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Abstract  

We deposited Fe and Cu over zeolite NaX (Fe/NaX and Cu/NaX) by adsorption from effluent 

industrial wastewater. We synthesized the zeolite NaX by the hydrothermal method. 5 g of NaX 

adsorbed completely 350 and 380 mg of Fe and Cu from the industrial wastewater, respectively, 

in 6 h. The distribution of Fe and Cu over the NaX was uniform and amounted at 14 and 18 

mass%, respectively. Fe and Cu modify the morphology of the NaX zeolite: the particle size 

increased from 9 µm to 10 µm for the former and decreased to 3 µm for the latter. Fe/NaX and 

Cu/NaX are less crystalline than NaX. BET analysis showed that the specific surface area 

decreased by 30 % and 50 % compared to NaX for Fe/NaX and Cu/NaX, but the ratio between 

meso- and micropores increased by 7 and 13 times, respectively. Fe/NaX and Cu/NaX 

synthesized by adsorption from industrial wastewater reduced +99 % of 4-p-nitrophenol to 4-

aminophenol in less than 100 s, which is comparable to noble metal. This article is protected by 

copyright. All rights reserved 

 

Keywords: Fe and Cu catalyst, industrial wastewater, adsorption, eco-friendly synthesis, 4-
Nitrophenol.   
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INTRODUCTION 

Dyes, pesticides, explosives and pharmaceutical industries release wastewater containing nitro-

aromatic pollutants and metals.[1,2] Phenols carrying functionalities such as nitrile, nitrate, and 

chlorine are more toxic than phenols and anilines for both humans and wildlife. The aquatic 

ecotoxicity of 4-nitrophenol[3] ranges from slight to moderate and may affect growth, 

accumulation, mating, mortality, and feeding behavior among other factors.[4] When 4-

nitrophenol (4-NP) comes in contact with the human body, it damages the skin, and the 

respiratory and digestive systems.[1,5–8] Due to its solubility and stability in water, the U.S 

Environmental Protection Agency has listed 4-NP among the most dangerous pollutants, 

limiting its concentration in water to 10 ppm.[8,9] The catalytic reduction of 4-NP to 4-

aminophenol (4-AP) by NaBH4 at room temperature may be of interest for those industrial 

processes whereby 4-AP is an intermediate, including pharmaceutical processes (for 4-AP 

derived analgesics, such as paracetamol and acetaminophen), as well as for the production of 

dyes, pigments, corrosion inhibitors, and anti-corrosion lubricants.[10] This reaction is common 

in literature over noble metal nanocatalysts, such as Au, Ag Pt, Pd,[11,12] or over Co.[13] Non-

noble metals, though less active, are an alternative to the uneconomical and scarce noble metals. 

Up to now, metal nanoparticles (NPs) such as Cu, Al, Mg, Zn, and Fe and their oxides have 

been adopted for both liquid and gas phase reactions, either supported or unsupported. 

Examples of supports are zeolites, carbon, clay, metal oxides, graphene, etc. [13,14] Their 

applications include dye abatement in water,[13] organic synthesis,[14,15] water gas shift,[16] 

polymerization,[17] and photocatalysis.[18] Heavy metals in industrial wastewater represent 

another issue for the ecosystem,[19] in particular for the aquatic, due to their highly carcinogenic 

nature and their impossibility to be biodegraded.[15,16] Cu is one of the most widespread heavy 

metals in water.[20,21] It causes metabolic disorders,[22] and severe toxicological effects on 

humans and animals.[17] Together with Cu, Fe (III) is a common metal contained in tap water. 

It causes severe consequences over 60 mg/kg.[18] Moreover, excessive Fe in the blood damages 

the gastrointestinal tract.[14] 

In the last few decades, reverse osmosis, flocculation,[23] bacterial action, ion exchange,[19] and 

adsorption processes[24,25] have been adopted to reduce heavy metals from waters and 

wastewaters. Among them, adsorption is the most efficient because of its simple design, low 

cost, and easy operation.[26] 

NaX zeolite is largely used as an absorbent[27,28] and catalyst due its temperature stability, ion-

exchange properties, and high porosity.[29,30] 
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NaX zeolite exchanged with Cu2+ absorbs toluene in gas phase[31] and Fe/NaX catalyzes the 

chemical vapour deposition synthesis of carbon nanotubes.[32] However, there are no literature 

data on the liquid-phase catalytic activity of Fe and Cu supported over NaX zeolite. 

