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Abstract

The simultaneous adsorption of both imazalil (IMZ) and thiabendazole (TBZ) fungicides in a Cu2+—exchanged Mt was studied in
this work. Kinetic studies were used to determine the rate law which describes the adsorption of individual fungicides onto the
adsorbent. Adsorption isotherm of individual and combined fungicides was done to evaluate synergic or antagonistic effects. The
Mt-Cu material considerably improved TBZ and/or IMZ adsorption from aqueous suspensions with respect to raw Mt, leading to
removal efficiencies higher than 99% after 10 min of contact time for TBZ and IMZ C; = 15 and 40 mg/L, respectively, when a
solid dosage=1 g/L was used. The adsorption sites involved were determined by a combination of X-ray diffraction (XRD)
determinations and electron paramagnetic resonance (EPR), indicating that fungicides were bonded to Cu®* cations, while the
rate limiting step was the formation of coordination bonds. The adsorption mechanism proposed is that of ligand exchange
between water and fungicide molecules in the metal coordination sphere. The single-crystal structure for the IMZ-Cu®* complex
indicated that four molecules were bounded to the copper centers, while two molecules of TBZ are bounded to copper explaining
the higher IMZ uptake capacity for the Mt-Cu material.

Keywords Cu’*-exchanged montmorillonite - Thiabendazole - Imazalil - Adsorption - Crystal structure determination -
Copper-imazalil complex
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Imazalil (IMZ) and thiabendazole (TBZ) are post-harvest fun-
gicides, widely used in citrus and seed fruit packaging plants.
They are applied in several steps during fruit processing, and
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consequently, high volumes of wastewater containing mix-
tures of fungicides and other chemical products are generated
(Jiménez et al. 2015). IMZ is considered “likely to be carcin-
ogen in humans” by USA Environmental Protection Agency
(Environmental Protection Agency (EPA) n.d.-a), while TBZ
shows generally low acute toxicity in humans but high toxic-
ity to freshwater estuarine fish and freshwater/estuarine inver-
tebrates (Environmental Protection Agency (EPA) n.d.-b).
Thiabendazole has been detected in surface waters and sedi-
ment compartments (de Oliveira Neto OF et al. 2017).

The toxicity, bioaccumulation, and persistence in the envi-
ronment of both fungicides generate concern regarding their
effects on aquatic organisms. Furthermore, regulations regard-
ing their maximum residue levels in commodities have
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become more and more stringent since the amount of residual
pesticides detected is increasing worldwide (Jiménez et al.
2015). Taking into account the presence of both fungicides
in real agro-food wastewater (Jiménez-Tototzintle et al.
2015), it is necessary to develop methodologies for the simul-
taneous removal of both compounds prior to their discharge
into natural waters.

Adsorption is a widely reported method to remove pesti-
cides from wastewater, which does not lose validity due to its
important advantages of being non-destructive, effective, in-
expensive, and easy to apply.

Montmorillonite (Mt) is a smectite clay which behaves as a
good adsorbent towards cationic species (Rytwo et al. 1995;
Girses et al. 2004; Parolo et al. 2008; Mazloomi and Jalali
2017). It presents a high specific surface area due to its colloi-
dal size, permanent negative surface charge due to structural
isomorphic substitutions, and a high cation exchange capacity,
which allows the exchange of interlayer—natural occurring—
inorganic cations with dissolved cationic species.

In previous studies, TBZ or IMZ adsorption onto montmo-
rillonites (Mt) has been reported. Its uptake by raw Mt oc-
curred through cation exchange reaction between the cationic
form of the fungicides and inorganic interlayer cations, due to
the basic character of the formers (Gamba et al. 2015, 2017a,
2017b; Lombardi et al. 2003, 2006; Roca Jalil et al. 2014).
However, a way to improve the effectiveness of TBZ removal
from water by the clay was found to be the exchange of Mt by
Cu?*, which acted as specific and high affinity TBZ adsorp-
tion site in the clay, since the neutral form of the fungicide
coordinated with the metal center through imidazolic and
thiazolic nitrogen atoms (Gamba et al. 2017b). It is expected
that IMZ would behave in a similar manner than TBZ, taking
into account the presence of both oxygen and nitrogen atoms
with free electronic pairs in its structure. Furthermore, the
complex formation between Cu** and two imidazole deriva-
tives in Mt was reported by HoleSova et al. (2009) and rein-
forces this hypothesis.

There is a lack of information about the TBZ and IMZ
simultaneous or consecutive adsorption onto a single adsor-
bent. For this reason, the objective of this study was to eval-
uate the adsorption of both fungicides on a Cu**-exchanged
Mt and to assess synergic or antagonistic effects during the
simultaneous fungicide adsorption. Particularly, kinetic stud-
ies carried on individual fungicide adsorption allowed deter-
mining the rate law which describes the adsorption phenome-
non. The adsorption sites and mechanism involved were evi-
denced by X-ray diffraction (XRD) and electron paramagnetic
resonance (EPR) of materials. The single-crystal structure for
the IMZ-Cu* complex was solved with the aim of establish-
ing the number of imazalil molecules bounded to each Cu”*
cation.

The outlined strategy would enable to develop a two-step
remediation process where the same raw material (Mt) is used
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for the removal of transition metals from industrial and/or
mining effluents and the exchanged Mt product is used in
further remediation processes to remove pesticides from agri-
cultural effluents.

Materials and methods
Materials

A Patagonian (Rio Negro Province, Argentina) Mt sample,
provided by Castiglioni Pes y Cia., was previously character-
ized (Gamba et al. 2015; Magnoli et al. 2008) and used as
received.

The Cu2+-exchanged Mt (labeled as Mt-Cu) was obtained
following the methodology described in Gamba et al. (2017b).
Briefly, 10 g of sample was dispersed in 500 mL of water, and
a Cu?* (CuS0,.5H,0) amount equivalent to 1.5 CEC
(0.825 mmol/g clay, Gamba et al. 2015) was slowly added.
The suspension was stirred overnight at 25 °C. The pH value
of the suspension was 4.8. The product was rinsed three times
with deionized water, dried at 80 °C, and ground in an agate
mortar.

