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Abstract

Aflatoxin B; (AFB:) and Fumonisin B; (FB;) are mycotoxins that often co-occur in
feedstuffs. The ingestion of AFB; causes aflatoxicosis in humans and animals. Sodium bentonite
(NaB), a cheap non-nutritive unselective sequestering agent incorporated in animal diets, can
effectively prevent aflatoxicosis. Fumonisins are responsible for equine leukoencephalomalacia
and porcine pulmonary oedema, and often have subclinical toxic effects in poultries. Fumonisin
B, and aflatoxin B; are both strongly adsorbed in vitro on sodium bentonite. Co-adsorption
studies, carried out with a weight ratio FB; to AFB; that mimics the natural occurrence (200:1),
showed that FB; greatly decreases the in vitro ability of NaB to adsorb AFB;. The ability of two
activated carbons (AC) to adsorb FB; was also investigated. Both carbons showed high affinity
for FB;. A complex behaviour of the FB1 adsorption isotherms with pH was observed. In vitro
results suggest that under natural contamination levels of AFB; and FB1, a mixture of activated
carbon and sodium bentonite might be potentially useful for prevention of sub-acute

aflatoxicosis.
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Introduction

Aflatoxins (AFs) are among the most studied group of mycotoxins and their production is
attributed to Aspergillus flavus and A. parasiticus species. Aflatoxin B; (AFB;) is the most
potent natural carcinogen known and is classified by the International Agency of Research on
Cancer as a Group 1 carcinogen (IARC, 1993). Human and animals are severely affected by
AFB1, although in a dose dependent way. Thus, if AFB; is consumed in large doses it may be
lethal while sub-lethal doses produce a chronic aflatoxicosis (CAST, 2003). In particular,
aflatoxins produce hepatic and kidney disorders, suppress immune  function and decrease
productive parameters in poultry. Pale, enlarged, friable, and fatty livers are characteristic of
acute aflatoxicosis (Yunus et al., 2011). As a result of the widespread occurrence of AFB; in
feedstuffs and their deleterious effects on animal health, production and toxin carryover to human
food chain, detoxification efforts have included a variety of methods (Zaki et al. 2012). However,
large scale, practical, and cost-effective methods for a complete detoxification of mycotoxin-
containing feedstuffs are currently not available.

One of the most useful approaches in poultry production is the incorporation of dietary
non-nutritive sequestering substances that effective prevent mycotoxicosis. Several authors have
demonstrated the effectiveness of different aluminosilicates (Phillips et al. 1988; Kubena et al.
1990a; 1990b; Huff et al. 1992; Scheideler 1993) and activated carbon (AC) (Galvano et al. 1996;
Edrington et al. 1996; Avantaggiato 2007; Diaz et al. 2004) to adsorb AFB;. In particular,
different bentonites showed high affinity for this toxin both in vitro (Magnoli et al., 2008a) and in
vivo (Rosa et al., 2001; Miazzo et al., 2005; Magnoli et al., 2008b, 2011a;b). In livestock
production bentonite feed additives are suitable because of their effectiveness, availability and

low cost. However, given the non-selective nature of these adsorbents, other components present
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in the diets can also be absorbed decreasing their bioavailability and/or affecting the capacity of
the adsorbent to prevent aflatoxicosis (Magnoli et al. 2011a;b).

Several studies from many countries have shown both the prevalence of toxigenic
mycobiota in poultry feeds and the incidence of AFs and FBs as the most frequently found
mycotoxins (Oliveira et al. 2006, , Monge et al., 2012, 2013, Streit 2012).

Fumonisins (FBs) are mycotoxins produced mainly by Fusarium verticillioides and F.
proliferatum. These toxins are responsible for two diseases of livestock, equine
leukoencephalomalacia and porcine pulmonary oedema (CAST 2003). Among the naturally
occurring FBs, fumonisin B; (FB1) is usually the most abundant and represents about 70% of the
total concentration in corn and feeds. Poultry are much less-sensitive to FB; than pigs and horses,
and most of the toxic effects are subclinical and often remain hidden (Voss et al., 2007).