Here we report for the first time the synthesis of Fe/NaX and Cu/NaX via Cu2+and Fe3+ 

adsorption contained in industrial wastewater and the test of their catalytic activity in the 

reduction of 4-NP to 4-AP. 

Our work is original in several aspects: i) we are the first to report the synthesis of Fe/NaX and 

Cu/NaX from industrial wastewater; ii) we adopt for the first time non-noble metal catalysts for 

the reduction of 4-NP to 4-AP; iii) we test Fe and Cu-based zeolites in a liquid phase reaction; 

iv) the catalyst activity (> 99 % conversion in less than 100 s) is unprecedented in literature for 

the reduction of 4-NP to 4-AP. 

 

EXPERIMENTAL 

Effluent sample 

The Observatory National of Environment and Development Durable (ONEDD) laboratory 

(Algeria) provided the industrial wastewater effluents (WE) samples. 

The first effluent (WE-A) contained 350 mg/L of iron (Fe3+) after the COD (chemical oxygen 

demand) test. Before the COD test, iron is not available in the solution: its concentration is 

lower than 10 ppm. The second effluent (WE-B) contained 400 mg/L of copper (Cu2+) after the 

TKN test (Total Kjeldahl nitrogen). The same holds for the total nitrogen test. All copper was 

released after the test. Atomic adsorption spectroscopy (AAS) measured both the metals’ 

concentrations (Table 1). 

Zeolite NaX synthesis 

Zeolite NaX was prepared by the hydrothermal method with 1.44 of Si/Al; the molar ratio 

composition of the gel was SiO2/Al2O3 = 3.44, Na2O/SiO2 = 1.32 H2O/ Na2O = 38.80.[33] We 

purchased the precursors from Merck and used them without further purification.  

We added a calculate amount of the aluminum (100 %, Merck) source to a NaOH (1.25 mol/L) 

solution (NaOH 98 %, Prolabo) and deionized water under agitation, and stirred continuously 

until all the aluminum had completely dissolved. After filtration, 6.88 g of sodium silicate (30 

% SiO2, 12 % Na2O, 58 % H2O, BDH) was added to the first solution until a homogeneous 

alumino-silicate gel formed. We kept the gel under stirring at room temperature for 24 h. 

Successively, we transferred the gel in a Teflon-lined stainless steel autoclave and kept it for 6 
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hours under autogenous pressure at 100 °C. The product was filtered, washed with deionized 

water until the pH = 7, and dried at 80 °C for 24 h. A furnace calcined the catalyst at 600 °C 

for 5 h, at a heating rate of 10 °C/min. 

Fe/NaX and Cu/NaX zeolite synthesis 

We evaluated the adsorption equilibrium of Fe and Cu on NaX zeolite at room temperature (25 

± 1 °C), at an initial concentration of metals of 350 mg/L and 400 mg/L respectively, in a 100 

mL solution containing 0.4 g of zeolite. We prepared the solutions dissolving iron nitrate 

(Fe(NO3)3·9H2O) and copper nitrate (Cu(NO3)2·6H2O) in distilled water. We adjusted the pH 

with HNO3 and NaOH 0.1 mol/L solutions to the desired value (Table 2). We stirred the 

suspensions at 300 rpm for 360 min. We separated the solid from the liquid by centrifugation 

at 4000 rpm for 15 min. We analyzed the liquid phase by AAS to quantify the Fe (III) and Cu 

(II).  

We conducted some preliminary tests to identify the best adsorption conditions to remove Fe 

(III) and Cu (II), including initial pH, contact time, and adsorbent loading (all the experimental 

data are reported in the supplementary material). We only report the optimal adsorption 

conditions (Table 2), while in the adsorption tests the pH ranged from 1.5 to 4, the contact time 

ranged from 0.08–7 h, and the NaX loading ranged from 0.5 to 8 g per 100 mL Cu (II) and Fe 

(III) solutions. 