The fungicide TBZ (Fig. 1a), IUPAC chemical formula
2-(thiazol-4-yl) benzimidazole, was supplied by Fluka
(Buchs, Switzerland) (98% purity) and used as received. It is
a solid crystalline substance with molar mass (MM) =201.3 g/
mol, solubility in water of 160 mg/L at pH 4 and 30 mg/L at
pH 7-10, both at 20.0+0.5 °C (Tway and Love 1982) and
pKs at 2.5; 4.7 and 12 (Roberts-Hutson 1998). The I[UPAC
name of IMZ (Fig. 1b) is (RS)-1-(B-allyloxy-2,4-
dichlorophenylethyl) imidazole; its solubility in water is
0.184 g/L at 20.0+£0.5 °C; its MM =297.2 g/mol and
pKa = 6.49. It was supplied by Sigma-Aldrich (p.a.) and used
as received. The more restrictive regulation for drinking water
establishes the maximum admissible concentration for indi-
vidual pesticides at 0.1 mg/L (Barahona et al. 2010).

IMZ-Cu** complex single-crystal suitable for X-ray anal-
ysis was obtained from a methanolic solution containing IMZ
and Cu (NOj), in a relation 2:1 by slow evaporation of the
solvent at room temperature.

Adsorption kinetics and adsorption isotherms

Fungicide adsorption kinetics and isotherms were carried out
using the batch method. A weighed amount of TBZ or IMZ
was dissolved in deionized water in order to prepare a 25- or
150-mg/L solution, respectively. Further concentrations were
achieved by dilution in deionized water. Duplicates of Mt or
Mt-Cu samples were weighed into 30-mL centrifuge tubes,
and the corresponding fungicide solution was added. The sus-
pensions were stirred (150 rpm) during a certain contact time
at 25 °C. Clay/solution ratios, fungicide concentrations,
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Fig. 1 Chemical structures of (a) thiabendazole and (b) imazalil

contact time used in adsorption experiments (kinetics and
equilibrium studies), and labeled products were shown in
Table 1.

After contact time, the suspensions were centrifuged at
14,000 rpm for 15 min to separate the solid products. The
concentrations of TBZ and/or IMZ in the supernatants were
analyzed by high-performance liquid chromatography
(HPLC) coupled with UV—visible (A =298 for TBZ and )\ =
220 nm for IMZ) and fluorescence (Ao =300 nm and A, =
350 nm for TBZ) detection using a Shimadzu HPLC C18
column (4.6 mm x 250 mm, 4.6 um). The injected volume
was 10 pL and the mobile phase was 70/30 methanol/water
mixture flowing at 0.9 mL/min.

The fungicide adsorbed amount, g [mg/g], was calculated by:

Ci—Cy
q =
m

(1)

where C; [mg/L] and Cy[mg/L] are the initial and final fungicide
concentrations in the supernatant, respectively, and m [g/L] is the
clay/solution ratio used in the experiment.

Different mathematical models were employed to fit ad-
sorption kinetics data: pseudo-first-order (PFO), pseudo-
second-order (PSO), and intra-particle diffusion model (IPD)

—
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and Elovich equations (Appendix A in supplementary
material).

The validity of the kinetic models was quantitatively
checked by using a normalized standard deviation Ag (%)
calculated by the following equation:

AC][%] _ \/Z[(qt_qt,cal)/qt] % 100 (2)

n—1

where ¢, and ¢, ., are the experimental and calculated fungi-
cide adsorbed amounts, respectively, at each time ¢ and 7 is the
number of data points in the kinetic curve. The lower the
Aq[%] value, the better the model fits (Saha et al. 2013).

The adsorption isotherms were performed using individual
and binary fungicide solutions: contact time =24 h; tempera-
ture = 25 °C, and different solid dosages (Table 1).

Particularly, individual adsorption isotherms (A) of both
fungicides onto Mt-Cu and Mt were compared for a solid
dosage of 1 g/L (Table 1). After centrifugation, the solid
phases corresponding to the highest IMZ or TBZ initial con-
centrations studied (150 or 25 mg/L respectively) were rinsed
with distilled water, air-dried, and stored for further analyses
(“Sample characterization”). The pH of the suspensions

@ Springer



Environ Sci Pollut Res

Table 1 Experimental conditions used over the adsorption kinetics and adsorption isotherm determinations
Type of experiment Fungicide C; [mg/L] Clay Adsorbent m Contact time Name
(adsorbate) (adsorbent) [g/L] [min]

Ads. kinetics (K) TBZ 15 Mt-Cu 1 104320 K-Mt-Cu-1-TBZ

Ads. kinetics (K) TBZ 20 Mt-Cu 0.1 10-4320 K-Mt-Cu-0.1-TBZ

Ads. kinetics (K) IMZ 40 Mt-Cu 1 104320 K-Mt-Cu-1-IMZ

Ads. kinetics (K) ™MZ 100 Mt-Cu 0.1 104320 K-Mt-Cu-0.1-IMZ

Individual ads. isotherm  TBZ 0.5-25 Mt 1 1440 A-Mt-1-TBZ
(A)

Individual ads. isotherm  TBZ 0.5-25 Mt-Cu 1 1440 A-Mt-Cu-1-TBZ
(A)

Individual ads. isotherm  TBZ 0.5-25 Mt-Cu 0.5 1440 A-Mt-Cu-0.5-TBZ
(A)

Individual ads. isotherm  TBZ 0.5-25 Mt-Cu 0.1 1440 A-Mt-Cu-0.1-TBZ
(A)

Individual ads. isotherm  IMZ 2.5-150 Mt 1 1440 A-Mt-1-IMZ
(A)

Individual ads. isotherm  IMZ 2.5-150 Mt-Cu 1 1440 A-Mt-Cu-1-IMZ
(A)