Preliminary in vitro studies showed that fumonisin and AFB; were competitively adsorbed
on a synthetic sodium zeolite type A at pH 2, although a subsequent pH increase leads to FB;
release from the adsorbent (Kikot et al..2002). Additionally, in vivo studies carried out with
poultry using 0.3% of a cheaper but less selective sodium bentonite as toxin sequestering agent,
have shown amelioration of the effects of acute induced aflatoxicosis but was not able to return
the body weight gains to control values when the birds were fed diets containing both AFB; and
FB;1 (Miazzoetal., 2005). It has to be emphasized that FB; alone did not produce any noticeable
change compared to control either in productive and biochemical parameters or in liver
histopathology of birds. However, this earlier study showed that FB; reduces the clay ability to
ameliorate acute aflatoxicosis. These facts stresses the need to search potential candidates that

can either selectively adsorb AFB; or be combined with the aluminosilicates to adsorb FB; in



Downloaded by [University of Birmingham] at 06:07 13 May 2016

order to prevent the potential interference of this toxin on the clay-mediated AFB;
decontamination process.

On the other hand, it has been shown that activated carbons (AC) effectively adsorb FB; in
vitro although their in vivo efficacies are still quite controversial (Galvano et al. 1996, 1999;
Avantaggiato et al. 2005). It has been suggested that the adsorptive properties are mainly. related
to both surface chemical functional groups and porous texture (Piva et al., 2007, Galvano et al.,
2001). Therefore, the ability of a given activated carbon depends on the source of the raw
materials as well as the conditions of synthesis and activation.

Therefore, the aims of the present work were: (1) to evaluate the in vitro effect of FB; on
the AFB; binding of a sodium bentonite with a proven-ability-to prevent aflatoxicosis; (2) to
evaluate the potential ability of two activated carbons, from-a common precursor (eucalyptus
wood) and different methods of preparation, to adsorb both FB; and AFB; under simulated
gastrointestinal conditions; and (3) to study the reversibility and the environmental pH on the

adsorption process.

Materials and Methods
Reagents

Aflatoxin B; and FB; were obtained from Sigma-Aldrich Chemical (Dorset, UK). Sodium
bentonite was. characterized as described in Magnoli et al. (2008) and activated at 110°C in a
vacuum oven (Vacuum over Yamato ADP-31) for 24 h. The activated carbons were synthesized
and characterized as described in Milich et al. (2002). Assays were carried out in 0.15 M NaCl in
order to control the ionic strength. The pH values of the solutions were brought to pH 2, 4 or 6 by
adding an appropriate amount of 6 M HCI or NaOH.

Analytical methods for adsorbates quantification
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The analysis of the toxins were carried out by High Performance Liquid chromatography
(HPLC). Aflatoxin B; quantification was performed in a Waters e2695 separations Module
(Waters Corporation, Milford, MA, USA), equipped with an autosampler and controller with dual
pump, coupled to a photodiode array detector (Waters 2998) and a reverse phase column (Luna™
5 mm C18(2) 100A, 150 x 4.6mm, Phenomenex Inc.) with a guard column (C18, 4 x 3.0.mm;
Phenomenex Inc.). Samples were run at room temperature under isocratic. mode, using
acetonitrile/methanol/water (1:1:4 v/v) as mobile phase at a flow rate of 1.5 mL/min. Samples
were injected without derivatization. Retention time of underivatized AFB;-was 4.6 min.

Fumonisin B; detection was performed with a Waters 2695 separation module (Waters
Corporation, Milford, MA, USA) equipped with a 2695 autosampler and interfaced to a
Micromass®-Quattro Ultima™ Platinum tandem quadrupole mass spectrometer with electrospray
ionization (ESI) source. A XBridge™ C18 (3.5 pm, 2.1 x 150 mm) column with a XBridge BEH
C18 Sentry Guard Cartridge (130A, 3.5 um, 2.1 x 10 mm). An isocratic chromatographic
procedure was performed with 1% formic acid methanol: water (60:40 v/v) as mobile phase. The
flow rate was 0.1 mL/min and the temperature of column was kept at 22°C. Data acquisition was
performed in multiple reaction monitoring mode (MRM) for quantitative analysis. The precursor
peak [M + H] and two product peaks (m/z 334 and 352) were monitored to accomplish both
quantification and qualification criteria. The most abundant transition (722 > 352) was used for
quantitative analysis of FB;. The interface was operated in a positive ion mode. Nitrogen heated
to 150°C and 200°C was used as nebulization and desolvation gases, respectively. The optimized
nitrogen flow rates for nebulization and desolvation were 678 and 104 L/h, respectively. The
capillary and cone voltages were 3.00 kV and 91 V, respectively. The collision energies were 55
and 57 eV for m/z 334 and 352, respectively. Dwell time was set at 0.1 ms for all transitions.