We calculated the Cu and Fe percent adsorption as:  

% R = (C0-Ct)*100/ C0         (1) 

where C0 (mg/L) is the initial Fe or Cu concentration (350 mg/L and 400 mg/L, respectively), 

and Ct (mg/L) is the concentration of metal ions in at time t. 

After the evaluation of the optimum conditions (Table 2) with the synthetic solutions, we 

applied them on the real wastewater effluents (WE-A and WE-B, Table 1). The Fe and Cu ions 

absorbed entirely on NaX zeolite (Table 3). Other cations may be adsorbed, but their initial 

concentration is negligible compared to that of Fe3+ and Cu2+ (Table 1). 

A centrifuge recovered the solids at 4000 rpm for 15 min. These were washed several times 

with deionized water until neutrality. The powders were dried at 130 °C for 12 h. The final 

zeolites are referred as to Fe/NaX and Cu/NaX. 

Sample characterization 

A SETARAM Labsys instrument for thermogravimetric and differential thermal analysis 

(TG/DTA) heated the samples in air at a rate of 10 °C/min from room temperature to 500 °C. 
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A Philips APD-3720 X-ray diffractometer collected the XRD patterns with a Cu K⍺(λ = 0.154 

nm) radiation. It operated in the 2θ range of 5–70° and identified the phase peaks by comparison 

with the PDF-ICDD (Powder Diffraction File International Center for Diffraction Data). A field 

emission scanning electron microscope (FE-SEM-JEOL JSM-7600F) with a voltage of 5 kV 

produced sample images. Scanning electron microscopy energy dispersive X-ray spectroscopy 

(SEM-EDS) detected the distribution of the elements. It operated at a voltage of 5 kV with an 

energy range of 10 keV.  

An ORIBA LA-950 laser beam analyzer determined the particle size distribution (PSD) of the 

zeolites.  

An autoadsrb-1 (Quantachrome) instrument measured the specific area, pore volume and pore 

size distribution of the samples by N2 adsorption-desorption isotherms at 77 K. Fe and Cu 

concentrations were determined by atomic adsorption spectroscopy (AAS) (Shimadzu 

PERKIN-ELMER-2380). The error of AAS is lower than 0.1 %. 

Catalytic activity 

4-Nitrophenol (4-NP) reduced to 4-aminophenol (4-AP) over Fe/NaX and Cu/NaX in a standard 

quartz cell at 25 °C in the presence of an excess of NaBH4. We tested NaX zeolite as a blank. 

20 mL of 4-NP (5 mmol/L) were mixed with 12.5 mL of 0.5 mol/L aqueous solution of NaBH4 

and kept under stirring. After, 3 mL of this mixture were transferred in a quartz cell, 1 mg of 

the modified zeolite was added, and the solution (time zero) was quickly subjected to UV-vis 

to obtain the reaction kinetics. Catalysts were re-used 5 times to quantify their recyclability. At 

the end of each activity test, the catalyst was recovered by centrifugation and washed with 

distilled water. We studied 4-NP reduction kinetics by motioning the absorbance evolution after 

different intervals time with a UV-Vis spectrophotometer (JASCO model V-530) in the 250–

500 nm range. 

RESULTS AND DISCUSSION 

Thermogravimetric analysis (TGA/DTA) 

Before calcination, zeolite NaX lost about 0.21 g/g of its weight between room temperature and 

200 °C, according to the DTA endothermic peaks at 55 and 143 °C (Figure 1, TGA/DTA curve). 

This corresponds to the loss of residual water and adsorbed water respectively.[34] Above 200 

°C, no mass loss is observed, which confirms the formation of the final stable phase.  

 

 

X-ray diffraction (XRD) 
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The XRD patterns of NaX (Figure 2a) and Fe/NaX, Cu/NaX (Figures 2b–c) reveal a similar 

diffraction behavior for all samples, which corresponds to the diffractogram of pure faujasitic 

zeolite X (PDF-ICDD 38–0237). This data are in agreement with those reported in the literature 

for the same powders.[35] The XRD did not detect any Cu or Fe containing phase, implying a 

homogeneous and fine distribution of Fe and Cu over the surface and in the pores. EDX analysis 

detected Cu and Fe on the catalysts’ surface: 5.7 and 6.9 At %, respectively.  

