9 98.6 ± 0.5 42.0 ± 0.9 0.57 ± 0.01
S6 97.0 ± 0.9 38.7 ± 0.8 0.59 ± 0.00
S10 98.8 ± 0.1 39.6 ± 1.3 0.60 ± 0.01
S15 99.0 ± 0.2 33.5 ± 0.8 0.66 ± 0.10
S11 97.7 ± 0.1 25.0 ± 1.0 0.73 ± 0.01
S1 98.1 ± 0.2 17.7 ± 1.2 0.81 ± 0.01
S8 98 ± 3 16.4 ± 0.5 0.82 ± 0.03
S14 98.2 ± 0.1 15 ± 5 0.83 ± 0.05
S6 97.9 ± 0.1 9.6 ± 1.5 0.89 ± 0.01
S3 97.2 ± 0.2 7.1 ± 1.7 0.90 ± 0.01
S12 97.1 ± 0.6 7.4 ± 0.3 0.90 ± 0.01
H3 91.1 ± 0.3 77.6 ± 1.9 0.20 ± 0.02
H6 76.8 ± 1.0 62 ± 6 0.29 ± 0.02
H1 82.4 ± 0.9 64 ± 3 0.29 ± 0.04
H11 93.9 ± 0.9 68 ± 3 0.33 ± 0.06
H5 98.0 ± 0.2 62.1 ± 0.9 0.37 ± 0.01
H7 98.3 ± 0.1 59.6 ± 0.7 0.40 ± 0.01
H10 92.4 ± 0.1 53 ± 3 0.44 ± 0.03
H12 93.7 ± 0.4 48 ± 3 0.48 ± 0.03
H9 95.4 ± 0.4 47.2 ± 0.7 0.50 ± 0.00
H13 97.7 ± 0.1 36 ± 5 0.59 ± 0.04
H14 98.0 ± 0.4 36 ± 3 0.61 ± 0.04
H2 98.5 ± 0.2 13.2 ± 0.9 0.81 ± 0.01
H4 99.70 ± 0.01 10.4 ± 0.3 0.85 ± 0.00
H8 94.7 ± 1.1 8.4 ± 0.5 0.86 ± 0.01
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also calcium content of bentonites negatively correlated to Bmax values
(CC=-0.457, p=0.0013), although no significant correlation was found
between calcium content and adsorption values in percentage. No
correlation was found between all AFB1 adsorption results and iron

content or CEC. Looking at some single bentonites belonging to the two
groups of samples, further observations can be done. Within the group
of sedimentary bentonites, only one sample (S5) was identified as a
calcium-smectite containing bentonite. It showed high contents of cal-
cium, iron and magnesium, and poor swelling properties (Tables 1A-
2A). Interestingly, it had good AFB1 adsorption efficacy, but poor
ability in retaining the adsorbed fraction of the toxin when extracted by
methanol (Table 4). Within the group of sedimentary bentonites, sam-
ples S4 and S13 which contained mainly smectites with a mixed so-
dium/calcium assemblage and a high content of iron showed poor
swelling properties and, at the same time, the lowest values for AFB1

adsorption (Figs. 2 and 4), affinity (Kd < 1 L/mg) (Table3), and Cα

(Table 4). On the other side, within the group of hydrothermal bento-
nites, some sodium/calcium smectites that showed good swelling
properties and at the same time high content of iron (namely, samples
H8, H9, H12, H13 and H14) were found as the best performing mate-
rials of the group for toxin adsorption. These “semi-sodic” smectites
were not excluded from the correlation analyses and may explain the
apparent overlapping of adsorption results for the two groups (Figs. 2
and 4). The best aflatoxin adsorbing samples in the hydrothermal
(calcium-smectite) group (i.e., H12, H13 and H14) were identified as
sodic-calcic mixed smectites. On the other hand, in the group of sedi-
mentary sodium-bentonites, the samples with a mixed sodic-calcic

Table 5
Pearson’s correlations between AFB1 adsorption values expressed as percentage
(measured at different pH values) or Bmax (measured by adsorption isotherms)
and physico-chemical parameters (swell index, d001-value, Na, Mg, Ca and Fe
contents, and CEC). Pearson correlation coefficient (CC) and p-value index were
used to establish the goodness of correlations.

AFB1 adsorption (%) Bmax

pH 7 pH 3

CC p-value CC p-value CC p-value

Swell 0.669 <0.001 0.710 <0.001 0.712 <0.001
d001 -0.630 <0.001 -0.741 <0.001 -0.767 <0.001
CEC -0.363 0.053 -0.267 0.162 -0.269 0.159
Na 0.485 <0.001 0.481 <0.001 0.551 0.002
Mg -0.534 <0.001 -0.533 <0.001 -0.609 <0.001
Ca -0.344 0.068 -0.322 0.089 -0.457 0.013
Fe -0.138 0.476 -0.015 0.940 0.058 0.765