Samples were injected without derivatization and the retention time of fumonisin was 14.5 min.
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Adsorption experiments of aflatoxin B; on sodium bentonite

Different AFB; working solutions within a concentrations range from 0.24-4.3 uM were
prepared using a solution 0.15 M of NaCl at the working pH as solvent. Aliquots of 20 pl of a pH
stabilized NaB suspension (1 mg/ml) were added to 400 ml of each AFB; working solution. The
solutions were incubated in an orbital shaker for 1h at 39.5 £ 1°C to simulate, at least partially,
the gastrointestinal tract conditions. After incubation, the solutions were centrifuged 15 min at
16,000 x g, and supernatants were carefully decanted into clean tubes. Controls of toxins and
blanks with the adsorbent were performed in each assay. The adsorbed AFB; was measured by
the toxin depletion in the supernatant after incubation. Adsorptions at each toxin concentration
were performed in duplicate. The AFB; concentration in-each supernatant was determined by
HPLC (Trucksess et al. 1994).

Co-adsorption experiments the aflatoxin Bj-fumonisin B; with sodium bentonite

Co-adsorption assays were performed following the methodology described above but
using a solution 0.28 10°*M of FB; in 0.15 M NaCl at pH 2 as solvent.

Adsorption experiments of FB; with sodium bentonite and activated carbon.

Working solutions with-FB; concentrations ranging from 1.4 x 10™ — 14 x 10 mM were
prepared in 0.15 M NaCl at the corresponding pH. Aliquots of 40 ul of stabilized NaB suspension
(1 mg/ml) or-30 pl of activated carbon suspension (0.006 mg/ml) were added to 400 ul of each
FB1 working solution following the same procedure described for AFB1.The FB; concentration
in_each supernatant was determined by LC-MS/MS as described above.

Desorption experiments
Pellets left over from the adsorption experiments were used to carry out desorption assays.

Thus, a 400 pl aliquot of the 0.15 M NaCl solution brought to the corresponding pH was
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thoroughly mixed with each pellet in microtubes, ultra-sonicated for 5 min, and then centrifuged
at 16000 x g for 20 min. The adsorbed toxin was calculated taking into account the mass balance
between the initial total amount of toxin and the concentration of toxin remaining in the
supernatant after incubation.
Curve fitting and data processing

Curves representing the amount of bounded toxins as the free toxin concentration in
equilibrium after adsorption were plotted. Different theoretical models ' were used to fit
experimental data. Langmuir (L) and Frumkin-Fowler-Guggenheim (FFG) (Hinz 2001) and
Guggenheim—Anderson—de Boer multilayer (GAB) isotherms (Guggenheim, 1966) were selected
to fit the isotherms according to the observed curve shapes. Mathematical expressions and
parameters of each model are shown in Table 1. The adsorbed toxins were determined by the

following equation:

4< ([Toxin], - ['In']oxin]eq) x V|

where: Q is the amount of toxin retained on the adsorbent phase (mmol g* of dry adsorbent),
[toxins]o and [toxins]eq are the initial and the equilibrium toxin concentrations in solutions (mmol
L™, respectively. V is the volume of solution (L) and m is the mass of the adsorbent (g). A

nonlinear least squares method with a tolerance limit of 0.05 was used for curve fitting.

Results and Discussion
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Figure 1 shows the AFB; adsorption and desorption isotherms on NaB carried out in 0.15
M NacCl solution brought to pH 2 with addition of the proper amount of HCI in order to mimic, at
least partially, the gastrointestinal conditions. The pH of the solutions did not change during the
adsorption process. A Langmuir type adsorption isotherm was obtained. The mathematical
expression of the Langmuir model is shown in Table 1. The desorption isotherm showed that the
process was partially reversible. The solid line shows the Langmuir fit of experimental data
points and the fitting parameters are shown in Table 2. On the other hand, the adsorption
isotherm of FB1 on NaB, shown in Figure 2, exhibits the same behaviour as AFB;. The Langmuir
fit is displayed as a solid line in the plot and the adjusting parameters are also shown in Table 2.
A totally irreversible process was observed as shown by the desorption isotherm in Figure 2.

