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Abstract 

In this work the preparation of two samples of magnetic adsorbent from a zeolite precursor was 

described. This process implied 푁퐻  and Fe2+ exchange of zeolite A and its subsequent thermal 

treatment at temperature 600-800 °C, under a reducing atmosphere. These two magnetic adsorbents, 

composed of Fe/Fe3O4 nanoparticles embedded in an amorphous silica-alumina ceramic phase,were 

fully characterized by determining their chemical composition, quantitative phase analysis, surface 

area, SEM and TEM analysis, pH of zero potential and magnetic properties. In particular, their Fe 

content was 0.2 or 4.8%, Fe3O4content 5.4 or 7.1 % and the average dimension of nanoparticles was 

1.82 or 11.13 nm. Then, the removal of the agrochemical simazine from water was performed by 

using these two magnetic adsorbents. The investigated parameters were pH, time, solid/liquid ratio 

and initial simazine concentration. The pH of maximum simazine adsorption was 6.5 and 3.0 for the 

two adsorbents. At these pH values, simazine adsorption occurred rapidly and massively even from 

very dilute simazine solutions (simazine concentration of about 0.25 µmole/L).  

Finally, a process of simazine removal from waters based on repeated cycles of adsorbent addition 

to simazine bearing water, followed by its easy magnetic separation, is proposed. This process 

allows bringing the final agrochemical concentration well below 0.05 mg/L, the maximum 

agrochemical concentration allowed by Italian laws in wastewaters. Simazine bearing exhausted 
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adsorbents are regenerated by a (no more than) 5 min thermal treatment at 300 °C, which results in 

the decomposition of simazine without damage of the adsorbent. 

 

Keywords: Magnetic adsorbent, metal-ceramic nanocomposites, agrochemical removal, zeolite 

precursor, iron/magnetite nanoparticles 

 

 

1. Introduction 

Most of the adverse events that can damage the quality of the various crops are usually tackled 

through the use of agrochemicals. Nevertheless, these chemicals are known to be very harmful for 

the health of human beings as they may give rise to serious health effects to nervous system, eyes, 

brain and bone marrow. Moreover, agrochemicals may promote carcinogenic, mutagenic and 

teratogenic effects [1]. 

Various methods were proposed for the removal of agrochemicals, including adsorption, 

sedimentation, membrane filtration, oxidation, photochemical or photocatalytic degradation, 

biochemical decomposition, and coagulation [1-18]. Many papers suggest adsorption as a method for 

removal owing to its efficiency, intrinsic simplicity and low costs [1-8]. 

These considerations, together with a sound experience in the environmental uses of zeolites [19-24], 

promoted a long term study on simazine removal from water by adsorption on zeolite H-Y and porous 

silica, which were directly added to the water containing simazine [25-30]. Among the various 

agrochemicals, simazine (2-chloro-4,6-bis(ethylamino)-s-triazine, molecule length = 1.034 nm, 

molecule width = 0.749 nm [15], Scheme 1) was chosen to represent this class of chemical 

compounds as it is a synthetic s-triazine herbicide used for pre-emergence control of broad-leaf weeds 

and annual grasses in agricultural and non-crop fields [12-13] and is known to be the second most 
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commonly detected pesticide in surface and groundwater in the USA, Australia and Europe [14] and 

to cause increasing concern [15]. 

Our recent studies may represent, in a sense, a point of discontinuity with the current literature, which 

reports data regarding agrochemicals removal from waters by using specific adsorbents. These data 

are subsequently elaborated in terms of equilibrium and kinetic modelling, sometimes allowing new 

insight to be gained into the complex interactions occurring between the agrochemical molecules and 

active sites. Our recent studies went beyond fulfilling these goals, in order to take into account some 

aspects which are usually neglected, in the following ways: 

1) The residual agrochemical concentration in the water was compared with a law limit such as 

the maximum agrochemicals limit allowed by Italian laws in wastewaters to be released in 

surface waters or in sink (0.05 mg/L, DLGS. N. 152/2006, from this point onward law limit). 

2) The regeneration of the exhausted adsorbent was studied. 

3) The final fate of the agrochemical removed from the water was studied. 

The results obtained were decidedly encouraging. The residual agrochemical concentration in the 

water was brought below the law limit through an iterative process which implied several adsorption 

steps at a very low adsorbent/water ratio (solid/liquid, S/L = 1/10,000 g/g) and some adsorption step 

at a higher S/L. Then, the problems of the regeneration of the exhausted adsorbent and the final fate 

of the agrochemical removed from the water were simply solved by a few minutes’ thermal treatment 

of the exhausted adsorbent at about 300 °C, which resulted in the thermal decomposition of simazine. 

However, a point of weakness of the procedures proposed in this study may be found in the difficulties 

arising from the separation of the exhausted adsorbent from water. We did this operation by 

centrifugation, which cannot be proposed at an industrial level. This consideration suggested us to 

test some magnetic metal-ceramic nano-composite as adsorbent of simazine from water. Such 

magnetic metal-ceramic nano-composite materials, which could be easily separated from the water 

containing simazine by the action of an external magnet, were produced starting from a zeolite 
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precursor following a patented process [31-34]. According to it, Fe2+ or Ni2+exchanged commercial 

zeolites (precursors) were thermally treated at relatively moderate temperatures (500-850 °C), under 

a reducing atmosphere. During such thermal treatments, the original zeolite structure is almost totally 

destroyed, thus the product of these operations is a composite formed by a dispersion of metallic Fe 

or Ninanoparticles in a mainly amorphous silica and alumina matrix.Such magnetic metal-ceramic 

nano-composite materials were already successfully used in the separation of the Escherichia coli 

DNA from crude cell lysate [35]. 

On the basis of these considerations, the patented procedure of production of magnetic metal-ceramic 

nanocomposite materials was slightly modified by inserting an 푁퐻  ion exchange step, in order to 

make the final products of the process more proper for agrochemical removal. Actually the 

subsequent thermal treatment of the Fe2+and 푁퐻  exchanged zeolite A under reducing atmosphere 

gives rise to Fe2+ reduction to metallic Fe and ammonia evolution with the formation of acid hydrogen 

sites, which should exhibit a good affinity toward the lone electron pair of nitrogen atoms of the 

lateral chain present in the basic simazine molecule. 

The choice of zeolite A was dictated by: 

1) Its high cation exchange capacity due to its Si/Al = 1.00 [36-37]. 

2) Its low cost, as a result of its widespread use in many technological sectors [36-37]. 