Individual ads. isotherm  IMZ 2.5-150 Mt-Cu 0.5 1440 A-Mt-Cu-0.5-IMZ
(A)

Individual ads. isotherm  IMZ 2.5-150 Mt-Cu 0.1 1440 A-Mt-Cu-0.1-IMZ
(A)

Concurrent ads. isotherms TBZ 3-18 Mt-Cu 0.1 1440 C-Mt-Cu-0.1-TBZ
©) (0.015-0.089 mmol/L)

Concurrent ads. isotherms IMZ 4.5-26.5 Mt-Cu 0.1 1440 C-Mt-Cu-0.1-IMZ
©) (0.015-0.089 mmol/L)

Successive ads. isotherm  TBZ 0.5-25 Mt-Cu-IMZ 0.1 1440 S-IMZ-TBZ
(S)

Successive ads. isotherm  IMZ 2.5-150 Mt-Cu-TBZ 0.1 1440 S-TBZ-IMZ
(S)

measured before and after the adsorption experiment
remained constant at 6.1 and 5.6 for IMZ and TBZ adsorp-
tions on Mt-Cu, respectively, while pH changed from 6.8 to
8.5 and from 6.5 to 7.5 for IMZ and TBZ adsorption isotherms
in Mt, respectively (Gamba et al. 2015, 2017a).

To study the effect of the adsorbent dose on TBZ and IMZ
individual adsorption isotherms, the removal efficiency (E, %)
(Eq. 3) was calculated for the highest fungicide concentration
used (25 and 150 mg/L, respectively):

Ci—C¢

1

E (%) = x 100% (3)
where C; and Cy are the initial and final fungicide concentra-
tions in the solution phase, respectively.

In successive adsorption isotherms (S), Mt-Cu-TBZ sam-
ple was used as adsorbent of IMZ, while Mt-Cu-IMZ was
used as adsorbent for TBZ (Table 1). Also, the simultaneous
and concurrent adsorption isotherms (C) on Mt-Cu sample of
both fungicides at the same molar concentration were deter-
mined to evidence mutual synergic or antagonistic effects.

With the aim of comparing adsorbent-adsorbate affinities
and the adsorbent performance, the experimental isotherm da-
ta were fitted to Langmuir and Freundlich mathematical
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models (Appendix A in supplementary material). Based on
Langmuir model, it is possible to determine R; parameter:

1

Rl=— 4
T+ Gtk “)

where & [L/mg] is the Langmuir constant and C, is the highest
initial fungicide concentration [mg/L]. Ry values between 0
and 1 are assigned to favorable adsorption process; Ry values
higher than 1 indicate unfavorable adsorption process; R = 1
designates linear adsorption while R; =0 points out irrevers-
ible adsorption (Darvishi Cheshmeh Soltani et al. 2011).

Sample characterization

Adsorbents and adsorbed products (see Table 1) were charac-
terized using several techniques.

Cu?* contents before and after adsorption experiments
were determined by digesting 1 g of solids in 20 mL of con-
centrated HNO; at 60 °C until evaporation. This procedure
was repeated twice. The obtained solids were suspended in a
diluted HNO5:H,O solution (1:1). The suspension was filtered
and the supernatant recovered. The Cu®* concentration in the
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supernatant was determined by atomic absorption spectrosco-
py using SensAA dual GBC Sci. equipment.

XRD patterns (001 peak) were collected on random pow-
der samples from 2 to 30° (26) with a counting time of 10 s/
step and 0.02° (26) step size, using a Philips PW 1710 diffrac-
tometer, operated at 40 kV and 30 mA with CuK,, radiation
(A=0.154 nm).

EPR measurements were performed at X-band on a Bruker
EMX Plus Spectrometer at 20 °C. The spectrometer settings
were as follows: microwave frequency 9.87 GHz, modulation
field 100 kHz, modulation amplitude 4 G, microwave power
0.2 mW, and 2040 points of resolution. The number of scans
in all the experiments was 100.

Single-crystal X-Ray diffraction data of IMZ-Cu®* com-
plex were collected at 100 K (—=173.2 °C), using a Bruker
D8 Quest ECO diffractometer, Photon 50 detector with
graphite-monochromated MoK (A=0.71073 A) radiation.
Data collection strategy and data reduction followed standard
procedures implemented in the APEX3 suite of programs.
Fifteen thousand seven hundred fifty-one collected reflections
and 5235 independent reflections were obtained, 3270 with
I1>20(), Ry 0.08. Data were corrected empirically for ab-
sorption employing the multi-scan method implemented in
APEX2 suite. The structure was solved using the program
SHELXS-97 (Sheldrick 1990) and refined using the full-
matrix LS procedure with SHELXL-2014/7 (Sheldrick
2007). Anisotropic displacement parameters were employed
for non-hydrogen atoms. All H atoms were located at the
stereo-chemically expected positions and they were refined
using a riding model. LS weights of the form w=1/
[02(Fy3) + (01191 P)* + 12.0938P] where P = (F,> +2F.%)/3
were employed. R [F* >20(F*)]=0.08, wR(F*) = 0.22.

Results and discussion
Adsorption kinetics and adsorption isotherms

For the evaluation of kinetic models, the effect of reaction
time on the adsorption of TBZ or IMZ was assessed within
an elapsed time of 4320 min. When a solid dosage of 1 g/L
(Table 1) was used, more than 99% of the fungicides were
removed in the first 10 min (Fig. S1, Supplementary material
section). Taking into account that the final concentrations in
the supernatant were below the UV detection limit
(0.0045 mg/L for TBZ and 0.117 mg/L for IMZ), it was de-
cided to diminish the adsorbent dosage to 0.1 g/L and increase
the fungicides C;. The obtained data was shown in Fig. 2.
PFO, PSO, Elovich, and IPD models were evaluated to fit
experimental values. Each equation parameter, correlation co-
efficients (R?), and standard deviation Agq (%) were listed in
Table 2. PFO and IPD could not be fitted to the whole process;
they were adjusted only to the first 270 and 60 min for IMZ

and TBZ, respectively (Sen Gupta and Bhattacharyya 2011),
and the parameters in Table 2 showed the results within that
interval.