Although NaB showed the highest affinity for FB; (see 2 values in Table 2), the order of
magnitude of the adsorption constants indicate a high adsorbent affinity for both toxins. The
binding efficiency of mycotoxins with adsorbents depends on their chemical and physical
properties (Dakovic et al., 2008). Previous studies have shown that the amount of AFB; retained
on sodium bentonites seemed to be related to both the isomorphic substitution and the surface
charges of the montmorillonite, which corresponds to 70% of the mineralogical composition of
the assayed bentonite (Magnoli et al. 2008). A combination of different adsorption mechanisms
could probably be responsible for the AFB; binding to montmorillonite. Among them, a donor
acceptor interaction between carbonyl groups of the aflatoxin molecules planar to the surface, as
the acceptor moieties, and the negative charges of the clay surface acting as donor, have been
proposed by Grant and Phillips (1998). The chelation of charge compensation cations by AFB;
molecules in the montmorillonite interlayer, and the interaction of the toxin carbonyl groups with
the positive-edge metal sites in the clay structure were also proposed as alternative mechanisms

(Deng et al., 2010). On the other hand FB;, a water-soluble polar toxin, can exist in cationic,
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anionic or zwitterionic forms depending on pH. At pH < 3 the protonated form may be
electrostatically bounded to negatively charged surfaces of the clay. Such cationic exchange
mechanism was already proposed for a dioctahedral smectite clay commercialized as NovaSil
(Robinson et al., 2012).

Previous adsorption isotherm studies carried out using the same NaB and AFB; have
shown a B value of (1.3 + 0.4) x 10°M™', i.e. seven times lower than the one obtained in the
present study (Magnoli et al., 2013). Temperature differences between experiments (39.5 +
0.5)°C in the former and room temperature in the present study) together with an exothermic
adsorption process could explain the observed results. Pimpukdee et al. (2004) reported a high
and negative adsorption enthalpy for AFB; adsorption on calcium montmorillonite.

Previous studies have shown S-shaped isotherms for AFB; adsorption on NaB from the
toxin aqueous solutions (Magnoli et al., 2013). However, as previously showed, an excess of
NaCl in the adsorption medium promotes L-shaped isotherms. A homogeneous ion saturated
surface was assumed to be the responsible for the observed behaviour. Moreover, the amount of
toxin retained on the NaB at saturation (Qmax = 2.38 + 0.04 mmol g) under the present
experimental conditions was more than six times greater than the observed in the
abovementioned work (0.37 + 0.04 mmol g™). In colloidal clay dispersions of NaB, particles tend
to interact, aggregate, and form volume-filling networks under various conditions (Christidis,
2011). Therefore, the lower amount of toxin retained in the former assay may be explained by
changes in interlayer accessibility as clay aggregation takes place. A light scattering study of NaB
suspensions, performed in our laboratory, showed that below 5% w/v the mean diameter of clay
particles diminishes as the concentration of NaB is decreased (results not shown). Thus, the

difference between the percentage of NaB among experiments (0.05 x 10 and 1 x 10 w/v% in
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the present and the former study, respectively), could explain the observed amounts of toxin
retained on the adsorbent phase at saturation. Moreover, previous isotherms were performed in
buffer at pH 2, and therefore, further differences could be expected (Magnoli, 2013). It is already
known that operative variables as temperature, pH and adsorbent dose define the equilibrium
systems with their adsorption isotherms and the corresponding thermodynamic parameters
(Cotoruelo et al., 2011).

Besides, amount of toxins retained on NaB at saturation at pH 2 were 2.38 + 0.04 and 25.4
+ 0.1 mmol g™ for AFB; y FBy, respectively. The value, ten times higher for FB; compared with
AFB;, can be explained due to favourable electrostatic interactions between the cationic form of
FB; and the fixed anionic charges of the montmorillonite surface occurring at pH 2.

