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This work aims at exploring the potential of nonionic surfactant octylphenol polyoxyethylene ether (OP-
10) modified montmorillonites (NMts) as mycotoxins adsorbent. The resulting NMts has different struc-
tural configurations, organic carbon contents, surface hydrophobicity and textural properties at different
surfactant loadings. The prepared NMts were used for adsorption of polar aflatoxin B1 (AFB1) and weak
polar zearalenone (ZER) in both single and binary-contaminate systems by simulating conditions of gas-
trointestinal tract. The adsorption capacities of NMts to AFB1 and ZER increased up to 2.78 and 8.54 mg/g
respectively from 0.51 and 0.00 mg/g of raw montmorillonite (Mt). High adsorption capacities of NMts to
AFB1 and ZER could be reached at low surfactant loadings. There was little decrease from pH of 3.5 to 6.5
but became negligible with increasing the surfactant loadings. In binary-contaminate adsorption system,
the adsorption of ZER was obviously affected by the existence of AFB1, while ZER had little effect on the
adsorption process of AFB1 due to different adsorption mechanism. This study demonstrates that NMts
could be a promising adsorbent for simultaneous detoxification of polar and non-polar mycotoxins.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

The worldwide contamination of animal feeds, cereal grains and
foods intended for human consumption with mycotoxins has been
a long-lasting significant problem [1]. It has been estimated that
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almost 25% of food crops over the world are contaminated with
mycotoxins each year [2–4]. Mycotoxins are a large group of sec-
ondary metabolic products from fungi, or molds, which pose huge
health threat to animals and humans due to their mutagenicity and
carcinogenicity [5,6]. Moreover, mycotoxins bring enormous eco-
nomic losses in food industry and animal husbandry annually.
Thus, strategies to eliminate or inactivate mycotoxins in foods
and feeds which are highly toxic to human and animals remain a
research priority.

Several techniques including biological degradation, extrusion
cooking, ammoniation and ozonation have been developed for
the treatment of mycotoxins [7,8]. However, they have some limi-
tations such as low efficacy, long time treatment, losses in the
nutritional value and the palatability of feeds, as well as the expen-
sive equipment required to implement these techniques. Using
mycotoxins adsorbents to bind mycotoxins in gastrointestinal tract
of animals and then decrease their bioavailability and toxicities has
been regarded as the most promising and economical approach to
detoxifying mycotoxins contaminated animal feedstuffs [9,10].
Recent studies applying zeolite [11], montmorillonite [12,13], hal-
loysite [14], talc and diatomite [15] for detoxification of mycotox-
ins suggest the potential of natural minerals as mycotoxins
adsorbents. Of particular note in the regard is montmorillonite
(Mt), an aluminum silicate possessing a permanent negatively
charged surface and exchangeable cations in the interlayer space.
Reports show that Mt has excellent effectiveness in binding polar
aflatoxins and reducing their toxicity [16–21]. However, the hydro-
philic negatively charged surface of Mt is less effective in binding
low polar, hydrophobic mycotoxins such as zearalenone and
ochratoxin [7,11].

Organic modification of clay minerals with cationic surfactant is
another strategy to improve the affinity of adsorbents to non-polar
or weak polar mycotoxins. Unfortunately, few studies can be
founded for the detoxification of polar aflatoxins using organic clay
to the best of our knowledge. Simultaneous detoxification of myco-
toxins with different polarities remains a critical unmet challenge.