Figure 2 shows that increasing the reaction time to 270 min
for IMZ and to 60 min for TBZ caused a rapid increase in the
adsorption capacity, reaching adsorption capacities higher
than 450 mg/g and 170 mg/g, respectively.

A way to evaluate the accuracy of PFO and PSO kinetics
models is comparing the experimental adsorption capacities at
equilibrium (g, exp) With those obtained from the fitting (g,).
PFO predicts lower values for the equilibrium adsorption ca-
pacity than those from the experimental data. Furthermore, the
values of R are far from 1, suggesting that the sorption pro-
cess does not fit the first-order model.

The equilibrium adsorption capacities, ¢., obtained with
PSO model are slightly more precise than those of PFO when
comparing predicted results with experimental data. In addi-
tion, a decrease of Ag and R* values around 0.8 suggested that
PSO is better than PFO to fit experimental data. The PSO
model establishes that chemical sorption is the rate-
controlling step (Fatimah and Huda 2013; Jing et al. 2013;
Park et al. 2013; Wang et al. 2016; Sen Gupta and
Bhattacharyya 2006; Cheung et al. 2001; Ng et al. 2003;
Ozacar and Sengil 2005; Pérez-Marin et al. 2007), suggesting
that Cu®*-fungicide complex formation would be the main
adsorption process.

The Elovich equation is based on a general second-order
reaction mechanism for heterogeneous adsorption processes.
As could be seen from Table 2, this model provided the best fit
to the experimental data (R*>0.9 and Ag lower or similar
than those obtained for PSO model). Elovich fitting to TBZ
adsorption kinetic curve promoted higher « and lower
values than IMZ. Pérez-Marin et al. (2007) related « and
to the rate of chemisorption and the surface coverage, respec-
tively. In that sense, a higher « value for TBZ would be
assigned to faster chemisorption processes (reinforced by a
higher &, value), while higher 3 values for IMZ would desig-
nate larger surface coverage, i.e., fewer adsorption sites avail-
able due to greater adsorption capacity.

Elovich implies that the active sites are heterogeneous in
nature and therefore exhibit different activation energies for
chemisorption (Cheung et al. 2001). Accordingly, the rate-
controlling step of the adsorption process may be the coordi-
nation of nitrogen atoms in the fungicide structures with cop-
per cations located in Mt permanent—interlayer—and vari-
able—edges—charged sites..

Finally, the IPD equation did not provide a good fit to the
experimental data (low R* and high Ag, Table 2). This fact
indicated that intra-particle diffusion process does not control
the adsorption process and, instead, is controlled by chemical
reaction.

The adsorption isotherms of individual fungicides onto Mt-
Cu at different adsorbent dosages were shown in Fig. 3. In
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Fig.2 Fungicide adsorption kinetics for Mt-Cu sample employing a solid
dosage of 0.1 g/L. Symbols indicate as follows: (black square) IMZ and
(black circle) TBZ. Lines correspond to (a) PSO and Elovich
mathematical models fitted to the whole period of time; (b) PFO and

addition, their adsorption onto Mt employing a solid dosage of
1 g/L was added (Fig. 3a, d) with the aim of comparing the
adsorbent performances at the highest solid dosage. R* and
parameters obtained by Langmuir and Freundlich fittings for
all adsorption systems, as well as the fungicide removal effi-
ciencies (E, %), were listed in Tables 3, 4, and 5 for
comparison.

Fungicide removal efficiencies (£) for C; (TBZ)=
25 mg/L and C; (IMZ)=150 mg/L were higher than
90% when solid dosages equal to or greater than 0.5 g/L
were used. These data are encouraging since it would be
feasible to eliminate practically all the dissolved fungicide
using Mt-Cu, if fungicide concentrations in water are low-
er than the concentrations evaluated in this work.
Furthermore, the increase of £ by almost 30% in Mt-Cu
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IPD mathematical models fitted to the first minutes. Error bars represent
standard deviations from triplicate experiments (error bars not evident are
smaller than the symbols)

with respect to Mt (Table 3) demonstrated the role that the
metal played in the removal of fungicides.

The Freundlich equation predicts that the fungicide con-
centrations on the adsorbent will increase as long as there is
an increase in the fungicide concentration in the liquid. In this
model, Ky and 1/n values can be used to show adsorption
capacity and adsorption intensity, respectively (Ng et al.
2003). For the isotherms with solid dosage=1 g/L, it was
observed that both Krand 1/x increased in Mt-Cu with respect
to Mt for both fungicides, suggesting that both the capacity
and the intensity of the fungicides in Mt-Cu is greater that for
Mt. In addition, in all cases, 1/n values were less than 1,
indicating non-linear behavior of adsorption.

For A-Mt-Cu-1-TBZ and A-Mt-Cu-0.5-TBZ isotherms,
Langmuir fitting resulted in parameters with large associated
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Fig. 3 Adsorption isotherms of TBZ onto (white circle) Mt and (black
circle) Mt-Cu and IMZ onto (white square) Mt and (black square) Mt-Cu
employing a solid dosage ofa,d 1 g/L,b,e 0.5 g/L,and ¢, f0.1 g/L. Lines

errors. It is necessary to remember that TBZ C; (and therefore
Cy) was limited by the solubility of the compound (25 mg/L).

correspond to Langmuir or Freundlich mathematical models fitted to
experimental data

Langmuir isotherm model assumes a monolayer adsorption on
a surface with a finite number of identical sites, where all sites