Finally, this work reports the preparation of two different samples of magnetic adsorbents, their 

characterization, and data concerning simazine removal from water. Regarding this last topic, points 

investigated are: i) evaluation of the ability of the samples of magnetic adsorbents in the removal of 

simazine from water as related to the law limit by investigating the main process parameters (pH, 

time, initial simazine concentration); ii) proposal of a proper regeneration procedure of the exhausted 

adsorbent, ensuring depletion of the agrochemical; iii) definition of an iterative process of simazine 

removal from waters and regeneration of the exhausted adsorbent. 
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2. Experimental 

2.1 Materials 

Carlo Erba reagent grade synthetic zeolite 4A (framework type LTA, Na12Al12Si12O48
.27H2O) was 

used in this study. Exchange solutions were prepared dissolving Carlo Erba reagent grade 99.5 

wt.% FeSO4∙7H2O andNH4Cl in doubly distilled water.Reagent grade 2-chloro-4,6-bis(ethylamino)-

1,3,5-triazine (simazine, Scheme 1)(99.0% purity) was from Sigma-Aldrich Chemical Company. 

2.2 Preparation of the Metal-Ceramic Nanocomposites 

In Fig. 1 the procedure followed in preparing the metal-ceramic nanocomposites is outlined. A first 

sample of metal-ceramic nanocomposite was produced as follows. Zeolite A was contacted with a 

[NH4
+] = 0.1 M solution at a wt. solid/liquid ratio of (S/L) = 1/50 g/g, room temperature and contact 

time (t) = 1 h. The solid was separated from the liquid through filtration and contacted again with a 

fresh solution. This operation was iterated two times. Then this sample of 푁퐻4
+ exchanged zeolite A 

was contacted with a [Fe2+] = [NH4
+] = 0.1 M solution at a wt. solid/liquid ratio of (S/L) = 1/50 and 

contact time (t) = 1 h. In this exchange the temperature (T) was ≈ 7 °C and Ar was bubbled through 

the solution to prevent Fe2+ oxidation [38] .The solid was separated from the liquid through filtration 

and contacted again with a fresh solution. This operation was iterated two times. The resulting 

powders were washed with doubly distilled water, dried for about one day at 80 °C, and stored for at 

least 3 days in an environment with about 50% relative humidity to allow water saturation of the 

zeolite. This sample of NH4
+ and Fe2+ exchanged zeolite A was subjected to the following thermal 

treatment under a reducing atmosphere (created by a flow of a H2-Ar gaseous mixture, containing 2 

vol. % H2) in an Al2O3 tubular furnace (inner diameter = 6.9 cm, height = 91 cm), using Pt crucibles: 

heating from room temperature up to 800 °C (15 °C/min heating rate); as soon as the temperature of 

800 °C was reached, the heating system of the furnace was switched off and the sample was left to 

cool down to room temperature within the furnace. This sample will be hereafter referred to as 

(Fe,H)A800C-0min. 
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A second sample of metal-ceramic nanocomposite was produced as follows. Zeolite A was contacted 

with a [NH4
+] = 0.1 M solution according to the same procedures of the previous sample. This 

exchange was iterated ten times. Then this sample of 푁퐻4
+ exchanged zeolite A was contacted with 

a [Fe2+] = 0.1 M solution at a wt. solid/liquid ratio of (S/L) = 1/50 g/g, temperature (T) ≈ 7 °C, contact 

time (t) = 1 h and under Ar bubbling. This operation was iterated eight times. The resulting powders 

were washed, dried and kept as in the previous case. This sample of NH4
+ and Fe2+ exchanged zeolite 

A was subjected to the following thermal treatment under a reducing atmosphere: heating from room 

temperature up to 600 °C (15 °C/min heating rate) and subsequent thermal treatment at 600 °C for 90 

min; then the heating system of the furnace was switched off and the sample was left to cool down to 

room temperature within the furnace. This sample will be hereafter referred to as (Fe,H)A600C-

90min. 

2.3 Characterization of the Metal-Ceramic Nanocomposites 

The Fe2+, NH4
+and residual Na+ content of Fe and 푁퐻4

+	exchanged zeolite A samples were 

determined by AAS (Perkin-Elmer Analyst 100) after chemical dissolution of samples [39-40]. The 

푁퐻4
+content of Fe and 푁퐻4

+exchanged zeolite A samples was calculated as the difference between 

the value of the cation exchange capacity of zeolite A (5.48 meq/g) and the sum of Fe2+ and residual 

Na+ content previously determined. 

Zeolite Na-A, samples of Fe and 푁퐻4
+exchanged zeolite A, and samples of the metal-ceramic 

nanocomposites (Fe,H)A800C-0min and (Fe,H)A600C-90min were characterized by X ray powder 

diffraction (XRPD, Philips X’Pert diffractometer, Cu K radiation). Data were collected by varying 

the 2 between 5 and 100° with 0.02° steps. For each step the data was collected for 1 s [41-42]. 

Quantitative phase analyses were performed on the metal-ceramic nanocomposites (Fe,H)A800C-

0min and (Fe,H)A600C-90min, by using synchrotron radiation powder diffraction. The synchrotron 

XRPD experiments were performed on the high-resolution beamline ID22 at ESRF (Grenoble), with 

a fixed wavelength of 0.41067 Å. The powders were packed along with Al2O3 (10 wt.%) as internal 
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standard in a boron capillary and spun under the beam. The diffraction patterns were collected using 

a multi-analyzer stage equipped with nine analyzer crystals and nine detectors. The combined RIR-

Rietveld method, which enables the quantitative phase analysis (QPA) and the calculation of both the 

crystalline and amorphous fractions [43] was performed by using the GSAS package [44] with the 

EXPGUI interface [45]. 

Samples (Fe,H)A800C-0min and (Fe,H)A600C-90min were characterized by measuring the N2 

adsorption–desorption isotherms at -196 °C (QuantachromeAutsorb 1 apparatus) after outgassing at 

250 °C for 4 h under a N2 flow. The specific surface area of the samples was calculated according to 

the Brunauer–Emmett–Teller (BET) method (SBET) [26,46]. 

Scanning electron microscopy (SEM) observations of samples (Fe,H)A800C-0min and 

(Fe,H)A600C-90 min were carried out on a FE-SEM Ultra Plus (Zeiss, GmbH) microscope at 20 kV. 

Zeolites particles were deposited on a silicon surface from ethanol solutions and left dry in a vacuum 

chamber at 50°C overnight, before the observation the samples were sputter coated with gold (about 

5 nm of gold were deposited by 208 HR sputter coater, Cressington Scientific Instruments Ltd, UK). 

Transmission electron microscopy (TEM) observations of (Fe,H)A800C-0min and (Fe,H)A600C-

90min samples were carried out with a TECNAI 20 G2: FEI COMPANY (CRYO-TEM-

TOMOGRAPHY, Eindhoven) with a camera Eagle 2HS. The images were acquired at 200 kV; 

camera exposure time: 1 s; size 2048 x 2048. Zeolite particles were deposited by drop casting an 

ethanol solution on a formvar/carbon Cu grid (Agar Scientific Ltd, UK) and leaving evaporate 

overnight in a vacuum chamber at 50°C. For the histogram of the size distribution of small 

nanoparticles (<15 nm), a diameter of ca. 100 particles was measured. Large metallic particles (>50 

nm) were observed in a number too low to attain a statistically meaningful size distribution, thus their 

shape and size will be discussed only in a qualitative way. 