More recently some groups have explored amphiphilic surfac-
tants such as nonionic and zwitterionic surfactants for simultane-
ous adsorption of hydrophilic heavy metal ions and hydrophobic
organics [22–25]. These pioneering studies give us new inspiration
of utilizing amphiphilic surfactants to modify Mt for simultaneous
adsorption of mycotoxins with different polarities. Despite the
popularity of amphiphilic surfactant modified Mts used in environ-
mental recommendation, no studies have yet successfully applied
amphiphilic surfactant modified Mts as mycotoxins adsorbents
for the simultaneous detoxification of different kind of mycotoxins.
Fig. 1. Molecular structural information of AFB1 (polar mycotoxin, dipole m
Here we use the nonionic surfactant octylphenol poly-
oxyethylene ether with 10 CH2CH2O radicals (OP-10) as a modifier
to develop a novel Mt-based mycotoxins adsorbent (NMt). The
structure configurations and organic contents of NMts were
detected with XRD and TG techniques. The surface hydrophobicity
was deduced from moisture adsorption capacity. And the porous
nature of NMts was measured from N2 adsorption–desorption iso-
therms. The potential of NMt as mycotoxins adsorbent was exam-
ined with the adsorption properties of polar aflatoxin B1 (AFB1) and
weak polar zearalenone (ZER). The molecular structures of AFB1

and ZER are displayed in Fig. 1, the dipole moment of which is
9.5 and 2.2 D, respectively.

2. Materials and methods

2.1. Materials

The montmorillonite (Mt) with a cation exchange capacity
(CEC) of 68.29 meq/100 g used in this study is supported by Bai-
fubang Mining Fertilizer Co. Ltd. from Neimenggu province, China.
It was ground into powder to pass through 200 mesh after being
received. It contains very little quartz but no organic matter. And
no excess hazardous heavy metals and dioxin are detected too in
raw Mt, which meets the requirements of feed additives. The non-
ionic surfactant used in this study is octylphenol polyoxyethylene
ether (OP-10) obtained from Usolf Chem. Co., China with a purity of
99%. Mycotoxins aflatoxins B1 (AFB1) and zearalenone (ZER) were
purchased from Fermentek Co. Ltd, whose purity is above 99.5%
analyzed by HPLC method. Other chemical reagents such as phos-
phoric acid, sodium phosphate monobasic, disodium phosphate,
acetonitrile and methyl alcohol were all purchased from Beijing
Reagent Co. (Beijing, China). Acetonitrile and methyl alcohol are
chromatographic grade, and other reagents are analytical grade.
All reagents are used as obtained without further purification.

2.2. Preparation of NMts

The NMts were prepared using an ultrasonic bath method.
Firstly, 4 g of Mt was dispersed in 300 mL of deionized water and
stirred 0.5 h to form a homogeneous clay dispersion at room tem-
perature. A stoichiometric amount of surfactants were firstly dis-
solved in 100 mL of deionized water and then slowly introduced
to the clay suspension using a peristaltic pump. The mixtures were
treated for 0.5 h at 60 �C on a Geneng G-020 ultrasonic bath with
ultrasonic power of 120 W and frequency of 40 kHz, and then stir-
red for another 24 h at room temperature with a Kexi magnetic
oment: 9.5 D) and ZER (weak polar mycotoxin, dipole moment: 2.2 D).



Fig. 2. X-ray diffraction patterns of raw Mt and the prepared NMts modified at 0.5,
1.0 and 2.0 CEC surfactant loadings.
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stirrer. Finally, the mixtures were washed three times with deion-
ized water by centrifuging for 25 min at 3000 rpm, and then dried
in an oven at 60 �C for 12 h. The amounts of surfactants added were
0.5, 1.0 and 2.0 CEC of Mt, which were denoted as 0.5OP-10Mt,
1.0OP-10Mt and 2.0OP-10Mt, respectively.

2.3. Characterization of NMts

Powder X-ray diffraction (XRD) patterns were recorded
between 2� and 12� on a Bruker D8 diffractometer with Cu Ka radi-
ation (k = 0.15406 nm) operating at 40 kV and 40 mA at a step size
of 0.02.

Thermogravimetric analysis (TGA) was obtained using a Mettler
TGA/DSC 1 SF/1382 instrument with heating rate at 10 �C/min
from room temperature to 1000 �C in a high-purity nitrogen atmo-
sphere (50 mL/min).