Table 2 Parameters, correlation

coefficients (R?), and standard Model Parameter TBZ IMZ
deviation Ag (%) of Geexp™ [mg/g] 21347 536+5
mathematical models fitted to
experimental data PFO 9. [mg/g] 128+5 (39+3).10'
g, = q,(1-e™1) ki [1/min] 0.16+0.05 0.06+0.02
e R 0.073 0.356
Ag [%] 35.78 19.78
PSO g [mg/g] (180+1).10" (49+2).10!
g = kg2t ks 6.5+0.2).107 (1.2+03).107*
£ Tikagt (/-
(mg min)]
R 0.842 0.833
Ag [%] 10.78 13.13
Elovich a (10.0+0.5).10% (6+1).10°
g, = yIn(as) [mg/Cc
/ g min)]
5 [g/mg] 0.056+0.008 0.021+0.002
R 0.953 0.918
Aq [%] 12.22 8.53
IPD kiq [mg/g min] 7+1 14+2
Gi=ka*+C ¢ (8.0+0.5).10' (21+2).10'
R 0.539 0.738
Ag [%] 15.32 17.22

*It was determined by adsorption isotherms, using contact time =24 h (1440 min) to ensure equilibrium
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Table 3

Parameters and correlation coefficients of Freundlich and Langmuir models fitted to experimental TBZ and IMZ adsorption data and

experimental fungicide removal efficiencies (£, %) for C; (TBZ) =25 mg/L, C; (IMZ) =150 mg/L, and adsorbent dosage =1 g/L.

Isotherm A-Mt-1- A-Mt-Cu-1- A-Mt-1- A-Mt-Cu-1-
TBZ TBZ IMZ MZ
Freundlich K, [L/mg] 7+1 49+6 27+3 139+9
q=KC{" 1/n 0.31+0.09 0.8+0.1 0.36+0.03 0.7+0.1
R 0.747 0.956 0.920 0.962
Langmuir _ Gonax [ME/g] 1542 (5+6).10" 106 +6 (34+9).10
q =gt k[L/g] 1540.6 241 0334006 07£03
R 0.026 0.019 0.019 0.009
R’ 0.879 0.977 0.955 0.974
E (%) 60.7+0.3 98.7+0.3 66.5+0.2 99.3+0.1

are energetically equivalent and without any interaction be-
tween adsorbed molecules. It also contemplates the formation
of'a plateau when the adsorption sites become saturated. In the
isotherms abovementioned, no plateau was observed, possi-
bly because Cy was not large enough to promote the adsorp-
tion site saturation. This fact could have originated the uncer-
tainties in the parameters of the Langmuir model. Despite this
fact, gmax increased at least twice, when a dosage of 1 g/L was
used, in Mt-Cu isotherms in relation to Mt isotherms (Table 3).
The Langmuir dissociation constant k& was also higher for Cu-
exchanged Mt than for raw Mt samples, indicating that the
metal cation was involved in the fungicide adsorption process.
This is in accordance with the hypothesis of coordination
complex formation between Cu”* and fungicide molecules.

The maximum fungicide adsorption capacities (¢mnax) Were
obtained with the minimum solid dosage (0.1 g/L). These
results indicated that the accuracy of the Freundlich and
Langmuir models fitting to the different systems depended
on the experimental conditions (dosage of solid, fungicide,
adsorbent). The values of ¢« Were higher than those pub-
lished so far, both by our work group and others (Gamba et al.
2015, 2017b; Lombardi et al. 2003, 2006; Roca Jalil et al.
2013, 2014) suggesting that Mt-Cu has a significant potential
for removal of fungicides from wastewater.

The increase of the solid dosage from 0.1 to 1 g/L promoted
a decrease on ¢.x and an increase of £ (Tables 3, 4, and 5)
values. The increase of solid dosage supposed an increase of
available adsorption sites for the fungicide uptake. However,
many of these adsorption sites remained unsaturated and iso-
therm plateaus were not attained due to the limit imposed by
the solubility of the fungicides. Furthermore, the increase of
the adsorbent amount in a given volume may cause physical
blockage of some adsorption sites. Although the number of
adsorption sites per unit mass of adsorbent is independent of
the adsorbent mass in the suspension, the number of available
sites per unit mass of adsorbent mass could be reduced, as the
effective surface area is likely to decrease. Therefore, the
fungicide-adsorbed amount per unit mass of adsorbent dimin-
ished, explaining the fall of g,,x parameter (Lombardi et al.
2003; Fruhstorfer et al. 1993; Kaya and Oren 2005; Akpomie
and Dawodu 2014; Malamis and Katsou 2013).

In addition, from ¢, it could be stated that Mt-Cu ad-
sorption capacity was higher for IMZ uptake than for TBZ
uptake. However, the Langmuir dissociation constant, &, was
higher for TBZ than for IMZ, indicating higher adsorption
energy of the former than the last.

Finally, the Ry values calculated and presented in Table 3
indicate that the adsorption is favorable in all systems, and in

Table 4 Parameters and

correlation coefficients of Isotherm A-Mt-Cu-0.5- A-Mt-Cu-0.5-
Freundlich and Langmuir models TBZ IMZ
fitted to experimental TBZ and
IMZ adsorption data and Freundlich K¢ [L/mg] (26+2).10' (8+2).10'
experimental fungicide removal qg=K:C lf/ n 1/n 0.70+0.07 0.6+0.1
efficiencies (E, %) for C; (TBZ) = R 0.996 0.678
25 mg/L, C; (IMZ) = 150 mg/L, , ' .
and adsorbent dosage = 0.5 g/L Langmuir Gmax [mg/g] (1£3).10 “4+1).10
Lk
q =t k[L/g] 03+0.8 0.4+0.2
Ry 0.117 0.016
R 0.931 0.717
E (%) 98.2+0.1 92.5+04
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Table 5 Parameters and

correlation coefficients of Isotherm A-Mt-Cu-0.1- A-Mt-Cu-0.1-
Freundlich and Langmuir models TBZ IMZ
fitted to experimental TBZ and
IMZ adsorption data and Freundlich K [L/mg] (17+2).10' (16+4).10'
experimental fungicide removal qg= Kfclf/” 1/n 0.36+0.09 0.31+0.06
efficiencies (E, %) for C; (TBZ) = R 0.758 0.874
25 mg/L, C; (IMZ) = 150 mg/L, ) . .
and adsorbent dosage =0.1 g/L Langmuker Gmax [Mg/g] (26 £3).10 (57+3).10
q= % k [L/g] 27+04 0.4+0.1
Ry 0.014 0.016
R’ 0.931 0.936
E (%) 87.7+0.2 37.2+0.7

some cases where this value tends to zero, it would also be
irreversible (Darvishi Cheshmeh Soltani et al. 2011).