The -potential curve of samples (Fe,H)A800C-0min and (Fe,H)A600C-90 min in deionized water 

was obtained measuring the electrophoretic mobility as a function of pH at 25 °C by means of 
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electrophoretic light scattering (ELS) (Zetasizer Nano-ZS, ZEN5600, Malvern Instruments, 

Worcestershire, UK). Suspensions were obtained after 2 min of sonication with an ultrasonic probe 

(100 W, 20 kHz, Sonoplus; Bandelin, Berlin, Germany);  the pH of the suspension was adjusted by 

adding either 0.1 M HCl or 0.1 M NaOH.  

Magnetic studies on both metal-ceramic nanocomposites were carried out at room temperature using 

a Lakeshore 720 vibrating sample magnetometer under a magnetic field ranging from -17 to 17 kOe. 

2.4 Analytical determination 

Simazine concentration in solution was analyzed with an Agilent 1200 Series HPLC apparatus 

(Wilmington U.S.A.), equipped with a DAD array and a Chem Station Agilent Software. A 

Macharey-Nagel Nucleosil 100-5 C18 column (stainless steel 250 x 4 mm) was utilized. The mobile 

phase, comprising a binary system of 65:35 acetonitrile: water, was pumped at 1 mL∙min-1 flow in an 

isocratic mode. The detector was set at 220 nm and injection volume was 20 µL. The quantitative 

determination of simazine was performed elaborating its corresponding calibration curve between 

0.15-20 µmol/L. 

2.5 Adsorption experiments 

Aqueous solutions with different simazine concentrations were contacted with the (Fe,H)A800C-

0min and (Fe,H)A600C-90min samples in glass vials with Teflon caps at 25°C; the vessels were 

continuously stirred in an orbital shaker at 150 rpm until steady state conditions were approximated, 

which took about 24 h. Finally, the magnetic adsorbents (Fe,H)A800C-0min and (Fe,H)A600C-

90min were separated from the liquid using an external magnet (VA03, UNIDISP s.r.l. Italy) and the 

liquid was analysed to evaluate simazine concentration, using HPLC. The amount of simazine 

adsorbed was calculated as the difference between its initial and final concentration in solution. 

Blanks of simazine in doubly distilled water were analysed in order to evaluate simazine stability and 

sorption on vials. 

The following experimental factors were evaluated: 
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(a) Effect of pH. Magnetic adsorbents (Fe,H)A800C-0min and (Fe,H)A600C-90min were contacted 

with 10.0 µmol/L simazine solution at solid/liquid ratio (s/l) = 1/10,000 g/g. The pH of this solution 

was varied between 2 and 8, in steps of 0.5, by adding the proper amount of 0.01 or 0.10 mmol/L HCl 

or NaOH aqueous solution.  

(b) Adsorption time. Kinetic studies were performed by contacting the magnetic adsorbents 

(Fe,H)A800C-0min and (Fe,H)A600C-90min with 20.0 µmol/L simazine solution, at S/L = 1/10,000 

g/g and pH 6.5 and 3.0, respectively (pH of maximum simazine adsorption). The suspensions were 

stirred up to 48 h and successively subjected to the separation procedure described. 

(c) Sorption isotherm. Magnetic adsorbents (Fe,H)A800C-0min and (Fe,H)A600C-90min were 

contacted with solutions having simazine concentration up to 20.0 µmol/Lat S/L = 1/10,000 g/g, T = 

25 °C and pH = 6.5 or 3.0, respectively, for 24 h. The pH of each suspension was kept constant by 

adding proper amounts of 0.01 or 0.10 mmol/L  HCl or NaOH solution.  

2.6 Simazine removal by direct addition of the magnetic adsorbents. 

A first group of experiments was performed as follows. Magnetic adsorbents (Fe,H)A800C-0min and 

(Fe,H)A600C-90min were contacted with 10.0 µmol/L simazine aqueous solutions at S/L ratio = 

1/10,000 g/g and pH = 6.5 or 3.0, respectively, for 24 h. Subsequently, the suspensions were subjected 

to the solid-liquid magnetic separation and the resulting simazine concentration was determined. This 

same solution was again contacted with a fresh amount of the magnetic adsorbents (Fe,H)A800C-

0min or (Fe,H)A600C-90minat the same S/L ratio and this procedure was iterated until the resulting 

simazine concentration went below 0.25 µmol/L. 

A second group of the same type of experiments was performed by contacting the magnetic 

adsorbents (Fe,H)A800C-0min and (Fe,H)A600C-90min with 10.0 µmol/L simazine aqueous 

solution at S/L ratio = 1/1,000 g/g and at pH = 6.5 or 3.0, respectively, for 1.5 h. 

 

3. Results  
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3.1 Chemical Composition 

The chemical analysis of the Fe2+and 푁퐻4
+ exchanged samples of zeolite A, which after the thermal 

treatment under reducing atmosphere gave rise to magnetic adsorbents (Fe,H)A800C-0min and 

(Fe,H)A600C-90min, revealed what follows. Magnetic adsorbent (Fe,H)A800C-0min has Fe2+
, NH4

+ 

and residual Na+ contents of 2.33, 2.28 and 0.87meq/g, respectively, and magnetic adsorbent 

(Fe,H)A600C-90min 4.74, 0.44 and 0.30 meq/g, respectively. The weight percentage of Fe in the 

magnetic adsorbents (Fe,H)A800C-0minand (Fe,H)A600C-90min was calculated on the basis of the 

Fe2+ content of the parent Fe2+and 푁퐻4
+ exchanged samples of zeolite A, bearing in mind that the 

final products are completely dehydrated and deammoniated. They were 8.8 and 16.7 %, respectively. 

Magnetic adsorbent (Fe,H)A600C-90min has a  weight percentage of Fe almost double of magnetic 

adsorbent (Fe,H)A800C-0min. This finding appears fully justified by the different cation exchange 

procedures followed for the two samples. Actually the zeolite sample which was transformed by the 

thermal treatment under reducing atmosphere in sample (Fe,H)A600C-90min, was subjected to eight 

exchange in the presence of the lone cation Fe2+. The zeolite sample which was transformed by the 

thermal treatment under reducing atmosphere in sample (Fe,H)A800C-0min, was subjected to only 

two exchange with the contemporaneous presence of both cations Fe2+and 푁퐻4
+. 

 

3.2 X Ray Diffraction 

The XRD pattern of zeolite Na-A and Fe2+ and 푁퐻  exchanged zeolite A samples (not reported) 

suggested that cation exchange operations resulted in a partial distortion of the zeolite A framework, 

denoted by the depression of its diffraction peaks. 