The hydrophobicity of NMts was deduced from the moisture
adsorption experiments under 20 �C with the relative humidity
of 33%. The experiments were operated in a GDW-300 pro-
grammable temperature and humidity test chamber. All samples
were dried at 105 �C for 24 h before the tests were conducted.
The moisture adsorption capacities were calculated from the
change in mass of samples by the equation:

Ma ¼ mt �m0

m0
� 100%

where Ma is moisture content, m0 is the initial weight of the dried
sample, and mt is the weight of the sample at time t.

Pore structure parameters such as surface area, pore volume
and average pore size were measured from N2 adsorption–desorp-
tion isotherms using a Micromeritics ASAP2020 instrument. The
samples were degassed at 105 �C for 12 h prior to N2 adsorption.

2.4. Simulated mycotoxins adsorption experiments

The mycotoxins adsorption experiments simulated the pH con-
ditions in the gastrointestinal tract using phosphate buffer solu-
tions, at pH 3.5 which is equivalent to stomach and at pH 6.5
which is equivalent to intestine conditions [26]. The experiments
were carried in a batch model and performed at 37 �C. Two adsorp-
tion systems, namely single adsorption system and binary-
contaminant adsorption system, were designed to investigate the
adsorption properties of the prepared adsorbents for AFB1 and
ZER. For single adsorption system, only one mycotoxin with an ini-
tial concentration of 0.786–3.368 mg/L for AFB1 or 5.000–14.000
mg/L for ZER, respectively was added into the adsorption system.
The pH of phosphate buffer solution was adjusted to 3.5 by adding
small amounts of 0.1 M H3PO4. For binary-contaminant adsorption
system, the adsorption contained both AFB1 and ZER simultane-
ously. The initial concentration was set as a constant of 4.000
mg/L for AFB1 and 16.000 mg/L for ZER, respectively.

Batch adsorption experiments were operated in sealed 25 mL
polypropylene centrifuge tubes. Initially, a primary AFB1 (22.450
mg/L) and ZER (100.000 mg/L) stock solution was prepared by dis-
solving mycotoxins powders in chromatographic grade methyl
alcohol. Then, 0.01 g of the prepared adsorbents as well as raw
Mt were added into 10 mL aliquots of phosphate-buffered solution
containing AFB1 or/and ZER at different initial concentrations,
respectively. The mixture was continuously agitated on a shaker
for 60 min, centrifuged for 5 min at 10,000 rpm, and 1 mL of the
aqueous supernatant was filtered with 0.22 lm filter membrane
for HPLC analysis. Moreover, a control treatment without adsor-
bent was carried out for each experiment in case of any possible
nonspecific binding of AFB1 and ZER. All adsorption experiments
in this paper were carried out at least in triplicate and the averaged
values were presented in the figures. Error bars represent standard
deviation of at least three independent experiments. The experi-
ments of rawMt were performed five replicates due to low adsorp-
tion capacity, others were performed in triplicate.

HPLC analyses were performed on an Agilent 1260 quaternary
pump with a G1329A autosampler and a welchrom 4.6 � 250 mm
XB-C18column. Isocratic elutionwasperformedwith afluorescence
detector at an excitation of 360 nm and an emission of 440 nm for
AFB1, an excitation of 274 nm and an emission of 440 nm for ZER.
The mobile phase water and acetonitrile (v/v = 50:50) was pumped
at a flow rate of 1.0 mL/min. Calibration curves were achieved using
eight standards over the concentration range of the sorption sam-
ples and repeated for three times. The adsorbed amount (%) of
AFB1 and ZER was calculated from the difference of the peak area
between control supernatant and equilibrium supernatant:

R ¼ 1� A1

A0

� �
� 100% ð1Þ

where A0 and A1 are the peak area of control supernatant and equi-
librium supernatant analyzed by HPLC method.