In Fig. 4, individual (A), concurrent (C), and successive (S)
adsorption isotherms next to their respective Langmuir and
Freundlich fitting curves were presented, to compare the effect
of the presence of the second compound in the suspension,
previously or simultaneously adsorbed. The correlation coef-
ficient R* and the Langmuir and Freundlich parameters were
listed in Table 6. To compare the performances of the adsor-
bent towards IMZ and TBZ, the parameters Ky, &, and ¢pax
were expressed in liters per millimole and millimoles per
gram, respectively, since the fungicides have different MW.

The presence of a second compound (Fig. 4) led to a de-
crease of ¢ in the C; range studied, for both fungicides, com-
pared to their individual adsorption isotherms. This behavior
may discard synergic effects, and instead, competition for the
same adsorption sites may be proposed (Fan et al. 2014).
Nevertheless, individual and multiple adsorption isotherms
for IMZ and TBZ showed different behaviors. On one hand,
q values for IMZ isotherms decreased following the trend: A-
Mt-Cu-0.1-IMZ > S-Mt-Cu-0.1-IMZ > C-Mt-Cu-0.1-IMZ
(i.e., IMZ adsorbed amounts were higher in the individual
adsorption isotherm, followed by the sequential adsorption
isotherm, and at last the concurrent adsorption isotherm). On

the other hand, ¢ values for TBZ isotherms decreased follow-
ing the trend: A-Mt-Cu-0.1-TBZ > C-Mt-Cu-0.1-TBZ > S-
Mt-Cu-0.1-TBZ (i.e., TBZ adsorbed amounts were higher in
the individual adsorption isotherm, followed by the concur-
rent adsorption isotherm, and at last the sequential adsorption
isotherm; Fig. 4). In agreement with these observations, ¢ ax
and Ky parameters, which measure the adsorption capacity,
also followed the abovementioned trends.

To rationalize these differences, it is important to take into
account that the adsorbed fungicide/copper content ratio in the
adsorbed samples was 1.84 for Mt-Cu-IMZ and 0.43 for Mt-
Cu-TBZ (Table 7). If the metallic center is considered the
actual adsorption sites, ideally all Cu®* ions were occupied
in Mt-Cu-IMZ, limiting the further TBZ adsorption due to a
saturation of adsorption sites in sequential adsorption isotherm
(S-IMZ-TBZ). In contrast, only 43% of the adsorption sites
were occupied in the Mt-Cu-TBZ sample, being 57% of the
metallic centers available for the further adsorption of IMZ (S-
TBZ-IMZ isotherm). This phenomenon explained why ¢ax
and Ky values were higher for IMZ than for TBZ in sequential
adsorption isotherms.

It is worth noting that the removal of pre-adsorbed fungi-
cides in the sequential isotherms was less than 1.5 %
107 mmol/g, suggesting the possibility of using the same

Fig. 4 Multiple adsorption 27‘_
isotherms of a IMZ: (m) A-Mt- ‘m 2504 . e Freundlich
Cu-0.1-IMZ, (M) S-TBZ-IMZ, <" _ 995 ] - - = = Langmuir
and (M) C-Mt-Cu-0.1-IMZ and b - ] ,i e
TBZ: (¢) A-Mt-Cu-0.1-TBZ, (@) 2004 /"
S-IMZ-TBZ, and (@) C-Mt-Cu- 175-] ’
0.1-TBZ. Lines correspond to ) 150 ','
Langmuir of Freundlich fits =2 | %
E voms w2 R |45l g
o 47 0 L e e e = . —®
1004 ! oy -0
1 .
75 & - .
I AT g
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a 22? b
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Table 6 Parameters and correlation coefficients of Langmuir-Freundlich (LF) models fitted to multiple adsorption isotherms

TBZ MZ
Isotherm A-Mt-Cu-0.1-TBZ C-Mt-Cu-0.1-TBZ S-IMZ-TBZ A-Mt-Cu-0.1-IMZ C-Mt-Cu-0.1-IMZ S-TBZ-IMZ
Freundlich
K; [L/mmol] 0.85+0.09 0.35+0.01 0.27+0.04 0.52+0.01 0.033 £0.02 0.51£0.02
1/n 0.36+0.9 0.23+£0.02 0.36=£0.05 0.31+£0.06 0.35+£0.04 0.163+£0.009
R’ 0.758 0.985 0.844 0.874 0.942 0.985
Langmuir
Gmax [mmol/g] 1.3+0.1 0.47+0.01 0.31+£0.03 1.9+0.1 0.67+0.03 1.01+0.07
k [L/mmol] 0.013+£0.003 0.015+0.005 0.055+£0.009 (13+£0.3).107 0.008 £0.001 0.020+0.003
R 0.931 0912 0.956 0.936 0.964 0.944

material (Mt-Cu) in the sequential treatments of effluents con-
taining different fungicides.

In concurrent adsorption isotherms, whereas the same ini-
tial concentration was used for both fungicides, gn.x and Ky
values were higher for C-Mt-Cu-0.1-IMZ isotherms than for
C-Mt-Cu-0.1-TBZ (Table 6), showing that the material pre-
sented a higher adsorption capacity towards IMZ than TBZ.
This phenomenon could be due to the monodentate behavior
of IMZ and the bidentate behavior of TBZ. However, the
dissociation constant & in the binary system was higher for
TBZ than for IMZ (Table 6), indicating stronger adsorption
energies for the former than for the last. Changes in k values in
binary systems in comparison to those obtained for individual
adsorption systems may be caused by the presence of a second
fungicide in the suspension that alters the relative affinities
between the material and the molecules.