The results of the quantitative phase analysis (QPA) are reported in Table 1, and the observed and 

calculated patterns in Figures 2a and b.  

In both samples the amorphous matrix represents almost the 90% of the sample (87.1 and 86.4 wt. % 

for (Fe,H)A600C-90min and (Fe,H)A800C-0min, respectively). In both cases it is possible to 
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recognize the precursor zeolite, even in the case of the (Fe,H)A600C-90min sample, the crystalline 

precursor is present in levels lower than 1%, indicating that the material is almost completely 

amorphous. Metallic Fe peaks were recorded in both patterns, although for (Fe,H)A800C-0min 

sample their intensities were very low. The QPA results indicate an amount of Fe0 of 4.8 and 0.2 wt. 

%, for (Fe,H)A600C-90min and (Fe,H)A800C-0min, respectively. Large peaks referable to iron 

oxides were recovered in both samples: magnetite (Fe3O4) is present in both samples (7.1 and 5.4 wt. 

% for (Fe,H)A600C-90min and (Fe,H)A800C-0min, respectively) while wustite (FeO) was detected 

in low traces (0.2 wt. %) in sample (Fe,H)A600C-90min only. The absence of maghemite (γ-Fe2O3) 

in addition to magnetite, was established on the basis of the absence of peaks (210) and (211) of 

maghemite, that should be found at 6.33 and 6.96 ° 2, respectively, in this data collection[47]. 

Anyway, the presence of traces of maghemite cannot be ruled out since the peaks (210) and (211) 

could have very low intensities. In fact, due to low amount iron oxides in this mixture, even the main 

peaks or Fe3O4 are very weak. 

3.3 Textural and Morphological Characterization  

N2 adsorption isotherms of prepared nanocomposites (not reported) are of type II, representative of 

either non-porous adsorbents or adsorbents having relatively large pores. 

The adsorption isotherms were used to determine the values of specific surface area (SBET), the total 

pore volume (Vmp) and micropore volume (Vmp) reported in Table 2. 

 The pore size distribution (PSD) curves (not reported) evidenced that the thermal collapse of the 

original microporous zeolite structure provoked the formation of mesopores with a diameter size 

spread in a range up to 50 nm while micropores are not more present, in both samples, Table 2. In 

addition, the followed preparation procedure caused the formation of a non-negligible fraction of 

macropores. 

As reported by the SEM analysis, the treatments proposed here seemed to preserve the cubic shape 

of the basic unit of pristine zeolite A (Fig 3 A-C), despite of the thermal collapse of the original 
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microporous zeolite structure. Nevertheless, traces of the dramatic structural transformations, 

occurred during the thermal treatment under reducing atmosphere, may be found in the fact that the 

side length of the cube decreased and the angle smoothed. Actually the side of the cube-shaped 

microporous crystalline grains of the original zeolite A measures about 1.55 µm, while, on average, 

the side of the cube-shaped, amorphous, more compact, grains of sample (Fe,H)A800C-0min (Fig. 3 

D) and (Fe,H)A600C-90min (Fig. 3 G)  measures 1.1 and below 1 µm with rounded edges, 

respectively. More importantly the surfaces of the particle units are roughened upon the treatment. In 

the case of (Fe,H)A800C-0min (Fig.3 E-F) the surface presents interconnected pores with elongated 

formations, in the case of (Fe,H)A600C-90min (Fig 3 H-I) the surface presents more compact with 

globular clusters around 40 – 70 nm. 

Figure 4A and B shows representative TEM images of samples treated, (Fe,H)A800C-0min and 

(Fe,H)A600C-90min, where clusters and nanoparticles of magnetite and metallic iron exhibit higher 

amplitude (mass/thickness) contrast with respect to the ceramic matrix in which are embedded, 

producing darker projections of their 3D shapes in the 2D image plane. In the case of (Fe,H)A800C-

0min small nanoparticles of about 11 nm are formed and located mainly on the edges of the zeolite 

grains. Large aggregates with size over 200 nm can be also observed. 

In the case of sample (Fe,H)A600C-90min (Figure 4B) large aggregates dominate the structure with 

a non-homogeneous surface structure. However, small nanoparticles with a size on average of 1.82 

nm with and an asymmetric distribution can be observed. 

3.4 -potential curves 

The -potential of (Fe,H)A800C-0min and (Fe,H)A600C-90min nanocomposites, dispersed in 

ultrapure water, was determined at various pH (curves not reported). Both magnetic adsorbents are 

negatively charged in water at neutral pH, reaching the point of zero charge (PZC) at pH 3.7 and 5.6, 

respectively. This finding denotes that sample (Fe,H)A800C-0min exhibits an higher amount of 

acidic hydrogen sites than sample (Fe,H)A600C-90min. 
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3.5 Magnetic Characterization 

The magnetic hysteresis loops of (Fe,H)A800C-0min (red symbols) and (Fe,H)A600C-90min (black 

symbols) are shown in Fig. 5.  The magnetization values at the maximum applied field  are Ms = 

4.2emu/g and  Ms =  12.3 emu/g, respectively; complete magnetic saturation is actually not achieved 

at 17 kOe, as expected from nanoparticulate systems. The magnetization loops are characterized by 

quite different coercive fields Hc (inset in Fig. 5).Similar results concerning Ms,  Hc and the non-

saturating character of magnetization curves of various Fe nanoparticles systems, obtained through 

different procedures, are reported in the literature [48,49]. 

3.6 Adsorption measurements 

3.6.1 Effect of pH 

Figure 6 reports the amount of simazine adsorbed on (Fe,H)A800C-0min and (Fe,H)A600C-

90min sample as a function of pH. The two curves exhibit a sharp simazine adsorption peak of about 

25,000 µmol/kg at largely different pH values such as 6.5 and 3.0, respectively. At different pH values 

simazine uptake by the two magnetic adsorbents drastically decreased. Thus, all the remaining 

experiments of simazine removal from waters by (Fe,H)A800C-0min and (Fe,H)A600C-90min 

samples, described in this study, were performed at the pH value of maximum simazine adsorption. 

3.6.2 Kinetic and equilibrium features of the adsorption process 

Figure 7 reports simazine uptake from water by (Fe,H)A800C-0min and (Fe,H)A600C-90min 

samples at pH  6.5 and 3.0, respectively, as a function of time (s/l ratio = 1/10,000 g/g). Simazine 

uptake on both magnetic adsorbents initially is quite rapid, then gradually slows down and finally, 

after about 24 h adsorption time, attains the equilibrium. Nevertheless adsorption on (Fe,H)A600C-

90min sample appeared to proceed faster than on sample (Fe,H)A800C-0min. Such values of 

simazine uptake become similar for the two magnetic adsorbents only after 24 h have elapsed from 

the beginning of the adsorption process. On the basis of these considerations, the values of simazine 
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uptake or residual concentration in solution recorded at this time were considered as equilibrium 

values in the remaining of this work. 