On the other side, after the incorporation of metals into the zeolite structure, NaX peak 

intensities decrease. This may be attributed to the reduction of the zeolite crystallite size,[36] 

along with non-uniformity of crystallite size as a consequence of the incorporation.[37] 

 

 

Scanning Electron Microscopy (SEM) 

The surface morphology and chemical composition of the Cu and Fe-modified zeolite samples 

were determined by SEM-EDS analysis (Figures 3a–c). 

NaX zeolite exhibits a smooth surface with a cubic shape typical of faujasitic zeolite (zeolite 

X) (Figure 3a).[35] After Fe and Cu adsorption, the morphology of zeolite X changed. Fe/NaX 

surface morphology presents some irregularities, i.e. Fe acted as an abrasive (Figure 3b). This 

result may indicate that the iron ion did not adsorb in the zeolite matrix, but formed instead an 

“egg-shell” structure on the surface.[38] On the other hand, a smooth surface is observed for 

Cu/NaX zeolite (Figure 3c). Indeed, the Cu disperses homogeneously throughout zeolite 

structures.[39] SEM images of zeolites suggest that their morphology and particle size changed 

after adsorption. These results are in agreement with the data reported by Zhang et al., who 

exchanged zeolite NaX with Co.[36] 

According to energy dispersive X-ray analysis (EDS), Fe and Cu are uniformly distributed over 

the NaX zeolite (Figure 4). Elemental mapping images proved the presence of Fe and Cu 

(Figure 4). The atomic and weight ratios are listed in Table 4. The Cu percentage is greater than 

Fe since WE-B contains 400 ppm of Cu, while Fe’s concentration in WE-A is 350 ppm and 

both metals’ adsorption is almost complete.  

 

Particle size distribution (PSD) 

After Fe and Cu adsorption, the PSD changed: NaX zeolite had an average particle size of 9 

µm, while Fe/NaX and Cu/NaX had an average particle diameter of 10 µm and 3 µm, 

respectively. The PSD difference is ascribable to the incorporation and distribution of ions on 
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the NaX zeolite as outlined in the previous section. Fe/NaX exhibited a bimodal PSD with a 

secondary particle size of 110 µm, which can be attributed to the agglomeration of primary 

smaller particles. 

 

Nitrogen adsorption measurement 

We report the N2 adsorption-desorption isotherms of NaX, Fe/NaX, and Cu/NaX in Figure 5 

and summarize the textural properties of the samples in Table 4. The NaX isotherm (Figure 6) 

exhibits a type-I isotherm behavior according to IUPAC classification, confirming its 

microporous structure. The Cu/NaX, Fe/NaX samples are type I/II isotherms, and the hysteresis 

loop belongs to the H3 type. The results indicate that they possess a micropore-mesopore 

composite structure. The hysteresis of Fe/NaX and Cu/NaX indicate a developed mesoporosity 

compared with that of NaX.  

Compared with pure zeolite NaX, the adsorption of the Fe and Cu decreases the BET surface 

area and pore volume, while the pore diameter significantly increases (Figure 4). The surface 

area of the zeolite samples follows the order NaX > Fe/NaX > Cu/NaX (Figure 4). Their 

reductions in SSA compared to the parent NaX are 30 and 50 %, respectively. Previous papers 

reported that when a metal is incorporated into the pores of the support, the surface area 

decreases due to the partial blocking of the zeolite pore by Fe and Cu ions, leading to a reduction 

of the total specific surface area.[37,40,41] This is confirmed by the decreased trend in the pore 

volume.[42] However, the increase in the pore radius (Vmesopore versus Vmicropore, Table 5) for 

Fe/NaX and Cu/NaX is caused by the enforced location of the metals species in the zeolite 

pores, leading to their enlargement. The X-ray diffractograms confirm this trend with a decrease 

in the crystallinity of Fe/NaX and Cu/NaX compared to NaX.[43]  