In order to investigate the effect of FB1 on AFB; adsorption under competitive conditions
were performed. Results are shown in Figure 3. In the isotherm plot the fraction of the covered
surface (® = Q/Qmax) Was used instead of the amount of toxin retained on the adsorbent phase
(Q). It was assumed that the presence of FB; does not affect the total number of AFB; sites
(Qmax) on the NaB surface. An S-type AFB; isotherm was obtained in the presence of FB;. The
mathematical expressions of the FFG are shown in Table 1. The FFG fitting curve is shown as
solid lines in the corresponding isotherm graphs, and the fitting parameters are shown in Table 2.
In the presence of FB1, lateral interactions between adsorbed AFB; molecules become important
and the adsorption sites are no longer equivalents (Butt et al., 2006). The presence of FB; greatly
decreases (ca 87%) the in vitro ability of NaB to adsorb AFB; (value estimated at 4 mM AFB; in
the equilibrium). A competition between AFB; and FB; for adsorption sites on NaB might

explain such behaviour.
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Slighter reductions (5% less AFB; and 16% less FB1) were reported for a uniform particle
calcium montmorillonite commercialized as NovaSil (UPSN) even when both toxins were
present at the same contamination level (Brown et al., 2014). Mitchell et al. (2014) reported a
reduction to half adsorbent capacity in decreasing the bioavailability of both toxins in the
gastrointestinal tract of rats. Such difference in behaviour could probably be mainly due to the
higher swelling capacity and lower selectivity of sodium over calcium montmorillonites.
Differences in the clay isomorphic substitution could also severely influence adsorbate binding.

A previous in vivo experiment with poultry showed that FB; decreased the decontaminating
capacity by 0.3% of a sodium bentonite from southern Argentina (Miazzo et al., 2005). The
adsorbent was able to counteract the effect of an induced acute aflatoxicosis (2.5 mg kg™). On the
other hand, productive (Body weight and feed gain ratio) and biochemical parameters (albumin,
globulin, and total protein) were not affected in birds fed diets contaminated with 200 mg kg™ of
FB;. The adsorbent was unable to return these parameters to control values in birds fed a diet
contaminated with 2.5 mg kg™ of AFB4 + 200 mg kg™ of FB;. The observed interference could
be even higher under natural levels of AFB; contamination, because they are usually much lower
than 2.5 ppm and the competitive adsorption of FB; for the adsorbent could be favoured.

A similar behaviour was observed with monensin, a prophylactic coccidiostatic agent,
frequently added to poultry diets (100 mg Kg™). The presence of monensin in the diets decreased
the ability of NaB (0.3%) to prevent sub-acute induced aflatoxicosis (0.050 mg kg™*) (Magnoli et
al., 2011a;b).

Therefore, taking into account that FB; co-adsorption seriously decreases the adsorption of
AFB; by sodium bentonite, the potential use of two activated carbons as FB; absorbers, was

investigated.
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Activated carbon | (AC1) was activated under controlled O, atmosphere, while activated
carbon 2 (AC2) was activated under controlled CO, atmosphere. The porous structures of the
ACs were characterized by N, adsorption at 77K to calculate the specific surface area (Ager)-
Dubinin-Raduschkevich (DR) and Horvath Kawazoe (HK) methods were utilized to determine
the volume and micropore (> 2 nm) size distribution. The Pierce method was. used for
determining the mesopore (2 -50 nm) volume (Milich et al., 2002 and references therein). The
properties of both activated carbons are shown in Table 3 and 4.

Typical adsorption-desorption isotherms are shown in Figure 4. The isotherms can be
classified as type L3 (Giles et al., 1960). These isotherms are.commonly in physical adsorption
with multilayer formation. A multilayer adsorption can be formed by a first adsorption layer
followed by subsequent adsorbed layers. In such cases, there is not a strong competition between
the solvent and the solute for the adsorbent surface sites (Cotoruelo et al., 2011). Experimental
data were fitted using the Guggenheim-Anderson-de Boer (GAB) multilayer model
(Guggenheim, 1966). The mathematical expression for GAB model is shown in Table 1.

Since in multilayer adsorption the amount of adsorbate adsorbed in a subsequent layer must
be smaller than that inthe previous one, the term [1 - (K, C¢)"] would be very close to unity and
the simplified version of the GAB expression showed in Table 1 can be obtained. All isotherms
were adjusted using. the simplified GAB equation, making no hypothesis. On the other hand,
irreversible desorption isotherms were observed in all cases.

The influence of the pH of the adsorption media was investigated in the pH range that
covers that observed in the gastrointestinal tract of birds (Gonzélez-Alvarado et al., 2008,
Morgan et al., 2014). The experiments were performed under controlled ionic strength in order to
partially mimic physiological conditions. To accomplish the equilibrium treatment, the simplified

GAB expression was utilized to estimate M, K; and K,. Experimental data at different pH and
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the corresponding GAB fittings by non-linear least squares regression for AC1 and AC2 are
shown in Figures 5 and 6. The adjusting GAB parameters are shown in Table 5. As expected, the
K values are greater than K, values, indicating the higher affinity of the surfaces to the first
layer compared to the second one.