Values in bold are statistically significant.
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Fig. 9. Regression lines of AFB1 adsorption values vs physico-chemical parameters (swell index, Na content, Mg content and d001-value) measured for all samples.
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structure (S4 and S13) were the less performing adsorbing minerals.
It is well known that sodium is the dominant ion in the sedimentary

bentonites and calcium is the dominant ion in the hydrothermal ben-
tonites, which exhibit markedly different properties and thus uses. The
terms swelling bentonites and nonswelling bentonites are largely used
as synonymous of sodium bentonites and calcium bentonites. When
mixed with water, swelling bentonites exhibit a greater degree of dis-
persion and better plastic and rheological properties than nonswelling
bentonites (Inglethorpe et al., 1993). This was confirmed by our study.
In addition, we showed that sedimentary and hydrothermal bentonites
differed also in their ability in acting as AFB1 binders, being sedimen-
tary bentonites more performing than hydrothermal ones. More, our
findings suggest that the different behavior of sedimentary and hy-
drothermal bentonites in sequestering AFB1 and in retaining the ad-
sorbed fraction of the toxin may be related to some “intrinsic” prop-
erties of their smectites. It seems that the amount of AFB1 adsorbed by
the smectite minerals in the samples is strongly influenced by the
dominant exchangeable cations. The monovalent cations as sodium
offered better conditions for AFB1 adsorption than calcium in the
smectites. In addition to calcium, magnesium content seems to influ-
ence negatively AFB1 uptake. The presence of iron in the octahedral
sheet did not enhance AFB1 adsorption, except maybe for some hy-
drothermal samples containing a mixed sodium/calcium assemblage.
Taking into account the little content of subordinate minerals in ben-
tonite samples, it can be assumed that most of these cations were in the
dominant mineral, i.e. smectites. Rheological properties of smectites
such as swell index seem to enhance toxin adsorption as well.

These findings are in contrast with previous works (Grant and
Phillips, 1998; Dixon et al., 2008; Deng et al., 2012) showing that
calcium-bentonites or bentonite containing iron and magnesium in the
structure are in general better AFB1 binders than sodium-bentonites.
However, the study of Kannewischer et al. (2006) testing a large
number of smectites samples (20) mined from different locations in the
United States and Mexico showed that calcium ion content of their
smectite samples did not have a distinct influence on AFB1 adsorption.
Similarly, other cations present in their smectite samples seemed to
have no effect on the sorption ability of the “as received” smectites. Due
to the complexity of the interactions and factors that can be involved in
the aflatoxin adsorption by smectites, further research is needed to
determine the proper adsorption mechanisms.

4. Conclusions

In the effort to identify the most critical mineralogical, chemical,
and physical properties that affect the adsorption capacity and se-
lectivity of bentonites for AFB1, bentonite samples from different
sources around the world and different geological origin were eval-
uated. Twenty-nine samples behaving like smectites were chosen to
focus on characterization as AFB1 adsorbents. Natural samples (“as
received”) were divided into two main groups, i.e. hydrothermal
(n=14) and sedimentary (n=15) bentonites depending on their geo-
logical origin. The characterization study showed that all samples
contained mainly smectite (montmorillonite), although they differed
significantly in some physico-chemical properties. All samples had a
large smectite content, a moderate CEC value between 60-116 cmol/kg,
the presence of iron in the octahedral sheet of the smectite, a small
organic matter content, a near-neutral pH, and a fine and uniform
particle size (< 45μm). They differed substantially in their sodium,
calcium and magnesium contents, and in the swelling properties.
Several in vitro adsorption studies were performed to assess their ability
in adsorbing AFB1, and in retaining the fraction of the adsorbed toxin.
Single-concentration adsorption studies were performed in buffer so-
lutions at physiological pH values, using a very low adsorbent con-
centration (0.001% w/v) and a high toxin amount (1 μg/mL).
Isothermal adsorption experiments were included to determine the
main features of the adsorption process (maximum adsorption capacity

and adsorption affinity), using a very low adsorbent concentration
(0.005% w/v) to assure the saturation of the binders with the ad-
sorbate. In addition, desorption studies by methanolic extraction were
carried out to determine the strength of the binding. Although, all
samples showed most properties required to have “good” AFB1-ad-
sorbing bentonites, they differed in their ability in adsorbing the toxin.
Five-fold differences both in adsorption, based on the Langmuir equa-
tion, and in desorption of the toxin were observed. For the first time, a
correlation between geological origin of smectites and AFB1 adsorption
capacity was found. In particular, sedimentary smectites were sig-
nificantly more effective than hydrothermal smectites in adsorbing the
toxin at different pH values. The high adsorption capacity and ad-
sorption affinity of sedimentary smectites towards AFB1 was confirmed
by adsorption isotherm studies. Most of sedimentary smectites showed
Bmax values higher than 100 μg/mg (0.32 mol/kg) and Kd values higher
than 1.0 L/mg (312 500 L/mol), indicating high adsorption capacity
and affinity for the binding of the toxin. Interestingly, the extent of
AFB1-adsorption by smectites was negatively and linearly correlated to
the extent of desorption, and sedimentary smectites were significantly
more effective than hydrothermal smectites in keeping bound the ad-
sorbed fraction. Further correlation studies using the Pearson statistical
method showed that AFB1 adsorption of smectites correlated positively
with sodium content and swell index, but negatively with basal spacing
(d001-value), magnesium content and calcium content. The experi-
ments performed in this study cannot fully explain why the two groups
of smectites differ substantially in adsorbing the toxin, and it is still
difficult to depict a strong relationship among the physico-chemical
properties of these AFB1-adsorbing minerals and the amounts of ad-
sorbed/desorbed toxin. It can be supposed that some of “intrinsic”
properties of smectites belonging to different geological groups may
affect AFB1 adsorption. A “cryptic variation” in these physico-chemical
properties of smectites may be a cause of the different behavior of
smectites in sequestering the mycotoxin. More samples mined from
different locations and belonging to these geological groups need to be
investigated. In addition, more intensive investigations of individual
structural properties are required.
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