 

 

 

Catalytic reduction of 4-nitrophenol  

We selected the 4-nitrophenol (4-NP) reduction to 4-aminophenol (4-AP) in the presence of 

NaBH4 as a model reaction to investigate the catalytic performance of Fe/NaX and Cu/NaX 

samples synthesized in-situ. This reaction yields one single product (4-AP) that absorbs at 300 

nm.[44,45] 4-NP has a characteristic absorbance at 317 nm (Figure 7c) in neutral or acidic 

conditions.[46] After the addition of NaBH4, the maximum adsorption shifts to 400 nm (Figure 
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7c), with a color change from light yellow to bright yellow, indicating the formation of 4-

nitrophenolate ions in alkaline conditions.[47] 

Even after several minutes, the maximum adsorption of p-nitrophenolate remained at 400 nm 

in the presence of NaBH4, which confirms that the reduction does not proceed in aqueous 

NaBH4 solution without a catalyst.[44] After the addition of the Fe/NaX and Cu/NaX , the color 

of the solution gradually changed from yellow to colourless, and the intensity of the strong 

adsorption peak at 400 nm gradually decreased. A new peak appeared at about 300 nm (Figure 

6c), which corresponds to 4-AP.[48] An isosbestic point at 320 nm appeared in the UV–Vis 

spectra (Figure 7a–b), indicating  that the catalytic reduction of 4-NP yields only  4-AP without 

by-products.[49] We added NaBH4 in a larger excess compared to 4-NP concentration, so we 

can consider that its concentration remains constant during the reaction. Moreover, a NaBH4 

excess protects 4-AP from oxidation.[50] 

 

 

 

 

The absorbance of 4-NP is proportional to its concentration in the medium, the At/A0 ratio is 

proportional to the Ct/C0 ratio. At is the absorbance at time t, A0 is the absorbance at time t = 

0, Ct is the concentration of 4-NP at the reaction time t and C0 is the initial concentration of 4-

NP. The pseudo-first order rate constant is calculated by the following equation: 

-ln Ct /C0 = ln(At / A0) = −kt            (2) 

 where, k is the rate constant. 

The plots of ln(At/A0) versus time (t) for the 4-nitrophenolate reduction in the presence of the 

catalysts are shown in Figure 8. The higher the rate of reduction, the greater is the value of the 

rate constant (1/s). The rate constants obtained from the slope of the plot of ln(At/A0) versus 

time (t) are 0.035 1/s (Fe/NaX) and 0.064 1/s (Cu/NaX). In the presence of Cu/NaX (Figure 9), 

100 % of 4-nitrophenolate converts in the first 60 s, while over Fe/NaX, the reaction takes 100 

s to complete. 

  

In the case of NaX, the reaction took 2100 s to complete. This clearly indicates that zeolite only 

is not active and that the activity of Cu/NaX is higher than that of Fe/NaX.  
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In the reduction of 4-NP into 4-AP, metal particles catalyze the reduction by acting as an 

electronic system, where the active metal facilitates the electron transfer from the donor 

nucleophile BH4
- to the acceptor nitro group.[51-53] 

The catalytic reduction over Cu/NaX and Fe/NaX includes the following steps (Figure 11): 

(i) chemisorption of BH-
4 on the Cu/NaX and Fe/NaX surface; (ii) the electron transfer from 

the donor BH-
4 to the acceptor 4-NP occurs, whereby the Fe3+ and Cu2+ react with BH-

4 forming 

a metal hydride complex that transfers surface hydrogen species (H) and electrons (e-) to 4-

NP;[54,55] (iii) two reduced intermediates, –NO and –NHOH (Figure 10),[56] form; (iv) 4-NO 

reduces to 4-AP; (v) 4-AP desorbs from the surface of the catalyst.[48,57] The reduction 

mechanism of 4-NP on Fe/NaX and Cu/NaX is illustrated in Figure 11. 