The two kinetic curves were analysed adopting both a pseudo first- and pseudo second-order 

kinetic model[50].The best model describing the sorption kinetics data was the pseudo second-order 

model whose linear form can be denoted as follows: 

ee q
t

qkq
t




 2
2

1  (E1) 

where qe and q are the amount of herbicide sorbed (μmol/kg) at equilibrium and at time t, respectively, 

k2 is the rate constant of adsorption (kg/(μmol·h) ) and t is the time (h). The values of the model 

parameters are: 

1) qe = 30229 μmol/kg, k2 = 3.2·10-5kg/(µmol·h) (r2 = 0.999) for sample (Fe,H)A800C-0min); 

2) qe = 31389 μmol/kg, k2 = 1.52∙10-4kg(/µmol·h) (r2= 0.999) for sample (Fe,H)A600C-90min.  

The sorption isotherm of simazine on (Fe,H)A800C-0min and (Fe,H)A600C-90min samples 

is reported in Figure 8. These data are analyzed according to the Freundlich equation:  

qe = Kc 1/N          (E2) 

where qe is defined as the amount of pesticide adsorbed (µmol/kg), c is the equilibrium concentration 

of pesticide in solution (µmol/L), K [(µmol/kg)/(µmol/L)1/N] and N (dimensionless) are constants that 

give estimates of the adsorptive capacity and intensity, respectively [51]. 

The K and N values, obtained by the linearized form of Freundlich equation were 2269.9 

[(µmol/kg)/(µmol/L)1/N] and 0.95 (r2>0.99) for (Fe,H)A800C-0minsample, and 1084.2 

[(µmol/kg)/(µmol/L)1/N] and 0.78 (r2>0.99) for (Fe,H)A600C-90min sample. According to Giles et 

al. [51], the classification of the experimental adsorption isotherms was of S-type and subgroup 1. 

The data of the adsorption isotherm were analyzed also according to the Langmuir model, but the 

obtained results (not reported) were decidedly unsatisfactory. 

3.6.3 Simazine removal by iterative process 
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The results of the first group of experiments for an iterative process of simazine removal from water, 

performed by repeatedly contacting (Fe,H)A800C-0min and (Fe,H)A600C-90min samples with 

simazine aqueous solutions of 10 μmol/L initial concentration, at S/L ratio = 1/10,000 g/g and pH = 

6.5 or 3.0, respectively, for 24 h are reported in Figure 9. These results evidence that this iterative 

process allows to bring simazine concentration below the law limit (0.05 mg/L ≈ 0.25 μmol/L) in 8-

9 and 7-8 iterations using (Fe,H)A800C-0min and (Fe,H)A600C-90min sample, respectively as 

adsorbent. 

The results of the second group of experiments for an iterative process of simazine removal from 

waters, performed by repeatedly contacting (Fe,H)A800C-0min and (Fe,H)A600C-90min samples 

with simazine aqueous solutions of 10 μmol/L initial concentration, at S/L ratio = 1/1,000 g/g and pH 

= 6.5 or 3.0, respectively, for 1.5 h are reported in Figure 10. These results evidence that this iterative 

process allows to bring simazine concentration below the law limit (0.05 mg/L ≈ 0.25 µmol/L) in 4-

5 and 5-6 iterations using (Fe,H)A800C-0min and (Fe,H)A600C-90min sample, respectively, as 

adsorbent. 

 

4. Discussion 

The modalities of preparation of samples (Fe,H)A800C-0min and (Fe,H)A600C-90min need some 

consideration. In particular Fe2+ bearing exchange solutions were kept at about 7 °C and were Ar 

bubbled as the authors of ref. [38] found that it is the best way to avoid Fe2+ oxidation to Fe3+. The 

occurrence of this phenomenon must be absolutely avoided during the exchange experiments, as 

trivalent iron would exchange a larger amount of monovalent cations, present in the zeolite 

framework, than divalent iron. Obviously, such an occurrence would result in a lower content of iron 

bearing phases in the final adsorbents, which could be detrimental for their magnetic properties. 

However, Fe2+ oxidation to Fe3+ occurs, at least partially, in the environment with about 50% relative 

humidity, where the zeolite samples were kept after the exchange experiments (see Experimental 
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section). Thus, this oxidation, once completed the exchange procedures, has no effect on the iron 

amount present in the zeolite framework. Moreover, it fully justifies the presence of Fe3+ cations in 

the zeolite framework prior to the thermal treatment under reducing atmosphere, which gives rise to 

the crystallization of Fe3O4 in samples (Fe,H)A800C-0min and (Fe,H)A600C-90min. The oxidation 

of Fe2+ to Fe3+ after the exchange experiment and prior to the thermal treatment under reducing 

atmosphere is confirmed by the color variations that the precursor zeolite undergoes in the various 

steps of the process. Actually zeolite Na-A and (NH4-Na)-A is white, zeolite (Fe-NH4-Na)-A as 

obtained just after Fe-exchange is green (color typical of hydrated Fe2+), and zeolite (Fe-NH4-Na)-A, 

after one day has elapsed from the end of the Fe-exchange, turns yellowish-brown (color typical of 

hydrated Fe3+). 

The patented process on which the production of the magnetic adsorbents (Fe,H)A800C-0min and 

(Fe,H)A600C-90min is based, proved to be very versatile [31-34]. Actually this process was found 

to be largely affected by a number of parameters. Among them, the framework type of the parent 

zeolite, the temperature and duration time of the thermal treatment and the modalities of cation 

exchange procedures are only the most evident. Thus, the two magnetic adsorbents, although obtained 

starting from the same precursor (zeolite A), were deliberately produced following different routes, 

which resulted into two largely different final products. 

The raison d'être of the procedures adopted to prepare sample (Fe,H)A800C-0min are the following. 

The parent zeolite A was, firstly, 푁퐻4
+ exchanged twice and, secondly, 푁퐻4

+ and Fe2+ exchanged 

twice to introduce in the zeolite framework a large amount of 푁퐻4
+ and a moderate amount of Fe2+. 

During the subsequent thermal treatment under reducing atmosphere the large amount of 푁퐻4
+ gives 

raise to the same amount of acidic hydrogen sites, through the evolution of gaseous ammonia and the 

moderate amount of Fe2+to a moderate amount of magnetic phases [52,53]. Actually acidic hydrogen 

sites are known to exhibit a good affinity for the basic simazine molecule [25,26] and the moderate 
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amount of magnetic phases ensures a simple magnetic separation of the magnetic adsorbent from 

water. 

The raison d'être of the procedures adopted to prepare sample (Fe,H)A600C-90min are the following. 