3. Results and discussion

3.1. Characterizations

The XRD patterns of the prepared NMts modified at different
surfactant loadings as well as raw Mt were presented in Fig. 2. In
Fig. 2, raw Mt has a basal spacing of 1.41 nm, which is typical basal
spacing at Ca2+ saturation of exchange sites of Mt. After modifica-
tion with OP-10, d001 values of NMts increased with surfactant
loadings, which indicated that nonionic surfactant OP-10 has been
intercalated into the interlayer of Mt. Being different from cationic
surfactant, nonionic surfactant is absent of cations in the molecular
structure and therefore no ion exchange reaction occurred
between exchangeable cations of Mt and nonionic surfactant.
However, literatures reported that hydrogen bond can be formed
between polyoxyethylene ether chain and siloxane surfaces [27–
31], which supported that nonionic surfactant OP-10 can be



Fig. 4. Moisture adsorption capacities of rawMt and the prepared NMts modified at
0.5, 1.0 and 2.0 CEC surfactant loadings.
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intercalated into the interlayer of Mt through hydrogen bonding.
The structural configuration of surfactant molecules between clay
unit layers were proposed based on the interlayer spacing and
molecular size of OP-10, and the results were discussed systemat-
ically somewhere else [32]. At a low surfactant loading (0.5 CEC),
OP-10 molecules exhibited a lateral-monolayer arrangement
within the interlayer space of Mt. At 1.0 and 2.0 CEC levels, a
bilayer arrangement of the surfactant OP-10 could be observed in
the interlayer of the clay.

The TG curves of untreated Mt and NMts at different surfactant
loadings were displayed in Fig. 3. It was observed from Fig. 3, raw
Mt had three main mass loss steps, which were attributed the
dehydration of adsorbed water, water molecules around metal
cations on the exchangeable sites in Mt and the dehydroxylation
of structural OH units in the clays [33,34], respectively. The
amount of physically adsorbed water of raw Mt was relatively
high, reaching around 11% of total mass of Mt. However, the first
mass loss step of NMts, which was assigned to the dehydration
of physically adsorbed water, dropped only a little compared to
raw Mt. This result demonstrated that the hydrophobicity of NMts
increased after modification since partial adsorbed water mole-
cules were replaced by OP-10 molecules. The second mass loss step
during approximately 200 to 500 �C, which represented the decom-
position of the surfactant, increased from 7.40% to 28.66% when
the surfactant loading increased from 0.5 to 2.0 CEC. It indicated
the high organic carbon contents of NMts. Though some carbon
residue might remain during TGA process [32], the mass losses of
NMts were significant.

The surface hydrophobicity was an important property of NMts
during nonpolar, hydrophobic contaminants adsorption process.
The surface hydrophobicity of NMts was visualized in Fig. 4. The
moisture adsorption capacities dropped from 11.82% of raw Mt
to 5.32%, 4.33% and 3.33% of 0.5OP-10Mt, 1.0OP-10Mt and 2.0OP-
10Mt, respectively, indicating the increase of hydrophobicity of
NMts. The results were in good accordance with TG curves, and
the increased hydrophobicity of NMts is inclined to capture the
nonpolar, hydrophobic molecules.

Fig. 5 displayed the nitrogen adsorption–desorption isotherms
of raw Mt and NMts. It can be seen from Fig. 5 that the adsorp-
tion–desorption isotherms gradually changed from Type IV of
raw Mt to Type II of 1.0OP-10Mt and 2.0OP-10Mt according to
the BDDT classification [35]. The Type IV isotherm of raw Mt is
characteristic of mesoporous material, meaning the presence of
mesopores in raw Mt. However, Type II isotherms of 1.0OP-10Mt
and 2.0OP-10Mt suggested nonporous or macroporous adsorbents.
Fig. 3. TG curves of raw Mt and the prepared NMts modified at 0.5, 1.0 and 2.0 CEC
surfactant loadings.

Fig. 5. Nitrogen adsorption–desorption isotherms of rawMt and the prepared NMts
modified at 0.5, 1.0 and 2.0 CEC surfactant loadings.