Summarizing, the Cu®* presence in Mt-Cu rose the TBZ
and IMZ adsorption capacities compared to raw Mt, suggest-
ing its participation in the fungicide uptake. Taking into ac-
count that pH remained constant during the adsorption exper-
iment, it is evident that there were no acid-based reactions and
probably the neutral form of the molecules was involved in the
adsorbent/adsorbate interaction. It was evidenced from the
multiple adsorption isotherms that there was a competition
for the same adsorption sites between both fungicides (antag-
onistic effects). Additionally, the amount of adsorption sites
available for IMZ in Mt-Cu was higher than that of the sites

available for TBZ in the same adsorbent. This could be due to
the bidentate ligand behavior of TBZ (Grevy et al. 2002),
while the first would behave as a monodentate ligand
(HoleSova et al. 2009).

Sample characterization

Initial fungicide concentration and solid dosage used to obtain
the characterized samples, as well as the final fungicide and/or
copper contents in them, were resumed in Table 7.

It is evident that if the cation exchange reaction proposed for
IMZ and TBZ uptake by Mt was valid also for Mt-Cu sample,
the copper removal should have been the same amount as the
adsorbed fungicide. But this phenomenon was not observed.
More than 87% of the initial copper content was remained in
the solid after fungicide adsorption. This reinforces the hypoth-
esis that coordination between copper and the neutral form of
the molecules is the mechanism that took place.

Changes in the interlayer of adsorbed samples were
assessed by the shift of 001 peak in X-ray diffraction patterns,
which were turned into basal spacing through Bragg equation
(Table 7). The Cu** incorporation in the interlayer led to a
basal spacing of 1.26 nm and was attributed to [Cu(H,0)s]**
complex (Brtanova et al. 2014; Joseph-Ezra et al. 2014). In a
previous work (Gamba et al. 2017b), it was reported that the
adsorption of TBZ shifted the 001 peak to lower angles,
evidencing its interlayer entrance. The widening of the peak

Table 7 Fungicide initial

concentration (C;) and adsorbed Sample Ci [mg/L] g [mmol/g] Cu™ [mmol/g] q/ . Basal space (nm)
amount (g), copper content Cu
(Cu?*), adsorbed fungicide/
copper content ratio (q/Cu2+), and Mt n.a. n.a. n.a. n.a. 1.16
basal space of characterized Mt-Cu na. na. 0.31+£0.02 na. 1.26
samples Mt-Cu-TBZ 25 0.121 £0.002 0.28+0.04 043 1.47; 1.31
Mt-Cu-IMZ 150 0.498 £ 0.007 0.27+0.03 1.84 1.47
Mt-TBZ 25 0.068+0.003 n.a. n.a. 1.51
Mt-IMZ 150 0.390+0.005 n.a. n.a. 1.50

n.a. not applicable
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obtained for Mt-Cu-TBZ sample suggested the existence of
two different 001 peaks. The first conducted to a basal space
of 1.47 nm, similar to that obtained in TBZ intercalated Mt
(1.51 nm) where a parallel orientation of the molecule be-
tween siloxane layers was assigned (Lombardi et al. 2003,
2006; Roca Jalil et al. 2013). This peak in Mt-Cu-TBZ sample
was specifically attributed in Gamba et al. (2017b) to TBZ-
Cu** complex which could be developed by a ligand ex-
change between water molecules from the hydration sphere
of copper ions and TBZ. The decrease of water molecules in
the interlayer explains the decrease of the interlayer space
related to Mt-TBZ. The second peak led to a basal spacing
of 1.31 nm, assigned to [Cu(H,0)e]** complex that remained
in the interlayer without reacting (Brtanova et al. 2014;
Joseph-Ezra et al. 2014). It is worth noting that the ratio
TBZ/Cu* in Mt-Cu-TBZ sample was 0.43 (Table 7), indicat-
ing that even if each Cu®* center was bonded to one TBZ
molecule, there would remain 0.19 mmol/g of Cu** as
[Cu(H,0)s]*" explaining the two 001 values obtained.

The IMZ adsorption in Mt-Cu sample led to a unique 001
reflection peak corresponding to a basal space of 1.47 nm,
similar to the 1.50-nm value obtained for Mt-IMZ sample.
In Mt-Cu-IMZ sample, the ratio IMZ/Cu’* was 1.84
(Table 7), meaning that if all the IMZ molecules were in the
interlayer space, the totality of the metallic centers would be
bonded at least to one IMZ molecule (the most of them would
be bonded to two IMZ molecules). This explained the fact that
the 001 peak associated to [Cu(H,0)s]** complex was absent
in this sample.

U
Al

In order to study the coordination sphere of the Cu®* cen-
ters in the clay structure before and after the IMZ or TBZ
uptake by the Mt-Cu material, X-band EPR spectra were per-
formed and the results were shown in Fig. 5. The Cu®* ions
were adsorbed to different sites in the Mt structure. The signal
at g=2.12 was attributed to free hydrated Cu”* ions or coor-
dinated with hydroxyl groups and/or water molecules in the
interlayer of the Mt structure (He et al. 2001; Heller-Kallai and
Mosser 1995). The other signal at g=2.07 was associated to
the specific adsorption of Cu®* to the hexagonal cavities of Mt
according to previous results reported in He et al. (2001).
When IMZ and TBZ were coordinated with the copper cen-
ters, similar EPR changes were observed due to the electronic
density modifications in the surrounding of the metal ion. In
fact, IMZ and TBZ displaced water molecules and/or hydrox-
yl groups responsible from being the anchor ligands of copper
centers in the Mt structure. Hence, the EPR lines reflect that
the coordination sphere of copper is changing due to the shift
to high field values of the EPR lines associated to the nitrogen
active role in the coordination to copper that increased the A,
values and reduced the g, values in comparison with the ox-
ygen surrounding of the paramagnetic center in the Cu-Mt
sample before the addition of TBZ or IMZ (Gamba et al.
2017b; Heller-Kallai and Mosser 1995; Donoso et al. 2013).
Although the high density of Cu®* affected the resolution in
the hyperfine region, an A, constant can be estimated in ~
160 G for the Cu** centers in Mt-Cu-IMZ sample, which
was similar to those reported in a rich nitrogen coordination
sphere for some copper complexes in ethylenediamine-