The parent zeolite A was, firstly, 푁퐻4
+ exchanged ten times in order to leave in its framework a 

residual Na+ content as low as possible. After these ten 푁퐻4
+ exchange, zeolite A contains mainly 

푁퐻4
+, which is known to be easily exchanged by other cations.The easiness of Fe2+ exchange for 푁퐻4

+ 

(iterated eight times) allows to enhance as much as possible the amount of Fe2+ finally present in the 

framework of zeolite A. Such a large Fe2+ amount gives rise, during the subsequent thermal treatment 

under reducing atmosphere, in a large amount of magnetic phases which ensures a strong magnetic 

response of the adsorbent. Moreover, the residual 푁퐻4
+ content of zeolite A gives rise to an equivalent 

amount of acidic hydrogen sites through the evolution of gaseous ammonia [52,53]. 

In both nanocomposites (Fe,H)A800C-0min and (Fe,H)A600C-90min, Fe0 and Fe3O4 nanoparticles 

are located close to the acidic hydrogen sites generated by the NH3 evolution, which could result in 

their, at least, partial dissolution. Such dissolution appears to occur to a very limited extent, if any, as 

Fe0 and Fe3O4 nanoparticles are sufficiently protected by the amorphous silica-alumina ceramic 

matrix in which they are embedded. Moreover, one may object that, before preparing nanocomposites 

by simultaneously	푁퐻4	
+and Fe2+ exchanging zeolite A, it would be wise firstly prepare and test 

adsorbents by separately exchanging zeolite A with 푁퐻4
+or Fe2+. It was not done as: 

1) adsorbents prepared without Fe2+ would not be magnetic; 

2) nanocomposites prepared by exchanging zeolite A only withFe2+ were produced for the DNA 

separation in ref. [35]. These adsorbents were preliminarily tested in simazine removal from 

water and obtained results (not reported) were largely worse than those of this work. 

Regarding temperature and duration of thermal treatment, it is well known that the extent to which 

the Fe2+ reduction occurs and the dimension of metallic Fe or magnetite nanoparticles is the larger, 

the higher the temperature and the longer the duration time [31,32].Thus, two largely different thermal 
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treatments, both concerning temperature and duration time, were selected and attributed to the two 

different Fe2+and 푁퐻4
+ exchanged zeolite A samples, in order to obtain two magnetic adsorbent 

samples exhibiting largely different features. In particular, the shortest possible duration time (0 min, 

namely the furnace was switched off as soon as 800 °C were attained) was coupled with an higher 

temperature (800 °C), and a long duration time (90 min) with a lower temperature (600 °C). 

The obtained results essentially matched all the previous considerations formulated in selecting the 

modalities of cation exchange and thermal treatment, to design the features of the magnetic adsorbents 

which are the final product of the process. Specifically, it was found that: 

1) Magnetic adsorbent (Fe,H)A800C-0min has a far higher amount of acidic hydrogen sites (2.28 

meq/g) than magnetic adsorbent (Fe,H)A600C-90min (0.44 meq/g) (these values were 

calculated on Fe2+ and 푁퐻4
+ exchanged zeolite A before the thermal treatment under reducing 

atmosphere).The high amount of acidic hydrogen sites is confirmed by the low value of pH 

(3.7) at which the magnetic adsorbent (Fe,H)A800C-0min exhibits zero charge. 

2) Magnetic adsorbent (Fe,H)A600C-90min exhibits an amount of magnetic phases (magnetite 

= 7.1 and metallic Fe = 4.8 wt. %) far higher than magnetic adsorbent (Fe,H)A800C-0min 

(magnetite = 5.4 and metallic Fe = 0.2 wt. %).Moreover, magnetic adsorbent (Fe,H)A600C-

90min exhibits a moderate, lower than magnetic adsorbent (Fe,H)A800C-0min,amount of 

acidic hydrogen sites. This finding is confirmed by the moderately acidic pH (5.6) of zero 

charge. 

3) Magnetic adsorbent (Fe,H)A800C-0min exhibits an high number of small magnetite and 

metallic iron nanoparticles with an average dimension of about 11 nm, together with few large 

particles with size over 200 nm, whereas magnetic adsorbent (Fe,H)A600C-90min exhibits a 

smaller (than (Fe,H)A800C-0min sample) number of small magnetite and metallic iron 

nanoparticles with an average dimension of 1.82 nm, together with an higher (than 

(Fe,H)A800C-0min sample) number of large particles with size over 200 nm.   
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4) The different amount of magnetic phases present in the final products and their different 

morphology results in a strongly different magnetic behaviour at room temperature, as shown 

in Fig. 4. Magnetic adsorbent (Fe,H)A600C-90min exhibits a magnetic response far stronger 

than magnetic adsorbent (Fe,H)A800C-0min, as expected from the estimated amounts of 

ferro/ferrimagnetic phases present. The magnetic adsorbent (Fe,H)A800C-0min, particularly 

rich in magnetite, has a coercivity typical of Fe3O4 nanoparticles ( 50 Oe), while the coercive 

field of magnetic adsorbent (Fe,H)A600C-90min (Hc 380 Oe) is fully compatible with the 

presence of higher-anisotropy nanoparticles of metallic Fe. In both materials, the high-field 

magnetization appears to be perfectly consistent with an easy and fast magnetic separation 

[54]. Nevertheless, it must be noted that the stronger magnetic response of magnetic adsorbent 

(Fe,H)A600C-90min than magnetic adsorbent (Fe,H)A800C-0min,results in the fact that the 

former adsorbent is separated more promptly from the water containing simazine than the 

latter. 

The previous considerations account for the fact that the two magnetic adsorbents (Fe,H)A800C-

0min and (Fe,H)A600C-90min largely differ from each other. Despite of it, they exhibit similar, very 

good performances, in the removal of simazine from water. In particular, the examination of Fig. 8 

allows the following considerations. This figure reports the isotherms of simazine adsorption from 

water on the two magnetic adsorbents (Fe,H)A800C-0min and (Fe,H)A600C-90min, zeolite H-Y and 

micro- meso-porous silica sample SiO2(II)400 [25,26]. All these isotherms exhibit an adsorption 

plateau of about 12000 (zeolite H-Y), 30000 (magnetic adsorbents (Fe,H)A800C-0min and 

(Fe,H)A600C-90min) and 40000 µmol/L (silica sample SiO2(II)400). This fact could infer the 

superficial consideration that magnetic adsorbents (Fe,H)A800C-0min and (Fe,H)A600C-90min 

works better than zeolite H-Y but worse than silica sample SiO2(II)400. It is not so on account of 

what follows. The concentration levels at which the various agrochemicals are usually present in 

water bodies are usually lower than 10 µmol/L [13,14]. Moreover, the law limit is 0.05 mg/L3 ≈ 0.25 
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µmol/L. Thus, an adsorbent, viable for practical applications, to be used for simazine removal from 

water, must bring simazine concentration from not more than 9-10 µmol/L to below 0.25 µmol/L. In 

such simazine concentration range the adsorption isotherm of magnetic adsorbents (Fe,H)A800C-

0min and (Fe,H)A600C-90min lies far above than those of silica sample SiO2(II)400 and zeolite H-

Y, thus certifying their higher efficiency in the simazine adsorption process. In addition, in refs. 