Table 1
The textural characteristics of raw Mt and the prepared NMts.

Sample ID SBETa (m2/g) VP
b (cm3/g) Pore sizec (nm)

Mt 72.301 0.170 6.538
0.5OP-10Mt 36.967 0.087 6.327
1.0OP-10Mt 15.920 0.035 6.423
2.0OP-10Mt 6.460 0.017 6.072

a SBET means specific surface areas calculated from BET theory.
b VP means BJH desorption cumulative pore volume of pores between 1.7 and

300 nm in diameter.
c Pore size is BJH desorption average pore size (4V/A).
Combined with the finding that the BET specific surface area of
NMts kept dropping with increasing the surfactant loadings (sum-
marized in Table 1), which may be occupied by the surfactant
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molecules. We regarded that the NMts modified at high surfactant
loadings are probably nonporous materials. The BET specific sur-
face area and BJH desorption cumulative pore volume sharply
declined from 72.301 m2/g and 0.170 cm3/g of raw Mt to 6.460
m2/g and 0.017 cm3/g of 2.0OP-10Mt, which demonstrated the
great changes in textural properties of NMts after modification
with nonionic surfactant.

3.2. Adsorption in single system

3.2.1. Adsorption of AFB1
In order to investigate the adsorption characteristics of the pre-

pared adsorbents, three typical adsorption isothermmodels includ-
ing Langmuir, Freundlich and Linear isothermmodels were applied
to fit the experimental data. It is assumed that Langmuir isotherm
model follows a monolayer adsorption process, which means no
further adsorption occurs once adsorbate takes place at specific
sites in the adsorbent. The relationship is expressed as follows:

ce
qe

¼ 1
qm

ce þ 1
qmKL

ð2Þ

where qe is the equilibrium adsorption capacity (mg/g), ce repre-
sents the equilibrium concentration in solution (mg/L), KL is the
Langmuir constant (L/mg) and qm represents the maximum adsorp-
tion capacity of the adsorbent (mg/g). Experimental values of qm
and KL are calculated from the slope and intercept of the linear plot
of ce/qe against ce.

On the other hand, the Freundlich model is an empirical expres-
sion, which assumed that a multilayer adsorption occurs on the
heterogeneous surface or surface supporting sites of various affini-
ties [36]. The equation is described as follows:

ln qe ¼
1
n
ln ce þ ln KF ð3Þ

where KF and 1/n are the Freundlich constants which represent the
adsorption capacity and adsorption strength, respectively. The mag-
nitude of 1/n quantifies the degree of heterogeneity of the adsor-
bent surface and the favorability of adsorption [37]. KF and n can
be obtained from the intercept and slope of the linear plot of ln qe
versus ln ce.

The linear isotherm model can be expressed as:

qe ¼ Kdce ð4Þ
Fig. 6. Adsorption isotherms of (a) Mt, (b) 0.5OP-10Mt, 1.0OP-10Mt and 2.0OP-10Mt to
represent standard deviation of the replicates. The raw Mt was performed five replicate
where qe is the solid-phase concentration of the sorbate per unit
mass of the sorbent (mg/g), ce is the equilibrium solute concentra-
tion (mg/L), and Kd is the linear sorption (partition) coefficient (L/g).

Fig. 6 showed the adsorption isotherms of raw Mt and the pre-
pared adsorbents NMts to AFB1. The relevant parameters of the
three isotherm models were calculated in Table 2. Seen from
Table 2, the experimental data of raw Mt matched best with Fre-
undlich model based on the correlation coefficients (R2), suggest-
ing that either the presence of a heterogeneous sorbent surface
or the co-existence of different adsorption mechanism, or both
phenomena at the same time [38]. It was generally considered that
the exchangeable cations of Mt were the main sorption sites of
AFB1. Ion-dipole interaction and coordination happened between
the cations of Mt and carbonyl groups of AFB1 [6,39,40]. However,
rawMt had a very low adsorption capacity to AFB1, 0.51 mg/g actu-
ally obtained in this study. Moreover, the adsorption affinity
between AFB1 and raw Mt is weak observed from the value of
dimensionless parameter 1/n (1/n > 1) [6].