 

 

 
The catalytic efficiency depends on the surface structure and electron transfer properties of 

the catalyst;[58] the high activity of Cu/NaX and Fe/NaX compared to NaX is related to the 

dispersion of Cu and Fe over the zeolite, which provides more accessible reactive sites for the 

reduction of 4-NP.[57] Moreover, the surface positive charge of zeolites facilitated the 

interaction between the surface and the donor species BH-
4,[59] as well between zeolite and the 

metal.[48] 

We explain the higher catalytic performance of Cu/NaX zeolite with the greater positive 

reduction potential (+0.34 V) for the Cu2+/Cu couple in comparison with Fe3+/Fe (−0.036 V), 

which in turn facilitates the mobility of the electrons to the 4-NP.[60] 

We compared the efficiency of Cu and Fe supported over zeolite with other catalytic systems 

for the same reaction (Table 6). Our samples reached the maximum conversion faster than any 

other kind of catalyst. Furthermore, we employed only 1 mg of catalyst to achieve the full 

conversion.  

 

Only Cu nanoparticles over bentonite[61] and Cu/Cu2O/C[65] have comparable results with our 

samples. However, the advantage of the materials we propose lies in the inexpensive synthesis 

(we treat wastewaters to adsorb metals on our catalysts). 

Catalyst re-uses 

We recovered and re-used Fe/NaX and Cu/NaX 5 times. The catalysts are stable (Figure 12). 

The activity remained unchanged over the first 300 s. We ascribe the small loss (5 % after 5 

runs) in the 4-NP conversion to the catalyst loss during the separation and washing procedures.  
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CONCLUSIONS 

We synthesized Fe/NaX and Cu/NaX from industrial wastewater after optimizing the 

adsorption conditions for Fe and Cu cations. The distribution of Fe and Cu over NaX was 

uniform and amounted at 0.14 and 0.18 g/g respectively. This synthesis procedure is new, 

efficient, and environmentally friendly. The catalysts reduced 4-nitrophenol to 4-aminophenol 

at ambient temperature in the presence of NaBH4. The reaction time to complete the conversion 

was 60 s and 100 s for Cu/NaX and Fe/NaX, respectively, which is unprecedented, even 

compared to the noble catalysts reported in the literature. Our work shows new opportunities 

for the NP’s supported zeolite synthesis using wastewater adsorption treatment, and pollutant 

reduction with great environmental potential. 
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Table 1: Main ion concentrations in the industrial effluents adopted as catalyst precursor and 

their pH value 

 Species Conc.  Species Conc.  

Wastewater 

Effluent-A 

 

pH (30 °C) 

SO4
-2 

Zn2+ 

Ni2+ 

Pb2+ 

CN- 

Cd2+  

Cu2+ 

Fe3+ 

COD         

Hg+ 

 

6.1 

1.8 g/L 

1.2 mg/L 

0.07 mg/L 

0.2 mg/L 

0.15 mg/L 

0.05 mg/L 

0.1 mg/L 

350 mg/L 

101 mg/L 

0.005 mg/L 

Wastewater 

Effluent-B 

pH (30 °C) 

SO4
-2 

Zn2+ 

Ni2+ 

Pb2+ 

CN- 

Cd2+ 

Cu2+ 

 

COD   

Hg+ 

 

6.5 

0.68 g/L 

1.2 mg/L 

0.07 mg/L 

0.2 mg/L 

0.15 mg/L 

0.05 mg/L 

400 mg/L 

 

101 mg/L 

0.005 mg/L 
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Table 2: Optimal conditions for the adsorption tests of Fe (III) and Cu (II) over NaX zeolite 

 Fe (III) Cu (II) 

value % R value % R 

pH 3 99.9 3 > 99.9 

Contact time (h) 4 98.6 5 98.8 

Zeolite NaX loading (g/L)  5 98.7 5 98.0 
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Table 3: Fe (III) and Cu (II) AAS analysis of wastewater effluents after adsorption over NaX 

zeolite 

 Elements  Concentration 

(mg/L)  

% R 

Wastewater (A) Fe (III)  5 98.5 

Wastewater (B) Cu (II)  8.5 98.0 
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Table 4: Atomic (At%) and mass (mass%) ratios of zeolites 
 