All isotherms showed high affinity for FB; at all the assayed pH values, as denoted by the
high values of the adsorption constants. A complex behaviour of the adsorption isotherms with
pH is observed, evidencing differences in in the nature of acidic groups between both carbons.
The highest affinity for the adsorbent (K1) coupled with a multilayer adsorption reached at rather
low FB; concentration was observed for AC2 at pH 2 as shown in Figure 6 and Table 5. At pH 2,
the formation of a second layer at quite low FB; equilibrium concentration could probably be the
result of a greater accessibility of the inner surface throughout mesoporous channels. On the
other hand, AC1 showed a L1 type isotherm ina wider range of equilibrium concentration.

For both ACs the highest maximum adsorption capacity on the first layer (M) were found at
PH 4, when favourable interactions between the AC surface and FB; seems to be occurring. The
maximum adsorption capacity on the first layer is slightly higher for AC1 than for AC2, in spite
of BET areas of 681 and 906 m?/g, respectively.

Molecular-axes of 1.5 and 2.6 nm were estimated for FB; in gas phase after AM1 geometry
optimization (Hyperchem™ Release 8.0.8). Thus, the solvated toxin is too voluminous to access
narrow pores. Therefore, not all the surface area is accessible to FB; and the toxin should be
mainly-confined to mesopores that can act as channels leading to internal surfaces (Yang et al.,
2007; Gupta et al., 2011).

At pH 6 the lowest amount of toxin retained on the adsorbent phase was observed for AC2.
A complex behaviour of the isotherms was observed with changes in the pH of aqueous media. It

is known that textural properties and surface functional groups as well as the adsorbate chemical
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nature play an important role in adsorption processes. Among adsorbate properties solubility,
molecular size, and dissociation grade are important factors to be considered (Al Bahri et al.,
2015, Bandosz and Ania, 2007, Cotoruelo et al., 2011). Therefore, differences in the surface
density of acidic functional groups between ACs, and mesoporous accessibility, could probably
explain the observed behaviours. Oxygen activation used in the preparation of ACL1 increases
oxidized functions that can interact with FB1, as can be seen from the %0 in Table 4 -which are
16.95% and 5.95% for AC1 and AC2, respectively. On the other hand, at pH 2, protonated FB;
probably interact by hydrogen bonding with the non-ionized oxidized groups on AC surfaces. At
pH 4 favourable interactions seems to be occurring with both adsorbents. On the other hand at
PH 6, repulsive interaction between the negative form_ of FB; and the surface with the highest
density of carboxylate anions might be occurring.. In order to check this hypothesis a Boehm
titration of activated carbon with NaOH to neutralize carboxylic, lactonic and phenolic groups
was performed (Boehm et al., 1964). The results gave 0.748 and 0.12 mmol g™ for AC1 and
AC2, respectively, i.e. 6.2 times higher for AC1. Taking into account that the percentage of
oxygen in AC1 is only 3 times higher than the observed in AC2, the latter should have higher
proportion of carboxylic groups than AC1. Therefore, at pH 6 a more negative surface might be
responsible of the low retention of toxin in the anionic form on the adsorbent phase.
Conclusion

Natural levels of FB; could severely decrease the potential ability of NaB to ameliorate the
effects of chronic aflatoxicosis. Surface chemical composition of the ACs plays an important role
in-their FB, sequestering ability over the pH range in the gastrointestinal tract of animals. The
use of mixtures of properly formulated activated carbons and NaB as dietary additive in animal

diets might to be potentially useful to counteract chronic aflatoxicosis. Further studies should be
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performed in order to test in vivo the ability of mixtures of NaB and activated carbons to prevent
subacute aflatoxicosis.
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Table 1. Theoretical adsorption models, mathematical equations and adjusting parameters

Models

Mathematical Expression Parameters

Langmuir

Q... —Q)[toxin]

or Qmax Or ®I B

_ ®
7= (1- ©)[toxin]

FFG

p= { Q }exp(—zaQ/Qmax)