The adsorption isotherms of NMts to AFB1 could be best
described by Langmuir model seen from Table 2 (R2 > 0.99), indi-
cating different sorption sites for AFB1 between raw Mt and NMts.
On the basis of Langmuir model, the adsorption of AFB1 on NMts
obeyed monolayer adsorption process and the monolayer maxi-
mum adsorption capacities of 0.5OP-10Mt, 1.0OP-10Mt and
2.0OP-10Mt were 2.78, 2.69 and 2.72 mg/g, respectively. It was
reported that one nearly-planar AFB1 molecule occupied about
1.38 nm2 surface area [41]. We calculated that the 2.78, 2.69 and
2.72 mg/g adsorption capacities of 0.5OP-10Mt, 1.0OP-10Mt and
2.0OP-10Mt required a surface area of 7.41, 7.17 and 7.25 m2/g
at monolayer adsorption, respectively. The specific surface areas
of 0.5OP-10Mt, 1.0OP-10Mt and 2.0OP-10Mt were 36.967, 15.920
and 6.460 m2/g, respectively as mentioned in Table 1. It was clear
that 0.5OP-10Mt, 1.0OP-10Mt could provide enough sorption sites
for AFB1 but the specific surface area of 2.0OP-10Mt is lower than
the required sorption sites. The lower specific surface area of
2.0OP-10Mt than required sorption site reminded the existence
of ion-dipole interaction and coordination between cations of
NMts and carbonyl groups of AFB1, since OP-10 molecules didn’t
replace the exchangeable cations of Mt. It was interesting that
the sorption sites of 0.5OP-10Mt increased obviously as compared
to raw Mt but kept almost constant among the three prepared
NMts. The finding showed that though the surfactant loadings of
0.5OP-10Mt, 1.0OP-10Mt and 2.0OP-10Mt were different, the
AFB1. The data points are the average values of repeat experiments. The error bars
s due to low adsorption capacity, others were performed in triplicate.



Table 2
The parameters of isotherm models for AFB1 adsorption.

AFB1 Langmuir model Freundlich model Linear model

Qmax (mg/g) KL (L/mg) R2 KF (mg1 � 1/n L1/n/g) 1/n R2 Kd R2

Mt 0.05 2.33 0.9713 100.74 5.71 0.9946 4.10 0.9511
0.5OP-10Mt 2.78 44.99 0.9989 3.27 0.19 0.8672 2.50 0.7412
1.0OP-10Mt 2.69 13.65 0.9954 3.81 0.43 0.9103 3.49 0.7458
2.0OP-10Mt 2.72 16.62 0.9972 3.96 0.41 0.9220 4.03 0.7780
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sorption sites they can provide for AFB1 were almost the same. We
ascribed this to the structural configuration of surfactant mole-
cules between clay mineral unit layers at different surfactant load-
ings. As demonstrated in Fig. S1, when the hydrophobic carbon
chain of OP-10 acted as the sorption sites for AFB1, the effective
sorption sites of NMts modified at different surfactant loadings
were almost the same. Thus, we inferred that the hydrophobic car-
bon chain of OP-10 should be the created sorption sites of the new
adsorbents. In this case, hydrophobic interaction between carbon
chain and organic parts of AFB1 would dominate the adsorption
process of AFB1 on NMts, assisted with ion-dipole interaction and
coordination.