 NaX Fe/NaX Cu/NaX 

 At% mass% At% mass% At% mass% 

O 56 47 58 42 50 33 

Si 18 25 16 20 22 26 

Al 13 17 11 14 16 18 

Na 10 11 9 9 5 5 

Cu     7 18 

Fe   6 15   

Si/Al 1.40 1.47 1.46 1.42 1.40 1.44 
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Table 5: Textural parameters of the catalysts 

 

Sample SBET 

(m2/g) 

Average pore 

diameter (nm) 

Vtot 

(cm3/g) 

Vmicropore 

(cm3/g) 

Vmesopore 

(cm3/g) 

Meso-

/Micropores 

NaX 632 ±5 1.9 ±0.1 0.39 

±0.03 

0.33 ±0.03 0.06 ±0.02 0.2 

Fe/NaX 439 ±4 2.0 ±0.1 0.33 

±0.03 

0.15 ±0.02 0.18 ±0.02 1.2 

Cu/NaX 314 ±3 2.4 ±0.1 0.20 

±0.02 

0.06 ±0.02 0.14 ±0.02 2.3 
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Table 6: Comparison of catalysts in the reduction of 4-NP 

Catalyst Catalyst 

loading  

p-NP (mol/L) Reaction time (s) to 

max conversion 

Ref. 

Cu NPs/bentonite 15 mg 2.5 × 10−3 90 Rostami-

Vartooni et 

al. [61] 
Ag/zeolite 

nanocomposite 
5 mg 2.5 × 10−3 160 Hatamifard  

et al.[48] 
Natrolite zeolite/Pd 

Nanocomposite 
7 mg 

 

2.5 × 10−3 160 Hatamifard  

et al.[62] 

 

Fe3O4-SiO2–Ag 3 mg 0.005 240 Du  et al.[63] 

Cu-Fe3O4@GE 20 mg 10-3 300 Xu  et al.[64] 

Cu/Cu2O/C 0.04 mg 5 × 10−3 160.2 Niu  et 

al.[65] 

SiO2/Fe3O4C/Au 1 mg/ml 5 × 10−3 200 Zeng et 

al.[66] 

Au–GO 1.4910-4 mol/L 7.50 × 10−4 1500 Choi et 

al.[67] 

AuNPs 10-5 mol/L 5.10-3  300 Lerma-

García  et 

al.[68] 

Fe/NaX 1 mg 5 ×10-3 100 This work 

Cu/NaX 1 mg 5 ×10-3 60 This work 
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Figure 1: TGA/DTA Thermal analysis of NaX zeolite before calcination. 

Figure 2: X-Ray diffraction patterns of (a) NaX, (b) Fe/NaX, and(c) Cu/Nax. 

Figure 3: SEM images of the zeolite (a) NaX, (b) Fe/NaX, and (c) Cu/NaX. 

Figure 4: EDS elemental mapping of (a) NaX, (b) Fe/NaX, and (c) Cu/NaX. 
Figure 5: Particle size distribution of NaX, Fe/NaX, and Cu/NaX. 

Figure 6: N2 adsorption-desorption isotherms for (a) NaX, (b) Fe/NaX, and (c) Cu/NaX. 

Figure 7: UV–Vis spectra of the reduction of 4-NP over (a) Fe/NaX, and (b) Cu/NaX catalysts. 

Initial conditions: 4-NP (5.10-4 mol/L), NaBH4 (0.5 mol/L), T = 298 K, and adsorption spectra 

of (c) 4-NP before and after adding NaBH4 solution. 

Figure 8: Plots of ln(At/A0) versus time (s) for the reduction of 4-NP in the presence of Fe/NaX, 
Cu/NaX catalysts, and NaX only. 
Figure 9: Plot of At/A0 versus time (s) for the reduction of 4-NP in the presence of Fe/NaX and 

Cu/NaX catalyst. 

Figure 10: Reduction of 4-nitrophenol. 

Figure 11: Reaction route for 4-nitrophenol to 4-aminophenol over Fe and Cu supported NaX. 
Figure 12: Catalysts’ reusability, 4-NP reduction over successive reaction runs. 
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