[25,55] supplementary data concerning simazine adsorption on other adsorbents are reported, 

showing that the magnetic adsorbents of this work exhibit far better performances in simazine 

removal from water. 

The good efficiency of magnetic adsorbents (Fe,H)A800C-0min and (Fe,H)A600C-90min in the 

simazine removal from water is confirmed even by the kinetic runs (Fig. 7) and by the results of the 

iterative process of simazine removal from water (Figs. 9 and 10). Regarding kinetic runs, a steady 

state is attained in about one day, but about 65 and 90 % of simazine final uptake is recorded in about 

1.5-2 h, respectively. Regarding the iterative process, Fig. 9 reports that 7-8 iterations (at S/L = 

1/10,000 g/g and 24 h contact time) are sufficient to bring simazine concentration below the law limit 

(0.25 µmol/L), whereas Fig. 10 that 5-6 iterations (at S/L = 1/1,000 g/g and 1.5 h contact time) are 

sufficient to attain the same goal. In practice, these results mean that the simazine amount present in 

1 m3 of water, at the concentration level usually present in the water bodies, can be brought below 

the law limit (0.05 mg/L ≈ 0.25 μmol/L) by: 

1) using 0.7-0.8 kg of magnetic adsorbents (Fe,H)A800C-0min or (Fe,H)A600C-90min in 7-8 

days; 

2) using 5-6 kg of magnetic adsorbents (Fe,H)A800C-0min or (Fe,H)A600C-90min in 9-10 h. 

A last point deserves to be discussed. Both curves reporting the simazine uptake from water as a 

function of pH, exhibit a sharp maximum slightly higher than 25,000 µmol/kg. However this 

maximum occurs at largely different pH values (6.5 and 3.0, magnetic adsorbents (Fe,H)A800C-0min 

and (Fe,H)A600C-90min, respectively, Fig. 6). This fact appears an evidence that samples 
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(Fe,H)A800C-0min and (Fe,H)A600C-90min adsorb simazine following largely different 

mechanisms. The interpretation of this point is facilitated by our previous study. Regarding 

(Fe,H)A800C-0min, its pH of maximum simazine adsorption is 6.5, as zeolite H-Y does [25]. 

Moreover, these two adsorbents have in common also the large number of acidic hydrogen sites 

derived from the large amount of 푁퐻4
+ present in the framework of zeolite A or Y. Thus, it appears 

more than likely that magnetic adsorbent (Fe,H)A800C-0min and zeolite H-Y follows the same 

mechanism of simazine adsorption. In particular, the Lewis acidic centers of these two adsorbents, 

once soaked in water, turn into Brønsted acidic centers [52,53]. In turn simazine behaves as a base 

because of the electron lone pairs located in the lateral chains of the molecule. Thus, simazine uptake 

by magnetic adsorbents (Fe,H)A800C-0min and zeolite H-Y can be considered as involving a typical 

acid-base reaction. These interactions occur most favorably at a pH where the following two 

phenomena balance each other as: 

1) At alkaline pH, hydroxyl anions neutralize the acid sites of the two adsorbents, forming Si-

(O-)-Al groups, being OH- a base stronger than simazine; 

2) At acidic pH, hydronium cations form substituted 푁퐻4
+ species by reacting with the nitrogen 

lone pair electrons of simazine. 

Additionally, this interpretation is strongly supported by the decidedly acidic pH of zero charge (3.7) 

of the magnetic adsorbent (Fe,H)A800C-0min. Thus, its surface, at the pH of maximum simazine 

adsorption (6.5), is negatively charged. These negatively charged sites interact with the fraction of 

simazine molecules which, at this same pH, turns out protonated. As adsorption of protonated 

simazine molecules on the surface of the magnetic adsorbent (Fe,H)A800C-0min goes on and tend to 

depress its equilibrium concentration, further protonated simazine molecules arise from the reaction 

of simazine with hydronium cations. 

Regarding magnetic adsorbent (Fe,H)A600C-90min, its pH of maximum simazine adsorption is 3.0. 

In a previous study regarding sorption of simazine on mesoporous metal oxides [55], it was reported 
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that the maximum sorption of simazine on Fe2O3 occurred at pH 3.5. The fact that the pH of maximum 

simazine adsorption on mesoporous Fe2O3 and sample (Fe,H)A600C-90min (containing an higher 

Fe3O4 amount) are very similar suggests that, when water containing simazine is contacted with such 

magnetic adsorbent, simazine molecule prevailingly interacts with the magnetite present therein. In 

such interactions hydronium cations play a crucial role. Such role could very likely be the formation 

of intermolecular hydrogen bond in the simazine-magnetite, or possibly even simazine-silica, contact 

layer. Such formation was already recorded in the Escherichia Coli DNA adsorption on magnetic 

metal-ceramic adsorbents of the same family of those studied in this work [35,56-57]. This fact does 

not appear a mere coincidence as the surface of adsorbents are similar in both cases and Escherichia 

Coli DNA molecule exhibits the electron lone pairs of its nitrogen bearing bases similar to the electron 

lone pairs located in the lateral chains of the simazine molecule. Moreover, this interpretation is 

strongly supported by the moderately acidic pH of zero charge (5.6) of the magnetic adsorbent 

(Fe,H)A600C-90min. Thus, its surface, at the pH of maximum simazine adsorption (3.0), is positively 

charged because of the hydronium cations adsorbed there. Obviously, such hydronium cations will 

form hydrogen bonds between the surface of the adsorbent and the molecules of simazine. 

What appears surprising is that two largely different adsorbents which adsorb simazine through two 

largely different mechanisms, exhibit both similar and very good performances in the removal of 

simazine from water. The fact that the two magnetic adsorbents have two largely different pH of 

maximum adsorption could be useful from the practical point of view, if one bears in mind the results 

of ref. [29]. This work, which studies the differences of the simazine adsorption process from model 

and natural water on zeolite H-Y and the mesoporous silica SiO2(II)400, concludes that the nature of 

the water in which the simazine is present does not affect very much the simazine adsorption process, 

provided the pH of the natural water does not differ very much from the pH of maximum simazine 

adsorption. Thus, it appears proper to remove simazine from water by adsorption from a natural water 

ACCEPTED M
ANUSCRIP

T



24 

 

using an adsorbent which exhibits a pH of maximum adsorption as close as possible to the one of the 

natural water.  