Combined with the configuration of NMts proposed in literature
[32], we speculated that NMts modified between 0.5 and 1.0 CEC
level which had higher effective sorption sites could own a higher
adsorption capacity. In order to verify the speculation, 0.75OP-
10Mt modified at 0.75 CEC surfactant loading was prepared, char-
acterized and applied in the adsorption of AFB1. XRD pattern
(shown in Fig. S2a) implied the interlayer spacing of 0.73 nm,
which reflected a paraffin-type monomolecular arrangement
(Fig. S2b). TG and BET measurements gave organic carbon content
and specific surface area of 13.81% and 21.587 m2/g (Fig. S2c and
d), which was between 0.5OP-10Mt and 1.0OP-10Mt. The compar-
ative adsorption result from 0.5 to 2.0 CEC OP-10 modified samples
was illustrated in Fig. S3. It showed that 0.75OP-10Mt had the
highest adsorption capacity, which confirmed the speculation.
Therefore, we concluded that NMt could reach high adsorption
capacities under low surfactant loadings, thereby having lower
production cost and wide application prospect.
Fig. 7. Adsorption isotherms of 0.5OP-10Mt, 1.0OP-10Mt and 2.0OP-10Mt to ZER.
The data points are the average values of repeat experiments. The error bars
represent standard deviation of three replicates.
3.2.2. Adsorption of ZER
The adsorption isotherms of NMts for ZER were displayed in

Fig. 7. However, the adsorption isotherm of raw Mt was not plot-
ted because our experimental data found that raw Mt hardly
adsorbed ZER in the simulated gastrointestinal tract solution due
to the hydrophilic, strong polar surface of Mt against the
hydrophobic, weak polar ZER molecules. It can be seen clearly
from Fig. 7 that the adsorption capacities of NMts for ZER were
dramatically enhanced after modification and the adsorption iso-
therms of NMts could be described well with Linear model. The
result was later proved by the calculated parameters of three iso-
therm models, which was presented in Table 3. The superior
match with Linear isotherm model suggested the adsorption/par-
tition mechanism between ZER molecule and NMts. According to
the characterizations, organic content and hydrophobicity of NMts
increased, which could improve the affinity of NMts to hydropho-
bic, weak polar ZER molecules since the carbon chains of OP-10
can functioned as a partition medium for ZER. However, the
adsorption capacities of NMts rose from 0.5 to 1.0 CEC surfactant
amount and then kept almost constant from 1.0 to 2.0 CEC level.
The results seemed to be in line with the XRD change. From 0.5
to 1.0 CEC surfactant loadings, the interlayer spacing of NMts
changed obviously from 0.60 to 0.88 nm, while there was only lit-
tle expansion of 0.88 to 0.92 nm from 1.0 to 2.0 CEC surfactant
loadings. Although the partition medium organic carbon kept
increasing with surfactant loadings, the interlayer space which
can hold ZER molecules did not increase linearly with surfactant
loadings. The specific surface area also declined sharply when con-
tinued increasing surfactant loadings, providing less sorption sites
for ZER. These findings were same with AFB1 adsorption, demon-
strating that high adsorption capacities could be achieved at a rel-
ative low surfactant loading.
3.3. Effect of pH

Generally, pH plays a critical role during mycotoxins adsorption
process because feed additives firstly gather in stomach where the
pH value is 3.5 and then pass through the intestine where the pH
value is 6.5. The adsorption experiments of the three prepared
adsorbents for both AFB1 and ZER were compared in these two
pH conditions, and the result was depicted in Fig. 8. For AFB1, the
adsorption capacity in pH of 6.5 condition was lower than that in
pH of 3.5 condition, meaning that there would be a desorption
when the adsorbents went through stomach to intestine. It may
result from the cations in the interlayer of Mt that could be influ-
enced by solution pH. On the other hand, solution pH also had an
effect on the adsorption of ZER but the influence became smaller
with increasing surfactant loadings. The little decrease in pH of
6.5 as compared to that in pH of 3.5 was due to the increased sol-
ubility of ZER in water [11]. Since more ZER molecules dissolved in
water, less ZER molecules could be captured by adsorbents through
hydrophobic interaction. The acid-base resistance property
improved at high surfactant loadings was probably attributed to
the improvement of hydrophobicity of NMts.



Table 3
The parameters of isotherm models for ZER adsorption.