(Q max— Q)[toxin]

or Qmax0r 0, B, a

®
b= {(1— @)[toxin]}eXp(_za(a)

GAB

0- KlM[toxin](l—(Kz[toxin])”)
(1- K, [toxin])1+ (K, — K, )[Toxin])

Klr KZ/ M
or

0= K, M[toxin]
(1- K, [toxin])(1+ (K, — K, )[Toxin])

Q and Q. are the amount of toxin retained on the adsorbent phase (mmol g* of dry adsorbent) at each

equilibrium condition and at saturation, respectively, ® (= Q/Qmax) is the fraction of the surface covered by the

toxin at each equilibrium condition, [toxin] is the residual toxin concentration at equilibrium, B is the adsorption

constant (L mol™), “a” is the FFG parameter that measures the lateral interaction between adsorbed toxin

molecules. The Guggenheim—Anderson—de Boer (GAB) multilayer isotherm parameters K, and K, (e.g. L/mmol) are
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the equilibrium constants for the first and the second layers, respectively, M (e.g. mmol g") is the maximum
adsorption capacity on the first layer; and n represents the number of layers.
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Table 2. Adjusted parameters of absorption isotherms on sodium bentonite at pH 2

FBl 1OSB Qmax
Toxin Model a R?
C/M (L mol™) (mmol g%
AFB, - L 8.7+0.6 2.38 £0.04 - 0.9985
FB, - L 44 + 3 25.4+0.1 - 0.9678
AFB4 2.8x10™ FFG 0.23.£0.02 2.38+£0.04 : 1.8+0.4 0.9941

* assumed as the same T",,.., obtained for AFB; alone
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Table 3. Porosity parameters for carbons and raw materials, determined from N, adsorption at 77K

ABET VDR N2 Vmicro Vmeso

sample
m>g* cm® gt cm® g™t cm® gt
AC1 681 0.27 0.270 0.040
AC2 906 0.35 0.365 0.119

Ager is the specific surface area; Vpr N, is the Dubinin-Raduschkevich volume; V icro and V eso are the micropore
and mesopore volume, respectively.
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Table 4. Ultimate analysis for activated carbons (Dry Basis, Ash Free)

Sample C (%) N (%) H (%) S (%) 0°(%)
AC1 81.07 0.09 1.23 0 16.95
AC2 93.32 0.20 0.53 0 5.95

Obtained by difference
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Table 5. Guggenheim—Anderson—de Boer (GAB) parameters of the FB; adsorption isotherms
on different activated carbons

K4 K> M
Activated PH ) R?
(L pmol™) (L pmol™) mmol g’
Carbon
2 2.2+0.8 0.40 £ 0.07 3.5+0.8 0.9882
AC1 4 16+2 0.24 +0.13 7.8%£0.6 0.9681
6 4+1 0.71 +£0.08 43+0.8 0.9897
2 60+ 15 5.6+0.1 3.6+0.2 0.9829
AC2 4 16+2 0.87+0.05 52+0.3 0.9835
6 12+4 0.50 +0.06 0.20 £ 0.02 0.9986

Kiand Kz (e.g. L mmol™) are the equilibrium constants for the first and the second layers, respectively; M (e.g. mmol
g™) is the maximum adsorption capacity on the first layer and R’ is the determination coefficient.
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Figure 1. Aflatoxin B, adsorption () and desorption (O) isotherms on sodium bentonite in 0.15 M NaCl
brought to pH 2 with HCI
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Figure 2. Aflatoxin B; adsorption ( ) and desorption (O0).isotherms on sodium bentonite in 0.15 M NaCl
brought to pH 2 with HCI
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Figure 3. Influence of FB; upon the adsorption isotherm-of AFB; on sodium bentonite carried down in
0.15 M NaCl brought to pH 2 with HCI. Concentrations.of FB1: 0 M (o) and ( ) 2.8x10™* M
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Figure 4. Fumonisin B adsorption ( ) and desorption (j ) isotherms on activated carbon AC1 in
0.15 M NaCl brought to pH 4 with HCI
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Figure 5. Effect of pH on the adsorption isotherms of FB; on activated carbon AC1 in 0.15 M NaCl at
pH2 ( ),pH4 (¢ )and pH 6 (f).
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Figure 6. Effect of pH on the adsorption isotherms of FB; on activated carbon AC2 in 0.15 M NacCl at pH 2
(),pH4 (2 )andpH6 ().
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