Finally, the regeneration of the exhausted simazine-bearing adsorbents does not appear to be a 

problem on the basis of what follows. It is reported in the literature that, whenever the adsorbate 

exhibits a low thermal stability and the adsorbent a good thermal and chemical stability, thermal 

regeneration of the exhausted adsorbents appears to be fast, simple and cheap [58,59]. Actually it 

avoids the tedious elution steps of exhausted adsorbents and the consequent destruction or 

immobilization of the polluting adsorbate. This is just the case of the regeneration of the simazine 

bearing, exhausted (Fe,H)A800C-0min and (Fe,H)A600C-90min magnetic adsorbents as: 

1) the thermal analysis of simazine shows a sharp endothermic peak at about 250 °C that can be 

reasonably ascribed to its thermal decomposition [25]; 

2) at temperatures up to 500 °C, under inert or reducing atmosphere, (Fe,H)A800C-0min and 

(Fe,H)A600C-90min magnetic adsorbents exhibit high thermal and chemical stability owing 

to the low atomic mobility and absence of chemical reactions, respectively. 

Thus, a no more than 5 min thermal treatment at about 300 °C, under inert or reducing atmosphere, 

would surely fulfill the goal of an efficient and cheap regeneration of the adsorbents. Moreover, the 

outlet regenerating gaseous stream could be mixed with air, thus giving raise to the combustion of 

the molecules deriving from simazine decomposition. In this way the agrochemical simazine would 

be destroyed and mostly transformed into a small amount of carbon dioxide, molecular nitrogen and 

hydrochloric acid released in the atmosphere.  

 

5. Conclusion 

The results of this work show that the use of the metal-ceramic nanocomposites produced through 

the patented process of thermal transformation of cation exchanged zeolites under reducing 
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atmosphere [31,32], exhibit potential for practical application in the removal of agrochemicals from 

water. This conclusion is based on: 

1) The efficiency of the magnetic adsorbents which allows to bring simazine concentration 

below the Italian law limit (0.05 mg/L). 

2) The possibility of magnetically drive the adsorbents because of their significant magnetic 

response. 

3) The intrinsic simplicity of the process and of the related operations. Actually, it is sufficient 

to use a large basin where the simazine bearing water and the magnetic adsorbent come into 

contact, and which, subsequently, will be magnetically separated from the water. 

4) The simple and cheap regeneration of the exhausted adsorbent by a few minutes’ thermal 

treatment at about 300 °C under inert or reducing atmosphere. Moreover, such regeneration 

involves also simazine destruction by combustion. 

5) The molecules of the various agrochemicals do not differ very much from each other. Thus, 

it appears likely that the very good results obtained in simazine removal from water by 

adsorption on the family of magnetic adsorbents described in this work and their subsequent 

regeneration will not differ very much from the results that can be obtained when other 

agrochemicals should be removed from water. 
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Caption to Figures and Schemes 

 

Scheme 1. Structure of simazine [2-chloro-4,6-bis(ethylamino)-1,3,5-triazine]. 

 

Figure 1. Sequence of the operations performed in the preparation of magnetic adsorbents 

(Fe,H)A600C-90min and b) (Fe,H)A800C-0min 

 

Figure 2. Observed (green crosses) and calculated (red line) pattern after QPA analyses on sample a) 

(Fe,H)A600C-90min and b) (Fe,H)A800C-0min. The differences curve is reported in purple. Tick 

marks are relative to the different phases: black: LTA; red: magnetite; blue: Al2O3 standard; green: 

metallic Fe; yellow: wustite. 

 

Figure 3. SEM representative images of parent zeolite A (A-B-C) showing the cubic shape of the 
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pristine material, (Fe,H)A800C-0min sample (D-E-F) and (Fe,H)A600C-90min (G-H-I). 

 

Figure 4. Representative TEM images of (A) sample FeA800C-0min; an overall view and insets of 

portion of the composite with small clustered nanoparticles dispersed in/on the ceramic matrix. (3A, 

right) particle size distribution of small nanoparticles centered at 11.13 nm. (B) sample 

(Fe,H)A600C-90min; an overall view and insets of portion of the composite with small clustered 

nanoparticles dispersed in/on the ceramic matrix. (3B, right) particle size distribution of small 

nanoparticles centered at 1.82 nm. 

 

Figure 5.Room-temperature magnetic hysteresis loops of (Fe,H)A800C-0min (red symbols) and 

(Fe,H)A600C-90min (black symbols); inset: low-field region. 

 

Figure 6. Simazine adsorbed on (Fe,H)A800C-0min (full circles)  and (Fe,H)A600C-90min (empty 

circles) samples from a 10 µmol/L simazine solution at s/l ratio = 1/10,000 g/g, after a contact of 24 

h, as a function of pH. 

 

Figure 7. Simazine uptake from waters by (Fe,H)A800C-0min (full circles) and (Fe,H)A600C-90min 

(empty circles) samples at pH 6.5 and 3.0, respectively, from a 20 µmol/L simazine solution, as a 

function of time (s/l ratio = 1/10,000 g/g).  

 

Figure 8.Sorption isotherm of simazine on (Fe,H)A800C-0min (full circles), (Fe,H)A600C-90min 

(empty circles), zeolite HY(full triangle), and SiO2(II)400 (full square) samples. 

 

Figure 9. Iterative process of simazine removal from waters, performed by repeatedly contacting 

(Fe,H)A800C-0min (full circles) and (Fe,H)A600C-90min (empty circles) samples with simazine 
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aqueous solutions of 10 μmol/L initial concentration, at s/l ratio = 1/10,000 g/g, for 24 h, and pH 6.5 

and 3.0, respectively. Dotted line indicates the law limit <0.25 mol/L. 

 

Figure 10. Iterative process of simazine removal from waters, performed by repeatedly contacting 

(Fe,H)A800C-0min (full circles) and (Fe,H)A600C-90min (full squares)samples with simazine 

aqueous solutions of 10 μmol/L initial concentration, at s/l ratio = 1/1,000 g/g, for 1.5 h, and pH 6.5 

and 3.0, respectively. Dotted line indicates the law limit <0.25 m/L.
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TABLES 

 

Table 2. Specific surface area (SBET), total pore volume (Vp) and 

micropore volume (Vmp) 

 

 

 

 

 

 

aAs obtained according to the t-plot method 
 

 

 

 

Table 1. Results of Quantitative Phase analysis performed with Rietveld method. All the 

data are reported in wt. % 

Sample LTA_Fe %) Magnetite% Wustite

% 

Fe% amorphous phase% 

(Fe,H)A600C-90min 0.8(3) 7.1(3) 0.2(1) 4.8(1) 87.1 

(Fe,H)A800C-0min 8.0(2) 5.4(1)  0.2(1) 86.4 

  

Sample SBET 

(m2/g) 

Vp 

(cm3/g) 

Vmp 

(cm3/g) a 

Pore diameter 

(nm) 

(Fe,H)A600C-90min 28 0.15 /* 5-50 

(Fe,H)A800C-0min 19 0.13 /* 5-50 
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Scheme 1 
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