I d | s | . | ! | Y | . | . | : I : |
2400 2600 2800 3000 3200 3400 3600 3800 4000 4200

Magnetic Field (Gauss)

Fig.5 EPR spectra for the Mt-Cu (A), Mt-Cu-TBZ (B), and Mt-Cu-IMZ (C) solid samples. Possible chemical structures for the copper centers in the Mt-

Cu-TBZ (D) and Mt-Cu-IMZ (E)
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bentonite (Donoso et al. 2013), imidazole-containing poly-
mers (Lazaro-Martinez et al. 2013), and mesoporous silica
(Abry et al. 2009). On the other hand, a broad and unresolved
hyperfine EPR signal was observed due to the proximity of
the paramagnetic Cu®* centers suffering spin-orbit and ex-
change interactions in Mt-Cu-TBZ sample (Fig. 5).

Single-crystal X-ray diffraction studies

The single-crystal of IMZ-Cu** complex was obtained in or-
der to access to the coordination modes and also as a model to
predict the uptake of imazalil molecules by the copper ions
supported in the Mt structure. The copper centers presented a
square planar geometry where four IMZ molecules were
bounded to the paramagnetic center through the pyridinic-
type nitrogen of the imidazole moieties with nitrate ions pres-
ent in the axial positions of the Cu sites (Fig. 6). The nitrate
ions arose from the copper nitrate salt (Cu (NOs),) used to
obtain the single crystals. This fact makes a completely differ-
ent panorama in comparison with TBZ-Cu®* complexes re-
ported in Wisniewski et al. (2001) where two molecules of
TBZ were involved in the coordination of copper. This behav-
ior may explain the higher uptake capacity of the Cu-Mt ma-
terial for IMZ than for TBZ. Interestingly, the disposition of
the IMZ molecules in the copper complex was not the same in
the crystal structure due to the presence of the racemic mix-
ture. The asymmetric unit contains two IMZ molecules with
different configurations for the stereogenic centers C7A and
C7B. The (R)-imazalil enantiomer presents an extended con-
formation, with N4-C6-C7-CS8 torsion angle of 171.5°, show-
ing the imidazole and benzene rings almost parallel and

N

\_,“

02NA \*: —

%

\\@/

X
Gl > \'Q md
U @t NN/ A W
( So/NiBa 1 NA NI, /\z
/:/ — 7 s N
e T
AY Y
el
-
A

Fig. 6 Different visualizations of the crystal structure for the IMZ-Cu®*
drawn at the 50% probability level
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separated. Similar conformation was previously observed in
the single-crystal structure for the free IMZ reported in Cheon
et al. (2011). The (S)-imazalil enantiomer presents a closed
conformation, with N4-C6-C7-C8 torsion angle of —61.05°,
inducing the approach of benzene to the imidazole ring (Fig.
6, Figs. S3 and S4).

Conclusions

In this study, a Cu**-exchanged montmorillonite was obtained
through a simple and efficient process. The metal cation was
bonded by electrostatic forces as free hydrated Cu®* ions or
coordinated with hydroxyl groups and/or water molecules in
both inner and external Mt surfaces. The Mt-Cu material con-
siderably improved TBZ and/or IMZ adsorption from aqueous
suspensions with respect to raw Mt, leading to removal effi-
ciencies higher than 99% after 10 min of contact time for TBZ
and IMZ C;=15 and 40 mg/L, respectively, when a solid
dosage=1 g/L was used. These performances allowed de-
creasing the solid dosage, which could impact in decreasing
the amount of generated solids after adsorption. Adsorption
kinetics were obtained using solid dosage =0.1 g/L, and ex-
perimental data fitted to Elovich and pseudo-second-order ki-
netics models. Both equations considered bond formation as
the rate limiting step. TBZ adsorption process was achieved
faster compared to the IMZ adsorption process. Also, from a
thermodynamic point of view, TBZ adsorption was favored
with respect to the adsorption found for IMZ (higher affinity
constants), although the material showed more adsorption
sites for IMZ than those available for TBZ (higher maximum
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amount adsorbed). Furthermore, Mt-Cu could remove both
fungicides simultaneously and in a concurrent method from
aqueous solution. It was evidenced that there were antagonis-
tic effects when both fungicides were present in the solution,
because they competed for the same adsorption sites.

From adsorption data and material characterization, it
could be concluded that Cu®* cations were the adsorption sites
involved, while the rate limiting step was the formation of
coordination bonds. The adsorption mechanism proposed is
that of ligand exchange between water and fungicide mole-
cules in the metal coordination sphere, as follows:

(=X); [Cu(H0),]*"
+ TBZ <(=X"),[Cu(H,0),,(TBZ)]| + 2H,0 (5)

(=X, [Cu(H,0),]**
+2IMZ <(=X"),[Cu(H,0),,(IMZ),] +2H,0  (6)

where =X are the permanent charged sites in the Mt internal
surface.

The Mt-Cu developed in this study has a potential use in
water treatment. Moreover, to obtain the adsorbent material, a
sequential adsorption process might be considered: as first
instance, the removal of heavy metals from mining/industrial
effluents; as a second instance, the use of the adsorbed prod-
ucts for imidazolic and/or benzimidazolic derivative fungicide
adsorption from agricultural effluents.
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