ZER Langmuir model Freundlich model Linear model

Qmax (mg/g) KL (L/mg) R2 KF (mg1 � 1/n L1/n/g) 1/n R2 Kd R2

0.5OP-10Mt 34.36 0.05 0.4491 1.65 0.89 0.9864 1.37 0.9878
1.0OP-10Mt 68.49 0.04 0.8717 2.70 1.09 0.9892 3.17 0.9994
2.0OP-10Mt 59.88 0.05 0.9869 2.82 1.00 0.9806 2.80 0.9916

Fig. 8. Effect of pH on the adsorption performance of the prepared NMts for both (a) AFB1 and (b) ZER. Initial concentration: 4 mg/L for AFB1 and 16 mg/L for ZER; adsorbent
amount: 0.01 g. The data points are the average values of repeat experiments. The error bars represent standard deviation of three replicates.
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3.4. Comparative adsorption

Due to the fact that crops, animal feeds and foods intended for
human consumption usually co-contaminated by multiple myco-
toxins [42], comparative study between adsorption in single sys-
tem and in binary-contaminant system was conducted to
investigate the influence of one mycotoxin on the adsorption pro-
Fig. 9. Comparative study between adsorption in single system and in binary-contamin
amount: 0.01 g. The data points are the average values of repeat experiments. The error
cess of another mycotoxin. The result is presented in Fig. 9. Firstly,
it can be seen that both AFB1 and ZER were affected by the exis-
tence of another mycotoxin as the adsorption capacities in
binary-contaminant system were lower than that in single system.
However, the adsorption of ZER in binary-contaminant decreased
seriously while there was only a little drop on the adsorption of
AFB1. It suggested that a competitive adsorption happened
ant system. Initial concentration: 4 mg/L for AFB1 and 16 mg/L for ZER; adsorbent
bars represent standard deviation of three replicates.
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between AFB1 and ZER, and AFB1 owned a stronger stability during
the competitive adsorption. In Section 3.2, we proposed that the
adsorption mechanism of NMts to AFB1 were ion-dipole interac-
tion and hydrophobic interaction, while the adsorption mechanism
of NMts to ZER was hydrophobic interaction. It is known that an
ion-dipole force is an attractive force that results from electrostatic
attraction between an ion and a neutral molecule that has a dipole,
and hydrophobic interaction is a weaken, non-covalent interaction.
It seemed that the ion-dipole force was stronger than hydrophobic
interaction in this study. After AFB1 molecules were captured by
NMts through ion-dipole interaction, partial sorption sites were
occupied. On one hand, the adsorbed AFB1 molecules were in favor
of the adsorption of other AFB1 molecules. On the other hand, the
occupied sorption sited decreased the sorption sites for ZER.
4. Conclusion

In the current study, the potential of nonionic surfactant modi-
fied montmorillonites (NMts) as mycotoxins adsorbent was firstly
evaluated by detoxification of polar aflatoxin B1 (AFB1) and weak
polar zearalenone (ZER) from simulated gastrointestinal tract.
Three NMts modified at different surfactant loadings were pre-
pared, characterized systematically and applied for the adsorption
of AFB1 and ZER in both single and binary-contaminant systems.
Two notable findings can be highlighted: (i) the modification of
montmorillonite with nonionic surfactant octylphenol poly-
oxyethylene ether (OP-10) significantly improves the adsorption
capacities of NMts to both AFB1 and ZER, up to 2.78 and 8.54 mg/
g respectively; (ii) high adsorption capacities of NMts to AFB1

and ZER can be reached at low surfactant loadings, which would
greatly save economic costs of industrial production. Compared
to the recently reported mycotoxins adsorbents [43–46], most of
them showed adsorption ability only to single mycotoxin, and
the adsorption capacities were relatively low. These observations
suggest that NMt possess tremendous potential as mycotoxins
adsorbent for simultaneous detoxification of polar and non-polar
mycotoxins.
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